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Summary 
Integrating clean and renewable energy with electrochemical CO2 reduction reaction 

(CO2RR) is a promising approach to solve CO2-related environmental issues. The CO2 

reduction reaction (CO2RR) converts waste CO2 into various chemicals and fuels, meanwhile 

storing excessive and intermittent electricity into chemical bonds. Owing to the 

thermodynamic stability of CO2, sluggish reaction kinetics and the competitive hydrogen 

evolution reaction, an active and robust catalyst for CO2RR is highly desired to overcome the 

inherent energy barrier, improve the product selectivity and reaction activity. To date, metal-

free nitrogen-doped (N-doped) carbon materials have been demonstrated as efficient 

catalysts for electrochemical CO2 reduction to CO, which exhibit comparable performance 

to the state-of-the-art metal-based catalysts. Using renewable biomass as carbon precursor 

to substitute fossil-based feedstocks provides a more sustainable, cost-effective, and 

environmental friendly solution for the production of N-doped carbon catalysts.  

Chapter 1 serves as introduction and presents the fundamental knowledge of 

electrochemical CO2 reduction, introduces the motivation and main challenges of using 

biomass-derived N-doped carbon for CO2RR, and lists the research questions and the outline 

of this dissertation. 

Chapter 2 summarizes the most used methods for N-doped biochar production, 

including carbonization, activation, and N-doping strategies. The differences of each method 

are discussed. Moreover, the commonly used characterization methods for revealing the 

textural properties and chemical compositions of N-doped biochar catalysts are introduced. 

Furthermore, Chapter 2 carefully scrutinizes the recent progress of using N-doped biochar 

catalysts for the hydrogen evolution reaction, oxygen reduction reaction and CO2 reduction 

reaction. The correlations between synthesis – structure – performance of N-doped biochar 

catalysts for different reactions are highlighted. 

Chapter 3 assesses different types of activators (KOH, NaOH, KHCO3, NaHCO3, K2CO3) 

used for the preparation of N-doped biochar. The different activation mechanisms of various 

activators influence the N-doping level, porosity, specific surface area, and the degree of 

graphitization of as-prepared N-doped biochar catalysts, which significantly influence their 

electrochemical CO2RR performances. Sodium hydroxide (NaOH) is one of the most efficient 

activators, endowing the N-doped biochar catalyst with a proper N-doping content (3.85 

at%), large surface area (1278 m2/g), abundant pores with relatively higher mesoporosity 

(17%) and relatively higher degree of graphitization (ID/IG = 0.88). The sample activated by 

NaOH exhibits a good CO2RR performance with 80% faradaic efficiency toward CO (FECO) at 

-0.93 V vs. RHE. 



vi 
 

Chapter 4 evaluates the structure-performance relationship of N-doped biochar 

catalysts for the CO2RR via tuning the carbonization temperature and the addition of 

nitrogen dopant. The prepared catalysts exhibit substantial differences in maximum faradaic 

efficiency to CO varying from 26.8 to 94.9% at around −0.8 to −0.9 V vs. RHE. A multivariate 

correlation analysis is established to elucidate the correlation between physicochemical 

properties and electrochemical performance of N-doped biochar catalysts. The results 

demonstrate that increasing the N-doping content and specific surface area are not efficient 

approaches to enhance the CO2RR performance of N-doped biochar catalysts, whereas 

boosting the surface hydrophobicity, the abundance of defects, and optimizing the porosity 

distribution of N-doped carbon can significantly improve the overall catalytic performance 

for CO2RR. The results highlight the importance of the synergistic effect of all 

physicochemical properties for CO2RR, rather than overemphasizing the contribution from 

high N-doping contents and large specific surface areas. 

Chapter 5 investigates the performance of N-doped biochar catalyst for 

electrochemical CO2RR in the presence of 100 to 10000 ppm SO2 impurities, which often 

present in the downstream industrial flue gas. The overall CO2RR performance is co-

dependent on the SO2 concentrations and applied potentials. The N-doped biochar catalyst 

outperforms a benchmark silver foil electrode, exhibits higher faradaic efficiency and partial 

current density to CO, stronger tolerance to SO2 impurities, longer stability and better 

robustness than silver foil electrode. The catalyst maintains over 90% faradaic efficiency 

toward CO during an 8-hour stability measurement at -1.0 V vs. RHE with 100 ppm SO2 and 

shows a strong tolerance to the gas feed changes (concentrations of SO2 fluctuating from 0 

to 100 ppm) with negligible changes of the faradaic efficiency and current density toward 

CO. SEM and XPS results indicate the absence of sulfur-containing species resulting from SO2 

reduction on the surface of N-doped biochar catalyst, suggesting that the SO2 reduction 

reaction is the main reason for the losses of faradaic efficiency on N-doped biochar catalysts. 

On the contrary, silver reacts with SO2 impurities and leads to the reconfiguration of the 

electrode surface, which results in the further deactivation of the silver foil catalyst. 

Chapter 6 reports a strategy for using N-doped biochar as a carbon support to 

synthesize a nickel-nitrogen-carbon (Ni-N-C) catalyst for the CO2RR. A series of Ni-N-C 

catalysts are synthesized by using carbon black (CB), multi-walled carbon nanotubes (CNT), 

and activated nitrogen-doped biochar (ANBC) as carbon support via a ligand mediated 

method. The Ni-N-ANBC catalyst shows a maximum of 97% faradaic efficiency to CO at -0.93 

V vs. RHE, which is better than Ni-N-CB catalyst (maximum 88% FECO at -0.8 V vs. RHE) and 

comparable to Ni-N-CNT catalyst (maximum 95% FECO at -0.7 V vs. RHE). The porosity of 

carbon supports and the distribution of Ni-Nx active sites of Ni-N-C catalysts are main factors 

that govern the differences of CO2RR performance. The hierarchical structure of N-doped 

biochar confines a part of the Ni-Nx active sites into deeper and narrower pores, enabling 
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that the Ni-N-ANBC catalyst to maintain over 90% FECO even at more negative potentials. 

This chapter provides new insights for utilizing N-doped biochar materials for more efficient 

electrochemical CO2 reduction. 

Chapter 7 provides the overall conclusions of the studies reported in this dissertation 

and lists a few recommendations for future investigations.  
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Samenvatting 
Het gebruik van hernieuwbare energie voor de elektrochemische CO2 reductie reactie 

(CO2RR) is een veelbelovende  oplossing voor CO2-gerelateerde milieuproblemen. Hierbij  

wordt uitgestoten CO2 in verschillende chemicaliën en brandstoffen omgezet, zodat 

overmatige hernieuwbare elektriciteit wordt opgeslagen in chemische verbindingen. 

Vanwege de thermodynamische stabiliteit van CO2, de trage reactiekinetiek en de 

concurrerende waterstofevolutiereactie, is een robuuste en actieve katalysator voor de 

CO2RR nodig om de inherente energiebarrière te overkomen en de productselectiviteit en 

reactieactiviteit te verbeteren. Eerder onderzoek heeft aangetoond dat stikstof-gedoopte 

(N-gedoopte) koolstofmaterialen efficiënte katalysatoren zijn voor elektrochemische CO2 

reductie naar CO. Deze katalysatoren tonen vergelijkbare prestaties als de state-of-the-art 

metaal gebaseerde katalysatoren. Het gebruik van hernieuwbare biomassa als koolstofbron 

voor de katalysatoren,  in plaats van fossiele grondstoffen, biedt een duurzamer, kosten 

effectiever, en milieuvriendelijker alternatief voor de productie van N-gedoopte 

koolstofkatalysatoren. 

Hoofdstuk 1 dient als inleiding van het onderwerp, waarin de fundamentele kennis van 

elektrochemische CO2-reductie wordt gepresenteerd, de motivatie en belangrijkste 

uitdagingen van het gebruik van biomassa-afgeleide N-gedoopte koolstof voor de CO2RR 

worden geïntroduceerd. Als laatste worden de onderzoeksvragen en hoofdlijnen van dit 

proefschrift uiteengezet. 

Hoofdstuk 2 geeft een overzicht van de meest gebruikte methoden voor de productie 

van N-gedoopt biochar, waaronder verschillende carbonisatie-, activerings- en N-

doperingsstrategieën. De verschillen tussen deze methoden worden besproken. Ook 

worden de meest gebruikte karakterisatie methoden om de morfologieën en chemische 

samenstellingen van N-gedoopte biochar katalysatoren te bepalen, geïntroduceerd. 

Bovendien wordt in hoofdstuk 2 de recente literatuur over stikstof-gedoopte biochar 

katalysatoren voor de waterstof evolutie reactie, zuurstof reductie reactie en CO2 reductie 

reactie behandeld. Ook  worden de correlaties tussen de synthese methode, de structuur 

van de katalysator en de katalytische prestaties van stikstof-gedoteerde biochar 

katalysatoren voor verschillende reacties  verder belicht. 

In hoofdstuk 3 worden verschillende soorten activators die worden gebruikt voor de 

bereiding van N-gedoteerde biochar behandeld. De verschillende activeringsmechanismen 

van de verschillende activators beïnvloeden het N-dopingniveau, de porositeit, het 

specifieke oppervlak, en de mate van grafitisering van de gemaakte N-gedoopte biochar-

katalysatoren. Elk van deze  variabelen heeft een sterke invloed op de elektrochemische 
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CO2RR prestatie van de katalysator. Natriumhydroxide (NaOH) is een van de meest efficiënte 

activatoren, die het N-gedoopte biochar voorziet van een juiste N-dopingniveau (3.85 at%), 

een groot oppervlak (1278 m2/g), veel poriën met een relatief hogere mesoporositeit (17%) 

en een relatief hogere grafitiseringsgraad (ID/IG = 0.88). Het met NaOH geactiveerde monster 

vertoont een goede CO2RR-prestatie met faradische efficiëntie van 80% naar CO (FECO) bij -

0.93 V vs. RHE. 

Hoofdstuk 4 evalueert de structuurprestaties van N-gedoopte biochar katalysatoren 

voor de CO2RR door het afstemmen van de carbonisatietemperatuur en de toevoeging van 

stikstofdopering. De geteste katalysatoren vertonen grote verschillen in maximale 

faradische efficiëntie naar CO, van 26.8 tot 94.9% bij een potentiaal tussen ongeveer -0.8 en 

-0.9 V vs. RHE. Een multivariate correlatieanalyse is uitgevoerd om de correlatie tussen de 

fysisch-chemische eigenschappen en elektrochemische prestaties van N-gedoopte biochar 

katalysatoren te bepalen. De resultaten laten zien dat het verbeteren van het N-

dopinggehalte en het specifieke oppervlak geen efficiënte  manieren zijn om de CO2RR-

prestaties van N-gedoopte biochar-katalysatoren te verbeteren.  Echter, het verhogen van 

de hydrofobiciteit van het oppervlak, de overvloed aan defecten en het optimaliseren van 

de porositeitsdistributie van N-gedoteerde koolstof verbeteren de algemene katalytische  

prestaties voor elektrochemische CO2 reductie aanzienlijk. De resultaten benadrukken het 

belang van het synergetische effect van alle fysisch-chemische eigenschappen voor de 

CO2RR, in plaats van te veel nadruk te leggen op slechts de bijdrage van hoge N-

dopinggehaltes en grote specifieke oppervlakten. 

Hoofdstuk 5 onderzoekt de prestaties van N-gedoopte biochar katalysatoren voor de 

elektrochemische CO2RR in de aanwezigheid van 100 tot 10000 ppm SO2. De algemene 

CO2RR-prestaties zijn afhankelijk van zowel  de SO2-concentraties als de toegepaste 

potentialen. De N-gedoopte biochar katalysator presteert beter dan een benchmark zilver 

elektrode. Bovendien vertoont de biochar een hogere faradische efficiëntie en partiële 

stroomdichtheid naar CO, sterkere tolerantie voor SO2-onzuiverheden, langere stabiliteit en 

betere robuustheid dan de zilver elektrode. De katalysator behoudt meer dan 90% 

faradische efficiëntie naar CO na een 8 uur durende stabiliteitsmeting bij -1.0 V vs. RHE met 

100 ppm SO2 en toont een sterke tolerantie voor veranderingen in de gastoevoer (waarbij 

de concentratie SO2 fluctueert van 0 tot 100 ppm) met verwaarloosbare veranderingen in 

de faradische efficiëntie en stroomdichtheid van CO. SEM- en XPS-resultaten laten geen 

zwavelhoudende soorten zien als gevolg van SO2 reductie op het oppervlak van de N-

gedoopte biochar katalysator. Dit resultaat suggereert dat de SO2 reductie reactie de 

belangrijkste reden is voor het verlies van faradische efficiëntie op N-gedoteerde biochar 

katalysatoren. Zilver daarentegen reageert met SO2-onzuiverheden wat leidt tot 

herconfiguratie van het elektrodeoppervlak met de deactivatie van de zilverfolie-katalysator 

als gevolg. 
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Hoofdstuk 6 beschrijft een strategie voor het gebruik van N-gedoopt biochar als 

koolstofdrager voor de synthese van een nikkel-stikstof-koolstof (Ni-N-C) katalysator voor de 

CO2RR. Een reeks Ni-N-C katalysatoren wordt gesynthetiseerd via een ligand mediated 

methode met carbon black (CB), carbon nanotubes (CNT) en geactiveerde stikstof-gedoopte 

biochar (ANBC) als support. De Ni-N-ANBC katalysator toont maximaal 97% faradische 

efficiëntie naar CO bij -0.93 V vs. RHE, wat hoger is dan de Ni-N-CB katalysator (maximaal 

88% FECO bij -0.8 V vs. RHE) en vergelijkbaar met de Ni-N-CNT katalysator (maximaal 95% 

FECO bij -0.7 V vs. RHE). De porositeit van de koolstof support en de verdeling van Ni-Nx active 

sites zijn de belangrijkste factoren voor het bepalen van de CO2RR-prestaties. De 

hiërarchische structuur van N-gedoopt biochar sluit een deel van de Ni-Nx actieve sites op 

in diepere en smallere poriën, waardoor de Ni-N-ANBC katalysator meer dan 90% FECO 

behoudt, zelfs bij negatievere potentialen. Dit onderzoek biedt nieuwe inzichten voor het 

gebruik van N-gedoopte biochar materialen voor efficiëntere elektrochemische CO2-

reductie. 

Hoofdstuk 7 geeft de algemene conclusies van de in dit proefschrift gerapporteerde 

onderzoeken en noemt enkele aanbevelingen voor toekomstig onderzoek. 
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1 1.1 Background 

With an increasing world population and overwhelming development of urbanization 

and industrialization, the excessive emission of carbon dioxide (CO2) due to human activity 

has led to serious environmental problems, including global warming, climate change and 

extreme weather events.1,2 According to major scientific reports, taking actions to mitigate 

climate change, accelerating the energy transition, and reducing CO2 emissions are ever 

more urgent.3,4 In Paris and Glasgow, many countries have committed to ambitious plans, 

namely nationally determined contributions (NDCs), to reduce their greenhouse gas (GHG) 

emissions and limit the temperature increase to 1.5 oC above the pre-industrial levels (Figure 

1.1). To achieve these objectives, greenhouse gas emissions must reach to their peak before 

2025 and decline by 43% before 2030.5 

Figure 1.1 (a) Global GHG emissions of modelled pathways; (b) projected emission 

outcomes from near-term policy assessments for 2030. Reprinted from IPCC6.5 

 

In addition to developing renewable energy and improving energy efficiency for 

industrial processes, carbon capture, utilization and storage (CCUS) has also been deemed 

as an essential strategy for climate change mitigation.6 CCUS is used to capture CO2 from 

industrial flue gases or directly from the air, and then transport the CO2 for further utilization 

or permanent storage.7 Importantly, CO2 is no longer considered as a waste but a resource 

to produce high-value added products. Regarding to this issue, the study of CO2 conversion 

has triggered tremendous interest in the past decades. Several strategies have been 

developed for CO2 conversion, including biological, thermochemical, photochemical, and 
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1 
electrochemical.8 Among them, electrochemical CO2 reduction is very attractive due to its 

moderate operation conditions and controllable products by varying applied potentials.9 

 

1.2 What is the electrochemical CO2 reduction reaction (CO2RR)? 

The electrochemical CO2 reduction reaction (CO2RR) is a promising pathway to close 

the carbon cycle. It uses clean and renewable electricity (solar, wind, etc.) to convert CO2 

and H2O into valuable products. The process can be operated at ambient temperature, 

atmospheric pressure and neutral pH, and can convert waste CO2 into various chemicals and 

fuels whilst storing intermittent renewable and off-peak electricity into chemical bonds.10 In 

a typical CO2 electrolyzer, the CO2 reduction reaction occurs on the cathode, whereas water 

is oxidized on the anode. Cathode and anode are located in two chambers separated by an 

ion exchange membrane (Figure 1.2a).  

 

Figure 1.2 (a) Schematic illustration of a typical CO2 electrolyzer; (b) Comparison of the 

values of different CO2RR products in terms of their market prices ($/kg) and added values 

per kWh electrical energy input ($/kWh), reprinted from ref.12 with permission from 

Wiley. 

 

Depending on the reaction pathway, CO2 can be reduced to approximately 16 products, 

including carbon monoxide (CO), methane (CH4), formate, methanol, ethylene and 

ethanol.11 The main cathodic reactions and their equilibrium potentials are summarized in 

Table 1.1. Among these products, C2 or C3 hydrocarbons are desirable due to their higher 

market prices than CO and formate. However, the product selectivity of hydrocarbon 

products (~60% for ethylene, ~40% for acetate, ~15% for n-propanol) are much lower than 

CO and formate (~100%).12 In addition, considering the energy consumption, and 
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1 
downstream separation costs, CO is so far the most profitable target for large-scale 

applications (Figure 1.2b).13,14 

Table 1.1 Standard electrochemical potentials for some CO2 electrolysis related reactions 

(pH 7 in aqueous solution vs. standard hydrogen electrode (SHE), 25 oC, 1 atm). 

Reaction E0 (V vs. SHE) 

CO2 + 2H+ + 2e- → HCOOH -0.61 

CO2 + 2H+ + 2e- → CO + H2O -0.52 

CO2 + 4H+ + 4e- → HCHO + H2O -0.51 

CO2 + 6H+ + 6e- → CH3OH + H2O -0.38 

CO2 + 8H+ + 8e- → CH4 + 2H2O -0.24 

2CO2 + 12H+ + 12e- → C2H4 + 4H2O -0.34 

2H+ + 2e- → H2 -0.42 

 

Due to the low solubility, thermodynamic stability, and low electron affinity of CO2, 

electrochemical CO2 reduction reaction processes are still facing multiple challenges, such 

as the high energy barriers, sluggish reaction kinetics and the competition reaction of 

hydrogen evolution reaction (HER).15,16 Therefore, developing an efficient electrocatalyst 

with a high selectivity and activity to preferred products is highly desired.  

 

1.3 The electrocatalyst: the cornerstone for efficient CO2RR 

To date, the most commonly used catalysts for the CO2RR can be divided into three 

categories: molecular catalysts, metallic catalysts, and non-metallic catalysts (Figure 1.3).17 

Since the 1970s, several molecular catalysts, such as cobalt and nickel phthalocyanines, 

were reported as active catalysts for CO2 electrochemical reduction.18 The advantages of 

molecular catalysts include their tunability and electronic characteristics, which give access 

to a large variety of catalysts with high selectivity, activity, and durability.19 Additionally, 

molecular catalysts can be used as homogeneous catalysts or heterogeneous catalysts, 

which have attracted a considerable attention in recent years.  

For metallic catalysts, Hori et al. systemically studied the electrochemical CO2RR 

performance over various bulk metal catalysts since the 1980s and summarized their 
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characteristics.20 The monometallic electrodes can be classified according to their product 

distribution into four subgroups, including formate selective metals (e.g. Pb, Sn, Bi), CO 

selective metals (e.g. Au, Ag, Zn), H2 selective metals (Pt, Ni, Fe), and hydrocarbon selective 

metal (Cu). In the past decades, several metal oxide, metal sulfide, metal nitride, bimetallic 

alloys, and high entropy alloys have been demonstrated as efficient catalysts for the 

CO2RR.21 In addition, the CO2RR performance of metal-based catalysts can be effectively 

improved by optimizing the morphology, defects, facets, and surface microenvironment of 

applied catalysts.22,23 

 

Figure 1.3 Three major categories of electrocatalysts for electrochemical CO2 reduction. 

Reprinted from ref.17 with permission from Elsevier. 

 

Metal-free carbon-based materials are emerging catalysts for the CO2RR with 

remarkable selectivity, activity and long durability.24 Compared with metal-based catalysts, 

carbon-based catalysts exhibit several advantages, such as natural abundance, relatively low 

price, large specific surface area, abundant pore structure and resistance to acids and 

bases.25 However, pure carbon materials possess poor activity for the CO2RR and mainly 

produce H2.26 Heteroatom doping is one of the commonly used strategies to impart catalytic 

activity to carbon materials. The most doped heteroatoms include boron (B), nitrogen (N), 

sulfur (S), phosphor (P), fluorine (F), etc.27 By introducing one or more heteroatoms into the 

carbon skeleton, the charge distribution on carbon catalysts will be modulated owing to the 

different electronegativity of heteroatoms, which further influences the adsorption and 

activation of reactants and intermediates.28 These changes of charge distribution on the 

carbon framework, derived from heteroatom(s) doping, are usually considered to be the 
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active sites for the CO2RR. N-doping is one of the most investigated strategies for the 

preparation of metal-free carbon-based catalyst for the CO2RR. N-doped carbon materials 

(e.g. carbon fiber, carbon nanotubes, graphene, carbon nanosheets) have been 

demonstrated as efficient catalysts for electrochemical CO2 reduction to CO, in some cases 

exhibiting better performances than Ag and Au.29,30 

With the development of green chemistry, there are higher expectations for the 

selection and investigation of catalysts for the CO2RR. The pursuit of catalysts with high 

selectivity, activity and stability needs to be balanced with cost-effectiveness, sustainability 

and environmental friendliness. For metallic catalysts, mining and metallurgical processes 

damage the natural environment and increase their carbon footprint. Although N-doped 

carbon materials can be used as feasible substitutes, most of them are derived from fossil 

feedstocks. Moreover, the low yield, harsh synthesis conditions and intensive energy 

processes also hinder the large-scale utilization of these catalysts.31  

 

1.4 Why use biomass-derived carbon? 

Apart from solar and wind energy, biomass is the only renewable energy source that 

can close the carbon cycle. Biomass captures CO2 from the air, converts CO2 into organic 

material by photosynthesis, and stores CO2 into the biomass-derived carbon during 

carbonization.32 Therefore, using renewable biomass as feedstocks to manufacture biomass-

derived carbon is a more sustainable approach for the production of functional carbon 

materials. Additionally, the wide distribution and earth abundance of biomass shows the 

potential for large-scale application of biomass-derived carbon. 

Depending on the characteristics of different biomass type, they can be converted into 

biochar through pyrolysis, gasification, torrefaction and hydrothermal conversion. The 

specific surface area, porosity, surface wettability, and surface functional groups can be 

easily modulated by simply adjusting the synthetic conditions. Benefitting from these 

tunable physicochemical properties, biomass-derived carbon has been widely investigated 

as adsorbent for wastewater treatment, air purification, and soil remediation (Figure 1.4).33  
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Figure 1.4 Biochar as a carbon-neutral tool for sustainable development. Reprinted from 

ref.33 with permission from Elsevier. 

 

Owing to its tailorable porous structure, large specific surface area, inherent functional 

groups, abundant defects and electronic conductivity, biomass-derived carbon shows 

potential as a viable substitute to replace unsustainable fossil-based carbon catalysts for 

electrochemical energy conversion processes.34 In addition, the pristine protein and 

inorganic salts in biomass feedstocks are helpful for the self-doping and pore generation, 

respectively, which could further improve the electrochemical performance of biomass-

derived carbon.35,36 Some pioneering studies have demonstrated that the N-doped biochar 

catalysts exhibit comparable CO2RR performances as advanced fossil-based carbon 

catalysts.37–39 

Using biomass-derived carbon as electrocatalysts for CO2RR shows multiple merits. It 

converts waste biomass into functional carbon materials and improves its added value, 

while also providing a sustainable and efficient catalyst for the electrochemical CO2 

reduction to close the CO2 cycle. Despite the fact that many challenges associated with the 

use of N-doped biomass-derived carbon as catalysts for electrochemical CO2RR remain, 

there are great opportunities to achieve practical applications in the future. 
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for CO2RR 

Although considerable progress has been made in using N-doped biochar as catalysts 

for CO2RR, some critical issues should still be addressed in future work. First, the selection 

of biomass feedstock should follow the discipline of ethics. Studies using animal-derived 

materials (e.g. butterfly, silk cocoon, etc.) and edible food (e.g. egg, flour, etc.) as feedstock 

to prepare biomass-derived carbon materials should not be encouraged, even if they show 

better electrochemical performances.40,41 The ideal biomass feedstock should be waste or 

by-products from industrial processes, with large yields and should be easily collected and 

transported.  

Second, the relationship between synthesis conditions and physicochemical properties 

of N-doped biochar is unclear. Due to the diversity of biomass, dopant, activator and 

operation conditions (carbonization temperature, heating rate, atmosphere), it is impossible 

to summarize the correlation between synthesis conditions and properties of N-doped 

biochar from numerous published studies. However, it is important to understand the 

influence of each single variable of the synthesis procedure, such as the carbonization 

temperature, heating rate, type of activator and amount of N-dopant, to the final properties 

of the N-doped biochar.  

Third, the relationship between physicochemical properties and electrochemical 

CO2RR performances of N-doped biochar is unclear. Countless N-doped carbon catalysts 

with impressive CO2RR catalytic performances were reported. However, the excellent 

performances were always simply attributed to a certain type of N-containing species (e.g. 

pyridinic N, graphitic N, etc.) or a large specific surface area.42–44 However, studies with 

contradicting conclusions have also widely been reported.45,46 This controversy stems from 

the differences of structural properties, surface wettability, defect abundance of various N-

doped carbon materials. Therefore, a systematical investigation with consideration of the 

contribution from different properties, rather than overemphasizing the function of N-

containing species and specific surface area, is critical to reveal the correlation between 

physicochemical properties and electrochemical CO2RR performances of N-doped biochar. 

Fourth, the excellent CO2RR performances of N-doped biochar were reported using 

ideal laboratory conditions with high purity CO2. In a practice, the industrial CO2 streams can 

contain trace amounts of gaseous impurities. Understanding the CO2RR performance of N-

doped biochar in the presence of gaseous impurities is meaningful for the future application 

using CO2-rich industrial flue gas. 

Last but not least, the faradaic efficiency toward CO of N-doped biochar is comparable 

to the advanced catalysts for electrochemical CO2 reduction to CO. However, the partial 
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current density of CO of N-doped biochar catalyst, namely catalytic activity, is still worse 

than the state-of-the-art metal-based catalysts. Therefore, improving the catalytic activity 

of N-doped biochar is still facing challenges. 

 

1.6 Research questions and thesis outline 

According to the above discussion about current challenges, this thesis aims to address 

the following research questions (RQ): 

➢ RQ1: What is the recent progress for the preparation of N-doped biochar via 

carbonization, activation and functionalization? (Chapter 2) 

➢ RQ2: Can we get transferable knowledge about the preparation and 

characterization of N-doped biochar catalysts from other electrocatalytic reactions, 

such as the hydrogen evolution reaction and oxygen reduction reaction? (Chapter 

2) 

➢ RQ3: How does the type of activator used for the preparation of N-doped biochar 

influence the structural properties and further influence the electrochemical 

CO2RR performance? (Chapter 3) 

➢ RQ4: Is improving the N-doping content and specific surface area helpful to 

enhance the CO2RR performance of N-doped biochar catalyst? (Chapter 4) 

➢ RQ5: How do we comprehensively understand the contributions of various 

physicochemical properties to the CO2RR performance of N-doped biochar catalyst? 

(Chapter 4) 

➢ RQ6: What is the performance of N-doped biochar catalyst for electrochemical CO2 

reduction in the presence of SO2 impurities? (Chapter 5) 

➢ RQ7: Is N-doped biochar a feasible alternative as carbon support to fabricate metal-

nitrogen-carbon catalysts for CO2RR with better performance? (Chapter 6) 

➢ RQ8: How do the characteristics of carbon supports affect the CO2RR performances 

of metal-nitrogen-carbon catalysts? (Chapter 6) 

 

These research questions are addressed throughout the thesis with the following 

approach (Figure 1.5). Chapter 2 summarizes the most commonly used strategies for 

carbonization, activation, and functionalization of the preparation of N-doped biochar. 
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Additionally, the recent progress of using N-doped biochar catalysts for the hydrogen 

evolution reaction, oxygen reduction reaction and CO2 reduction reaction are carefully 

scrutinized. Chapter 3 tests six different types of activators used for the preparation of N-

doped biochar and evaluates the structural properties and electrochemical CO2RR 

performances of these as-prepared N-doped biochar catalysts. Chapter 4 assesses the effect 

of N-doping content and specific surface area of N-doped biochar catalysts for CO2RR 

performance via controlling the carbonization temperature and the addition of nitrogen 

dopant. A multivariate correlation analysis is made to elucidate the correlation between 

physicochemical properties and electrochemical performance of N-doped biochar catalysts. 

Chapter 5 evaluates the performance of a N-doped biochar catalyst and a benchmark silver 

foil electrode for electrochemical CO2 reduction in the presence of 100 to 10000 ppm SO2 

impurities. The changes of surface morphology and chemical composition of N-doped 

biochar catalyst and silver foil are reported as well. Chapter 6 investigates the feasibility of 

using N-doped biochar as carbon support to prepare metal-nitrogen-carbon catalyst and 

scrupulously assesses the importance of carbon supports for the CO2RR performance of 

metal-nitrogen-carbon catalysts. Chapter 7 includes conclusions and recommendations for 

future research. 

 

Figure 1.5 Scope and objectives of this thesis. 
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Abstract: Coupling renewable energy with electrochemical energy conversion and storage 

techniques represents a promising solution to solve energy and environmental problems. 

Owing to their sustainability, earth abundance, low price and structural tunability, biomass-

derived nitrogen-doped (N-doped) carbon materials have been widely used as efficient 

electrocatalysts for various electrochemical applications and achieved significant 

advancements. In this chapter, recent advances towards the preparation of N-doped biochar 

catalysts and their utilization for the hydrogen evolution reaction, oxygen reduction reaction 

and CO2 reduction reaction are summarized. We highlight the correlations between 

synthesis – structure – performance of N-doped biochar catalysts. First, the most commonly 

used carbonization approaches, functionalization strategies and characterization methods 

for N-doped biochar materials are discussed. Then, the emerging N-doped biochar catalysts 

for different electrochemical reactions are scrutinized, with special attention on the 

similarities and differences of the properties of N-doped biochar for various reactions. 

Additionally, challenges and future perspectives on the development of  N-doped biochar 

for further investigation are provided. 
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2.1 Introduction 

With the immense growth of world population and overwhelming development of 

industrialization and urbanization, the pressing issues of the energy transition, global 

warming and environmental pollution have become increasingly apparent.1–3 To address 

these challenges, the coupling of clean and renewable energy sources and carbon-

neutralization technologies, including fuel cells, metal-air batteries, water electrolysis and 

carbon capture, utilization, and storage (CCUS) have gained tremendous attentions.4–12 

Nevertheless, the large-scale implementation of these technologies is still challenging, as 

their performances are highly dependent on the applied catalysts for critical electrochemical 

processes such as the hydrogen evolution reaction (HER), oxygen reduction reaction (ORR) 

and CO2 reduction reaction (CO2RR).13 Traditionally, precious metal-based catalysts, such as 

platinum , ruthenium  and iridium , are well known as the best catalysts for the HER and 

ORR.14–16 However, the scarcity and high costs of these metals can have consequences for 

large-scale commercial applications. Although the catalysts for CO2RR, such as silver , gold  

and copper , are relatively cheaper than these precious metals, the poor durability, 

susceptibility to impurities and the negative effects of mining and refinery to environment 

may limit their future applications.17–19 Therefore, seeking alternative catalysts that exhibit 

competitive catalytic performance similar to metal-based catalysts while being readily 

accessible, cost-effective, and environmentally friendly, is highly desirable. 

Benefitting from their electronic properties, structure, surface chemistry and 

affordable price, carbon-based materials have been widely investigated as catalyst or 

catalyst support for various electrochemical energy conversion technologies.20,21 In 2009, 

Dai and co-workers found that metal-free nitrogen-doped (N-doped) aligned carbon 

nanotubes are alternative catalysts for the ORR and can potentially replace Pt, showing high 

catalytic activity, long stability and strong tolerance to impurities.22 Since then, N-doped 

carbon-based materials have been reported as efficient catalysts for the HER, ORR, OER, 

CO2RR, and many other reactions.23 As a consequence, developing novel N-doped carbon 

materials, improving their performances and revealing the reaction mechanisms of carbon-

based catalysts for different electrochemical reactions have gained significant attention. 

In recent years, many advanced N-doped carbon-based materials, including graphene, 

carbon nanotubes and carbon nanofibers, have been functionalized and applied to different 

electrochemical reactions, showing comparable performances as metal-based catalysts.24–

29 Apart from these fossil-based carbon materials, a series of novel N-doped carbon catalysts 

derived from metal-organic frameworks (MOFs), MXene materials, and polymer precursors 

also exhibited eminent intrinsic properties and impressive catalytic performances.30–34 

Recent research advancements have provided both experimental and theoretical evidence 

to support the promising future of well-designed N-doped carbon catalysts for various 
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applications such as the HER, ORR, OER, and CO2RR.35 However, the extensive application of 

these N-doped carbon catalysts is hindered by several challenges, including the presence of 

harsh synthetic conditions, energy-intensive preparation processes, and limited yields.36 

Therefore, developing scalable ways to manufacture N-doped carbon materials from 

renewable and abundant resources with good performances and a limited environmental 

impact is of significant interest.  

Biomass, as the sole renewable energy source capable of naturally closing the carbon 

cycle, exhibits promising potential as a viable alternative to fossil feedstocks for generating 

carbon-based materials, fuels, and chemicals. In a broad sense, biomass encompasses all 

organic substances derived from plants, animals, microorganisms and by-products of 

processing these substances in industry.37 These biomass sources can be transformed into 

solid, gas, and liquid products through diverse technologies, including chemical, 

thermochemical, and biochemical processes.38,39 Biomass-derived carbon, also called 

biochar, has emerged as a promising sustainable option for various electrochemical 

applications owing to its conductivity and catalytical activity.40–42 Biochar is a carbon-rich 

solid material from biomass by thermochemical conversion with limited oxygen, which 

exhibits a high specific surface area, abundant porosity, and high variability of surface 

functional groups. Through further activation and heteroatom (nitrogen) doping, biochar 

has emerged as a highly promising substitute for advanced carbon materials. Further, using 

N-doped biochar for electrochemical energy conversion brings multiple benefits. It offers 

sustainable and cost-effective materials for electrochemical devices while also enhancing 

the value of biomass residues. Figure 2.1 shows the concept of using functionalized biochar 

for electrochemical catalytic energy conversion processes. 
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Figure 2.1 Schematic illustration of renewable biomass-derived carbon for sustainable 

electrochemical catalytic energy conversion. 

 

Over the past few decades, an increased amount of applications of N-doped biochar 

have come up. This has led to a rising interest in utilizing functionalized biochar for purposes 

such as environmental remediation,43 soil amendment,44 wastewater treatment,45 CO2 

absorption,46 supercapacitors,47 metal-air batteries,48 lithium/sodium batteries49 and 

catalysts50. The utilization of N-doped biochar as electrocatalysts for the ORR, HER and 

CO2RR has been extensively reported. However, there is no comprehensive review covering 

the preparation, functionalization, and applications of N-doped biochar-based materials as 

electrocatalysts for these reactions. Hence, this chapter aims to provide such a 

comprehensive overview on the strategies of carbonization, activation and heteroatom 

doping of biochar, highlighting the recent development of nitrogen-doped biomass-derived 

carbon catalysts for the HER, ORR and CO2RR. Furthermore, the challenges and perspectives 

of N-doped biochar catalysts for electrochemical energy conversion applications will also be 

discussed. 

 

2.2 Carbonization, functionalization and characterization of biomass-

derived carbon materials 

2.2.1 Carbonization 

Biomass-derived carbon is a black, solid, carbon-rich material derived through the 

thermochemical conversion of biomass at elevated temperatures under oxygen-limited 

conditions.51 Depending on the type of biomass (forestry, agricultural residues, industrial 

and food residues, municipal waste), composition of the biomass (percentage of cellulose, 

hemicellulose, and lignin), conversion techniques (pyrolysis, gasification, hydrothermal), 

and reaction conditions (temperature, heating rate, residence time, gas atmosphere, 

pressure), the biomass-derived carbon material exhibits different properties. Recently, the 

influences of feedstocks have been reviewed by Qin et al.53 and Li et al.54, who have 

discussed lignocellulosic biomass and non-lignocellulosic biomass for biochar production, 

respectively.  In this section, several different carbonization techniques for biochar 

preparation along with their characteristics are introduced. Table 2.1 shows the operating 

conditions and product yields of different commonly used techniques. 
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Table 2.1 Different biomass carbonization techniques, operation conditions and biochar 

yields. 

Technique 
Temperature 

(oC) 

Residence 

time 

Heating rate 

(oC/s) 

Biochar 

yield (%) 
Ref. 

Slow pyrolysis 300-700 mins-days 0.02-1 20-40 52 

Fast pyrolysis 500-1000 <2 s >2 10-20 53 

Gasification 800-1000 5-20 s - ~ 10 54 

Hydrothermal 

conversion 
180-260 1 -12 h - 40-70 55 

 

2.2.1.1 Pyrolysis 

Pyrolysis is one of the most investigated techniques for biochar production and is 

usually operated at a temperature range from 300 to 700 oC in an inert atmosphere.56 It 

converts biomass into solid (biochar), gas (syngas, including H2, H2O, CH4 and CO), and liquid 

(bio-oil) products by cross-linking, depolymerization, fragmentation and other secondary 

gas-solid interaction reactions.57 Depending on the heating rate and residence time, 

pyrolysis can be divided into slow pyrolysis and fast pyrolysis. Slow pyrolysis is characterized 

by pyrolyzing with a low heating rate (0.02 - 1 oC/s) and long residence time (from minutes 

to days).53 In addition, the low heating rate of slow pyrolysis favors biochar formation with 

larger particle sizes.58 The biochar yield depends on the synergistic effect of the composition 

of feedstock, temperature, and residence time. Fast pyrolysis uses a high heating rate 

(generally > 2 oC/s) and short residence time (< 10 s) that benefits bio-oil production (up to 

75%).54,59 The ratios of gas, solid and liquid products are also co-dependent on the 

temperature, residence time and the particle size and chemical compositions of the 

feedstock. In general, fast pyrolysis requires properly dried feedstocks with a particle size 

less than 2 mm60, whereas slow pyrolysis can withstand larger particle sizes of the 

feedstock.61 Slow pyrolysis reaches higher yields of biochar at relatively milder reaction 

conditions than fast pyrolysis, although the reaction times are longer. Various reactors have 

been developed and used for biochar production. For instance, agitated drum sand rotating 

kilns, wagon reactors and paddle pyrolysis kilns are commonly used for slow pyrolysis,62 

while circulating fluidized bed, rotating cone, and auger reactors are commonly used for fast 

pyrolysis.63 
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2.2.1.2 Gasification 

Gasification is a thermochemical process to convert carbonaceous feedstocks into 

small molecular gaseous mixtures (H2, CO, CO2, CH4 and small quantities of higher 

hydrocarbons) by controlling the amount of oxidizing agent under high temperatures.64 

Typical oxidizing agents for biomass gasification are oxygen, air, carbon dioxide, steam or 

mixtures of these gases.65 The gasification process contains four sequential steps, including 

drying, pyrolysis, partial oxidation, and gasification.66 Fixed bed and fluidized bed gasifiers 

are the most commonly used setups for biomass gasification.67 In general, biomass 

gasification is used for producing bio-syngas by cracking, partial oxidization, water-gas shift 

and Sabatier reactions. Therefore, the yields of biochar via gasification process are lower 

than that of the pyrolysis process. It is important to note that the biochar generated from 

gasification contains a relatively high level of alkali and alkaline earth metals (AAEMs) and 

polyaromatic hydrocarbons (PAHs), which are generally harmful for applications. The 

biomass gasification process is mainly affected by the type of feedstock, reaction 

temperature, gasification agent, particle size, pressure and equivalent ratio. Correspondingly, 

the yield, structure and chemical composition of biochar will also change in response to the 

variations of reaction conditions. In comparison to biochar production by pyrolysis, 

gasification is more economically viable and profitable, as it generates heat and electricity 

simultaneously. Seeking a balance between the output of biochar and the overall energy 

efficiency is an opportunity and challenge for biochar production from gasification.68  

 

2.2.1.3 Hydrothermal carbonization 

Hydrothermal carbonization uses saturated water to convert biomass into a carbon-

rich solid product at a mild temperature (180 – 260 oC) over the course of a few hours.69 It 

usually is performed in an autoclave and the collected solid product is also called hydrochar. 

As the process is carried out with water, the drying of feedstock is not necessary. Moreover, 

the operating temperature is lower than with pyrolysis and gasification and therefore the 

hydrothermal carbonization process consumes less energy. Although the chemical 

composition of feedstock can differ, the reactions occurring during hydrothermal 

carbonization are similar, and include hydrolysis, dehydration, decarboxylation, 

polymerization, aromatization and re-condensation.70–72 The main parameters that affects 

the properties of the product obtained from hydrothermal carbonization are reaction 

temperature, pressure, residence time and the ratio between biomass and water.73 The yield 

of hydrochar (40 - 70 %) is relatively higher than yield of biochar generated from pyrolysis 

(20 - 40%). However, the carbon content of hydrochar is lower than that of biochar.74 In 

addition, the surface of hydrochar presents abundant O-containing functional groups, 

including hydroxyl/phenolic, carbonyl, and carboxylic, which are benefit for its affinity to 
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water.75 Besides, due to the lower carbonization temperature, the specific surface area and 

porosity of hydrochar are lower than biochar generated from pyrolysis.76 

 

2.2.2 Functionalization 

Due to the diversity of the feedstocks, carbonization techniques and operating 

conditions, the physicochemical characteristics of biochar are versatile. In general, the 

biochar generated directly from carbonization shows a low nitrogen content, poor 

functionality, and low specific surface area and porosity.77 These intrinsic drawbacks hinder 

the direct application of biochar materials. Therefore, the biochar should be functionalized 

to better suit different applications, for instance by modifying its specific surface area, pore 

structure and surface functional groups. Fortunately, biochar materials exhibit good 

tunability of structure and porosity.78 Activation and heteroatom doping are the most 

commonly used methods for biochar functionalization, and can be conducted before, during 

or after biochar production. The activation process, including physical activation and 

chemical activation, can effectively improve the specific surface area and porosity of biochar 

materials. Heteroatom doping, here represented as N-doping, can effectively increase the 

abundance of defects on the surface of biochar and redistribute the charge between carbon 

atoms and heteroatoms, thereby inducing activity for different electrochemical 

applications.79,80 Figure 2.2 depicts the common activation and N-doping methods for 

upgrading biochar properties. 

 

Figure 2.2 Classification of biochar activation and N-doping strategies. 
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2.2.2.1 Activation 

The activation process enlarges the specific surface area and develops porosity in biomass-

derived carbon materials. Depending on the activation mechanism, the activation method 

can be classified as physical activation and chemical activation.81 The porosity of biochar can 

be significantly improved by pore formation, expansion, combination and collapse.82 

Meanwhile, the activated biochar can provide active sites, and an increased adsorption 

capacity. The activation process can either be carried out together with the carbonization 

process or after carbonization. The type of activator, mixing method of carbon precursor and 

activator, temperature, pressure, atmosphere, and activation time jointly determine the 

characteristics of activated biochar. The characteristics of physical and chemical activation 

methods are listed in Table 2.2. 

 

Table 2.2 Characteristics of physical and chemical activation methods. 

Feedstock 
Activating 

agent 

Mass 

ratioa 

Temperature 

(oC) 

Time 

(h) 

SBET
b 

(m2/g) 

Vt
c 

(cm3/g) 

Vmic
d 

(cm3/g) 

Davg
e 

(nm) 
Ref 

Almond shell Steam - 950 1 1261 - - - 83 

Coffee 

residue 
Steam - 700 2 641 0.33 0.23 2.06 84 

Canola meal Steam - 800 1.5 403 - - 2.70 85 

Tea waste Steam - 850 0.5 725 0.51 0.21 2.81 86 

Sewage 

sludge 
CO2 - 700 1 240 0.39 0.04 6.46 87 

Wood chips CO2 - 800 3 590 0.34 0.18 3.44 88 

Walnut shell CO2 - 900 1.5 1011 0.65 0.53 2.17 89 

Coconut shell CO2 - 900 3.5 2288 1.30 1.01 - 90 

Bamboo CO2 - 900 1 684 0.47 0.37 2.19 91 

Olive drupe CO2 - 800 7 1355 0.65 0.59 - 92 

Corncob KOH 4:1 850 1 3227 1.89 1.32 1.17 93 
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Tremella KOH 5:1 800 3 3760 2.15 0.60 - 94 

Formaldehyde 

resins 
KOH 5:1 900 - 3537 1.96 0.97 - 95 

Rice husk KOH 5:1 850 1 2696 1.50 0.27 2.63 96 

Wheat bran NaOH 4:1 800 2 2543 1.68 0.80 2.65 97 

Cellulose KHCO3 4:1 900 1 1893 1.37 0.25 - 98 

Coconut shell K2CO3 3:1 600 1 329 0.15 0.12 - 99 

Coconut shell H3PO4 1:1 800 2 2648 1.50 0.88 - 100 

Orange peel H3PO4 2:1 700 1 2210 1.24 1.19 - 101 

Pinewood H3PO4 2:1 600 2 1547 1.17 0.51 - 102 

Euphorbia 

rigida 
H3PO4 1:1 700 1 790 0.70 0.17 3.54 103 

Tomato waste ZnCl2 6:1 600 1 1093 1.57 0.13 5.92 104 

Coffee husk ZnCl2 1:1 550 3 1522 0.75 0.15 0.90 105 

Textile waste MgCl2 1:1 900 1.5 1307 3.56 0.06 - 106 

Cotton woven FeCl3 3:2 700 2 942 0.64 0.33 - 107 

Bean curd CH3COOK 15:1 750 2 2180 1.18 0.83 2.17 108 

Soft wood KMnO4 5:4 800 2 1199 0.98 0.39 - 109 

a. Mass ratio indicates the ratio between activator and carbon precursor; 

b. BET surface area; c. Total pore volume; d. Micropore volume; e. Average pore diameter.  

 

Physical activation of biochar is achieved by applying thermal treatment (> 700 oC) in 

gaseous activating agent, including steam, carbon dioxide, air or ozone. These gases 

penetrate into the internal structure of biochar and react with carbon atoms, thereby 

creating or expanding pores in the carbon framework.110 As a consequence, the specific 

surface area of activated biochar can be substantially increased. Physical activation is a clean 

and green production process without secondary waste disposals. However, it also shows 
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several disadvantages, including high activation temperature, long activation time, poor 

specific surface area and porosity and relatively low yield of activated biochar.  

Steam and CO2 are the most commonly used activating agent for physical activation of 

biomass. For example, Koltowski and co-workers activated biochar produced from willow 

(700 oC, slow pyrolysis) using CO2 and steam. The specific surface area of the steam-

activated biochar (840.6 m2/g) and the CO2-activated biochar (512.0 m2/g) were higher than 

the biochar generated by slow pyrolysis (11.4 m2/g).111  The larger specific surface area of 

steam-activated biochar is attributed to the smaller molecular size of water than CO2, which 

facilitates the activation process by using steam and further generate more pores than using 

CO2.112 In addition, steam activation generates a wide distribution of micropores and 

mesopores, however, CO2 activation mainly generates micropores.113 Moreover, under the 

same reaction condition, steam activation induces more O-containing functional groups on 

biochar surfaces than CO2 activation, which further improves the hydrophilicity of 

biochar.114,115 Toles et al. simulated the steam- or CO2 activation of almond shell derived 

biochar for large-scale production (2180 kg biochar per day) and showed that steam 

activation is more economically feasible than CO2 activation.116 It is worth noting that the 

higher activation temperature (using steam or CO2) is helpful to develop more pores, where 

longer activation time (> 4 h, depends on the source of biochar) consumes more carbon 

atoms and leads to the collapse of carbon framework and further decrease the specific 

surface area.117,118  

Besides the above methods that require gaseous agents activation and high 

temperature, some unconventional physical activation methods, including microwave 

assisted activation,119 ultrasound irradiation,120 plasma treatment,121 and electrochemical 

modification methods,122 have recently emerged to upgrade the characteristics of biochar. 

Due to their less widespread use, we will not discuss these techniques in detail. 

Chemical activation is one of the most efficient methods for carbon activation and 

applies activators at a temperature range from 400 - 1000 oC,123 which helps to increase the 

porosity and specific surface area (up to ~4000 m2/g) of biochar.94 Depending on the 

activation mechanisms, these chemical activators can be classified as alkaline, acidic, neutral, 

and self-activating agents.82 Furthermore, chemical activation can be divided into one-step 

activation (where carbonization and activation occur simultaneously) and two-step 

activation (where activation occurs after carbonization) processes. The two-step activation 

process generates activated biochar with a high specific surface area,124 nevertheless, the 

energy consumption is higher and the manufacturing process is more complex than one-

step activation. Chemical activation shows several advantages, such as a low activation 

temperature and short activation time to generate high specific surface area biochar with 
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abundant pores. However, the negative effects derived from the strong corrosiveness of the 

activators and the inevitable washing process need to be taken into account.125  

The most frequently used alkaline activators include but are not limited to KOH, NaOH, 

KHCO3 and K2CO3. Among these activators, KOH is the most effective activator for generating 

biochar with a high specific surface area. The KOH acts as an oxidant, generating pores by 

oxidizing carbon atoms on the carbon framework.126 In addition, the generated potassium 

compounds penetrate into the internal structure of the carbon lattice and create pores by 

etching the carbon layer.127 The acidic activators, such as H3PO4, H2SO4 and HNO3, act as 

dehydrating agents,128 promoting dehydration at lower carbonization temperatures and 

creating pores by oxidization reactions and aromatic condensations.100,129 The main 

activation mechanisms of the neutral activators (ZnCl2, FeCl3, MgCl2, KMnO4, etc.) are 

dehydration, oxidization, templating and gasification. The metal salts improve the 

dehydration, dicarboxylic and cross-linking reactions.107 Further, metal oxides, e.g. MgO in 

the case of MgCl2, embed into the carbon matrix as a template, generating mesoporosity.106 

In general, the porosity of the biochar gets improved with an increased amount of activators, 

and the pore size distribution becomes wider.130 On the other hand, the porosity of activated 

biochar increases to the maximum value as the activation temperature rises, and then 

begins to decrease with further increase of activation temperature, which is due to the 

collapse of pores and shrinkage of the carbon framework.131 In addition, depending on the 

type of activator, the activated biochar shows different characteristics. For instance, the 

carbon yield of biochar activated with alkaline activators is lower than that of biochar 

activated by acidic activators.132 Alkaline activators generate biochar is a powder form, 

whereas acidic activators generate biochar in a granular form.133 The specific surface area of 

KOH-activated carbon ranges up to 4000 m2/g, however, the maximum specific surface area 

of H3PO4-activated carbon is around 2700 m2/g.94,100 Furthermore, the KOH activation 

process mainly generates micropores, while the H3PO4 activation process develops 

mesopores and macropores and the ZnCl2 activation process creates mainly micropores and 

a small percentage of mesopores.134  

Besides the difference of activators mentioned above, the activation temperature, the 

mixing method of biomass and activators (mixing in aqueous solution or mixing directly), 

the ratio of biomass to activator, the reaction atmosphere, etc., all have crucial effects on 

the physicochemical properties of biochar. Therefore, in practice, the pore structure and 

chemical composition of biochar can be adjusted in a targeted manner by selecting the 

appropriate activator and reaction conditions for different applications. 
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2.2.2.2 Nitrogen doping 

Activated biochar typically exhibits a large specific surface area and abundant porous 

structure and can find applications in soil remediation, wastewater treatment, and 

supercapacitors. However, pristine carbon materials are inert for electrocatalytic conversion 

reactions due to the stability of neutral carbon atoms.135 Therefore, heteroatom doping is 

key for imparting electrocatalytic activity to porous carbon materials. Introducing 

heteroatoms (e.g., B, N, or S) with a different electronegativity into the carbon framework 

can modulate the electrocatalytic performance of the pristine π-electron networks, 

redistribute the spin and charge densities and thereby form catalytically active sites.136 Here, 

we focus on N-doping as this is most widely investigated for electrocatalytic applications. 

In principle, the incorporated nitrogen can be designated as structural N and chemical 

N (Figure 2.3). Structural N is directly embedded into the carbon skeleton by replacing a 

carbon atom, including pyridinic N, pyrrolic N, graphitic N, and oxidized N. Chemical N exists 

on the surface of biochar in the form of N-containing functional groups, such as amine (-

NH2) and nitro (-NO2) groups. Surface chemical N-containing functional groups are 

covalently bonded to the carbon frame. Structural N atoms are formed via dehydration, 

condensation and aromatization reactions. This is the reason that the structural N displays 

higher stability than chemical N, and the electronic properties of structural N shows the 

capability for catalyzing electrochemical reactions. In particular, the pyridinic N binds with 

two adjacent carbon atoms at the edge and donates one p-electron to the carbon 

conjugated framework. The pyrrolic N is hybridized with two carbons in a pentagonal ring 

and contributes two p-electrons to the framework. Graphitic N is sp2 hybridized with three 

carbon atoms and the oxidized N is incorporated with two carbon atoms and one oxygen 

atom.137,138 Among these, graphitic N and oxidized N are the most stable, followed by 

pyridinic N and pyrrolic N.139 
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Figure 2.3 N-containing functional group in N-doped biochar. 

 

According to the chemical composition of feedstocks, biomass can be categorized into 

N-rich biomass and N-deficient biomass. N-rich biomass, including algae, bean dregs, animal 

waste, and sewage sludge, can be directly used to prepare N-doped biochar by carbonization 

and activation. However, N-deficient biomass, such as wood, bamboo, straw and bagasse, 

needs external N dopants to prepare N-doped biochar. The doping method can be 

categorized into in-situ doping (N-rich biomass or dopants mix with N-deficient biomass) 

and post-doping (dopants mix with biochar). In addition, compared to the N-doped biochar 

produced from N-rich feedstock, the N content and configuration of the biochar generated 

with external nitrogen sources can be controlled by modulating the amount of additive and 

the operation conditions. Table 2.3 outline different methods for N-doping and 

characteristics of N-doped biochar. 
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Table 2.3 Different N-doping methods and characteristics of N-doped biochar. 

Feedstock N dopant Activator Method 
Temperature 

(oC) 

N 

content 

Specific 

surface 

area 

(m2/g) 

Ref 

Bean dreg - Steam Pyrolysis 1000 
2.42 

wt% 
1004 140 

Camellia 

sinensis 
- KOH Hydrothermal 280 

6.18 

wt% 
6.5 141 

Water 

hyacinth 
- ZnCl2 Molten salt 800 

5.47 

at% 
829 142 

Chitosan - - Pyrolysis 800 
7.9 

at% 
1052 143 

Human 

hair 
- - Pyrolysis 700 

9.61 

wt% 
23.8 144 

Fish scale - NaOH Pyrolysis 800 
19.5 

at% 
1867 145 

Crab shell - KOH Pyrolysis 700 
5.1 

wt% 
1663 146 

Bamboo 

waste 
NH3 - Pyrolysis 600 

3.42 

wt% 
254.5 147 

Corn 

straw 
NH3 - Pyrolysis 800 

5.69 

at% 
418.7 148 

Sugarcane 

bagasse 
Urea - Pyrolysis 650 

4.65 

wt% 
53.5 149 

Sewage 

sludge 
Melamine - Pyrolysis 800 

9.5 

at% 
261.7 150 

Cellulose 
Ammonium 

oxalate 
KHCO3 Pyrolysis 900 

2.03 

at% 
2816 151 

Coconut 

shell 
Urea KOH Pyrolysis 700 

0.61 

wt% 
1937 152 
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Industrial 

lignin 
Urea H3PO4 Pyrolysis 500 

1.52 

wt% 
1411 153 

Cotton 

stalk 
NH3 CO2 Pyrolysis 800 

1.52 

wt% 
627 154 

Arundo 

donax 
Urea ZnCl2 Pyrolysis 600 

15.9 

at% 
582 155 

Cellulose Melamine KOH Pyrolysis 800 
1.68 

at% 
1703 156 

 

The selection of feedstock is important for preparing N-doped biochar from N-rich 

feedstocks. In general, the N content in the biochar is positively correlated with the original 

N content in the feedstock. Some feedstocks contain a high N content that can be used as 

precursors for the preparation of N-doped biochar by carbonization. For instance, Chu et al. 

prepared N-doped biochar derived from bean dregs with a N content as high as 6.3 wt%.140 

Liang et al. chose water hyacinth to prepare N-doped carbon without external nitrogen 

source and achieve a maximum N content of 7.71 at% with a large specific area (845 

m2/g).142 Chang et al. used microalgal residue to prepare a series of N-doped biochar by slow 

pyrolysis with a N content distribution between 10.2 – 14.1 wt%.157 Although N-rich 

feedstocks help to achieve high N-doping contents, the mechanisms of nitrogen 

transformation and evolution are complex. Chen et al. revealed the reaction pathways of 

nitrogen containing species during pyrolysis of algae (Figure 2.4), where protein-N species 

are the main sources for N-doping.158. 
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Figure 2.4 Mechanisms of nitrogen transformation and possible reaction pathways during 

algae pyrolysis. Black: possible reaction pathways at lower temperatures; red: possible 

reaction pathways at higher temperatures. Reproduced from ref. 158 with permission from 

the American Chemical Society. 

 

N-containing chemicals are commonly added to N-deficient feedstocks to produce N-

doped biochar. The most used N-dopants are ammonia, urea, melamine and ammonium 

salts. Ammonia is usually used as a gas dopant and inert atmosphere for pyrolysis, while 

ammonium salts or organics can be mixed directly with the feedstock or dissolved and mixed 

with the feedstock before carbonization and activation. N-doping with ammonia gas purging 

is an efficient way to incorporate nitrogen into the carbon matrix. The O-containing 

functional groups on biomass react with ammonia during the carbonization process and 

induce N-containing groups (amine, amide, etc.) on the biochar that are subsequently 

converted to structural N and embed into the carbon skeleton.154,159 Therefore, the 

abundance of O-containing functional groups in the feedstock is positively correlated with 

the N-doping level of the end-product.160 Solid organic nitrogen additives, such as urea and 

melamine,  and inorganic ammonium salts  are generally easier to use and more efficient for 

N-doped biochar production than purging NH3 as N-dopant. Oh et al. prepared N-doped 

biochar by pyrolyzing coffee residue and urea at various temperatures and residence times. 
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The N content increased from 2.1 wt% to higher levels (2.8 - 19.3 wt%) depending on the 

temperature. Moreover, the percentage of pyrrolic N and pyridinic N decreases with 

increasing temperatures, whereas the percentage of graphitic N show an opposite trend.161 

The released NH3 from the decomposition of urea is helpful to enlarge the specific surface 

area and porosity of N-doped biochar.162 Similarly, ammonium salts also release gaseous 

decomposition products (for instance NH3 and N2) during thermal decomposition, which 

expand the porous structure of N-doped biochar along with N-doping.163 

Post-doping is a two-step strategy, where the feedstocks are first converted to primary 

biochar and the N-dopant is directly reacted with primary biochar instead of the raw 

feedstock. Besides heat treatment of primary biochar with ammonia or nitrogen containing 

chemicals, ball milling of biochar with nitrogen containing chemicals can also be used for N-

doping. It is reported that the treatment of biochar with N-dopants at lower temperatures 

leads to chemical N on biochar surfaces, while structural N atoms are incorporated into 

biochar at higher temperatures.164 The doping mechanisms for biochar and ammonia, 

organic nitrogen additives and inorganic salts, are similar to the mechanisms for reactions 

of biomass with these different dopants. It is worthy to note that the oxygen content of 

biochar is lower than that of raw biomass, indicating that the efficiency of doping on biochar 

is lower than doping on biomass. Therefore, introducing oxygen functional group on biochar 

is helpful for the N-doping. Guo et al. used H2O2 to pre-oxidize coconut shell derived biochar 

before N-doping, and the N content of H2O2 pre-oxidized biochar increased from 14.4 wt% 

to 15.5 wt%, higher than the sample without H2O2 pre-oxidization.165 Ball milling is another 

efficient way to produce N-doped biochar by mechanochemical effect to break chemical 

bonds to incorporate N with carbon atoms. For instance, Xu et al. mixed ammonium 

hydroxide and bagasse derived biochar using ball milling, with the nitrogen content 

increasing from 0.3 to 1.79 wt%.166 

One-step synthesis of activated N-doped biochar by calcinating the feedstock, N 

dopants, and activators simultaneously, is more attractive with respect to energy 

consumption. It is important to note that one-step doping methods are often influenced by 

various factors, including the type of biomass, the reaction temperature and residence time, 

the type and amount of N dopants and the type and amount of activators. For instance, a 

higher reaction temperature leads to a lower N-doping content, while the percentage of 

graphitic N increases.167 The N content of N-doped biochar decreases with increasing 

reaction residence times at a high temperature (> 500 oC), while an opposite trend is 

observed at a relatively low temperature (< 500 oC).168 Furthermore, the application of 

strong activators (e.g. KOH) and higher amount of activators could hinder the N-doping, 

which is attributed to the strong corrosive and oxidizing properties of these activators. 

However, the correlation between N-doping features and characteristics of activators is 

currently lacking systematic investigation.  



 

35 
 

2 

 

2.2.3 Characterization 

Due to the diversity of raw feedstocks, synthesis methods, process conditions, and 

other factors, the physicochemical properties of N-doped biochar have changed accordingly. 

Proper characterization helps to understand the relationship between raw material 

properties, carbonization conditions and the physicochemical properties of the obtained N-

doped biochar, and can also reveal the correlation between the physicochemical properties 

and electrochemical performances of N-doped biochar.  

The most commonly used characterizations methods include scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDX or EDS), N2 adsorption-desorption, X-Ray diffraction (XRD), Raman 

spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-Ray photoelectron 

spectrometry (XPS), thermo gravimetric analysis (TGA), differential scanning calorimetry 

(DSC) and inductively coupled plasma optical emission spectroscopy (ICP-OES). Figure 2.5 

shows the classification of different characterization techniques for biochar analysis, as 

summarized by Zeghioud et al.169 

 

Figure 2.5 Classification of characterization techniques versus biochar properties reported 

in biochar literature. Reproduced from ref. 169 with permission from Elsevier. 
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SEM and TEM are widely used to visualize the morphology and microstructure of N-

doped biochar. Besides, high-resolution TEM is a powerful tool to show the number of 

graphene layers and the distance of each layer of the highly graphitic structure in the N-

doped biochar. The combination of SEM and EDX is often applied to identify the various 

components present on the surface of biochar. The specific surface area, pore volume, pore 

size distribution of carbon samples can be evaluated by the N2 adsorption-desorption 

analysis. XRD is applied to determine the crystal structures and phase composition of 

biochar. For N-doped biochar, XRD can also be used to detect impurity crystals in the biochar, 

such as silica or metal oxides. Raman spectroscopy can delineate the abundance of defects 

and graphitic structure of biochar. For instance, the intensity ratio between the D band and 

G band (ID/IG) is an estimate for the abundance of defects and disordered carbon structures. 

Functional groups on N-doped biochar can be identified by FTIR, while XPS is helpful to 

identify the elemental composition and chemical configuration on the N-doped biochar 

surface. The deconvolution of high-resolution N 1s XPS spectrum helps to calculate the 

percentage of pyridinic N, pyrrolic N, graphitic N and oxidized N. TGA and DSC 

characterizations are used to evaluate the properties of N-doped biochar as a function of 

temperature. The trace amount of metal impurities in the N-doped biochar can be measured 

by ICP-OES.  

 

2.3 Biomass-derived carbon as electrocatalysts 

2.3.1 Hydrogen evolution reaction (HER) 

Water electrolysis is a sustainable approach to generate green hydrogen. The hydrogen 

evolution reaction that generates this green hydrogen occurs at the cathode electrode. 

Platinum (Pt) is known as the most effective electrocatalyst for the acidic HER owing to its 

optimum bonding energy for hydrogen adsorption. However, the high cost and scarcity of 

Pt can potentially hinder the large-scale application of green hydrogen production via 

electrolysis. Therefore, reducing the loading of Pt or seeking alternative low cost and earth 

abundant HER catalysts with a good performance, and long stability is desired. 

Metal-free N-doped carbon materials have been studied as alternative HER catalysts, 

as these materials are stable in both acidic and alkaline solutions.170 Several activated N-

doped biochars derived from N-rich biomass sources without additional N-doping, such as 

pine needle,171 peanut shell,172 palm waste,173 and waste silk fabrics,174 have been tested for 

the HER. For instance, Saravanan et al. synthesized a peanut shell-derived N-doped biochar 

by a two-step strategy, where the feedstock was carbonized at 400 oC for 4h under N2 

atmosphere and the obtained biochar was further mixed with KOH at 1: 3 weight ratio and 

activated at 700 oC for 2h. The as-prepared N-doped biochar displayed a 6.7 wt% N-doping 
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with a large specific surface area of 2338 m2/g and an ID/IG ratio of 0.99. HER tests in 0.5 M 

H2SO4 showed that this catalyst exhibited an overpotential of 390 mV at 10 mA/cm2,with a 

Tafel slope of 75.7 mV/dec.172 Zhang et al. synthesized a N-doped carbon derived from waste 

silk fabrics (Figure 2.6a). After activation with KCl, the resulting product showed a 3D 

interwoven porous structure, with a specific surface area of 49 m2/g and a N-doping content 

of 5.2 at.%. Their best catalyst (KCl-900) exhibited an overpotential of 336 mV at a current 

density of 10 mA/cm2 in a 0.5 M H2SO4 electrolyte, with a Tafel slope of 311 mV/dec. (Figure 

2.6b and c).174 

 

Figure 2.6 (a) The preparation process of waste silk fabric derived N-doped biochar; (b) 

Polarization curves for HER of KCl-T, CSF, and Pt/C catalysts in 0.5 M H2SO4; (c) Tafel slopes 

of KCl-T, CSF, and Pt/C catalysts. Adapted from ref.174 with permission from Elsevier. (d) 

The synthetic route of nitrogen-doped 2D carbon nanosheets; (e) LSV curves for the HER 

with 10 mV/s at 1600 rpm; (f) Tafel plots from the corresponding LSV curves. Adapted from 

ref.176 with permission from Royal Society of Chemistry. 

 

In addition, N-doped biochar derived from N-deficient biomass with additional N-

doping has been tested for the HER. Zhang et al. reported a N-doped cotton cloth, using 

polyacrylonitrile (PAN) as an N-dopant, pyrolyzed at 800 oC for 2h under N2 atmosphere, as 

an electrocatalyst for HER in 1 M NaOH. It required a overpotential of 233 mV to achieve a 

current density of 10 mA/cm2 with a Tafel slope of 135 mV/dec.175 Huang et al. synthesized 

a N-doped carbon through a hydrothermal carbonization method combined with pyrolysis, 

using carbohydrates (glucose, fructose and cellulose) as carbon source and guanine as 

nitrogen source (Figure 2.6d). The fructose-derived N-doped biochar displayed a defect rich 

structure (ID/IG = 1.15) with a N-doping content of 1.53 at% and a specific surface area of 
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974 m2/g. HER test in 1 M KOH showed the overpotential at 10 mA/cm2 is 350 mV and the 

Tafel slope is 108 mV/dec (Figure 2.6e and f).176 

In general, the content of pyridinic N and pyrrolic N in N-doped biochar is positively 

correlated with the HER performance of N-doped biochar.173,174 This correlation is explained 

due to the promoting effect that pyridinic N and pyrrolic N have on the adsorption of H 

atoms.177 The carbon atoms adjacent to the N heteroatoms are demonstrated as the active 

sites for all-pH HER, which optimizes Gibbs free energy for hydrogen adsorption near zero 

via combined intermolecular electron transfer.178,179 However, a recent study by Lu and co-

workers revealed that the N atoms are removed by hydrogenation during the HER. 

Subsequently, the carbon skeleton was reconstructed from hexagonal to 5,7-topological 

rings, and the 5,7-topological rings were identified as HER active sites.180 In addition, Oates 

et al. demonstrated a power-law relationship between HER activity and amounts of metal 

impurities in carbon materials by statistical modeling, indicating that the trace amounts of 

metal impurities (within 100 ppm) are the predominantly responsible for HER activity.181 

Although many studies are optimistic that N-doped biochar can be used as potential 

HER electrocatalysts, the performance of N-doped biochar for HER are far inferior to 

commercial Pt/C due to their high overpotentials. Several strategies could further improve 

the HER performance of N-doped biochar, such as N, S co-doping, N,P co-doping, and N, P, 

Ca co-doping.182 In addition, making use of the stability and abundant pore structure of 

carbon materials, using N-doped biochar as a catalyst support to load tungsten carbide, 

cobalt oxide/sulfide/phosphide, molybdenum carbide/sulfide/oxide or alloys of transition 

metals,  could also provide a good strategy to use materials for the HER.183 

 

2.3.2 Oxygen reduction reaction (ORR) 

The oxygen reduction reaction is an important reaction for several electrochemical 

energy conversion processes, including fuel cells and metal-air batteries.  The sluggish 

kinetics of the ORR create a need for a robust and active catalyst to overcome high 

overpotentials. Platinum has been regarded as the best ORR catalyst.184 Nevertheless, its 

high cost and weak tolerance to CO and methanol are still facing challenges for future 

applications. Gong et al. were the first to report an N-doped carbon nanotube catalyst for 

the ORR, which exhibited a better electrocatalytic activity, longer stability and higher 

tolerance to CO poisoning than the benchmark Pt/C catalyst.22 Since then, using N-doped 

carbon materials as catalysts for ORR has become a hot topic. Thereby, cheap and 

sustainable biomass-derived N-doped carbon materials have also been extensively 

studied.185 For instance, Chen et al. prepared an N-doped carbon from Typha by combining 

hydrothermal carbonization and pyrolysis under NH3 atmosphere. The as-prepared catalyst 
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exhibited a similar onset potential and half-wave potential as a 20 wt% Pt/C commercial 

catalyst in a 0.1 M KOH solution, and showed better durability than the Pt/C catalyst (Figure 

2.7a, b, c).186 Liu et al. reported water hyacinth derived N-doped biochar, which showed an 

onset potential of 0.98 V vs. RHE. This catalyst also exhibited satisfactory tolerance against 

methanol and a higher stability than a Pt/C catalyst (Figure 2.7d, e, f).187 

 

Figure 2.7 (a) Preparation of the nitrogen-doped nanoporous carbon nanosheets from 

Typha; (b) RDE voltammograms in O2-saturated 0.1 M KOH solution at room temperature 

(rotation speed 1600 rpm, sweep rate 20 mV/s) for NCS-800, CS-800 and Pt/C; (c) Current–

time (i–t) chronoamperometric response of NCS-800 and Pt/C electrodes at 0.10 V 

(vs. RHE) in O2-saturated 0.1 M KOH solution at a rotation rate of 800 rpm. Adapted from 

ref.186 with permission from Royal Society of Chemistry. (d) Schematic of the synthesis of 

N self-doped porous carbon from water hyacinth; (e) Linear sweep voltammograms of 

WHC-600, WHC-700, WHC-800, and Pt/C RDE electrodes at 1600 rpm and 10 mV/s; (f) 

Current–time (i–t) responses for ORR at +0.4 V vs. RHE in an O2-saturated 0.1 M KOH 

solution at WHC-700 and Pt/C modified electrode with the addition of 3 M methanol at 

1200 s and 1400 s, which is marked with an arrow. Adapted from ref.187 with permission 

from Royal Society of Chemistry. 

 

Specific surface area and porosity are two important factors for ORR performance of 

N-doped biochar catalysts. In general, a larger specific surface area exposes more active sites 

and leads to better ORR performance. However, a high specific surface area itself does not 

ensure high ORR activity, instead, optimizing the porous structure and improving the 

accessibility of active sites is crucial for ORR performance. In particular, mesopores and 
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macropores serve as channels to accelerate mass transport of reactants and ions to active 

sites.188 For instance, Li et al. synthesized an N-doped biochar by a two-step pyrolysis 

method. The resulting catalyst showed a large specific surface area of 1599 m2/g with 

abundant mesopores favoring the transport of reactants to active sites, and exhibited an 

onset potential of 0.995 V vs. RHE and a half-wave potential of 0.825 V vs. RHE in 0.1 M 

KOH.189 In addition, Gabe et al. showed the positive correlation between ORR performances 

and microporosity by a mathematical model.190 The trade-off between microporosity and 

mesoporosity of N-doped carbon materials for ORR performance is unclear. Therefore, 

seeking the optimal distribution of pores of hierarchical N-doped biochar is one of the key 

stone to achieve better ORR performances. 

Although experimental results demonstrate that N-doping confers the activity of N-

doped biochar for the ORR, this does not imply that a higher N-doping level leads to a better 

ORR performance. Instead, the type and characteristics of N species present are more 

important for the ORR. Density functional theory (DFT) modelling has been widely used to 

reveal the nature of the active sites and reaction mechanism for the ORR on N-doped carbon. 

Nonetheless, there is no consensus on the active sites for ORR in N-doped carbon materials. 

For instance, graphitic N, pyridinic N, and pyrrolic N have all been claimed as the active site 

for ORR.189,191–194 Guo et al. reported that the ORR activity is derived from pyridinic N by 

comparing the results from well-controlled model catalysts. In particular, the active sites are 

carbon atoms with Lewis basicity next to pyridinic N.195 Lai et al. found that the ORR activity 

was dependent on the graphitic N content, while the pyridinic N content improved the onset 

potential for ORR.196 Liu et al. categorized the ORR activity of different N-containing sites 

from experimental and theoretical points of view: pyridinic N > pyrrolic N > graphitic N > 

oxidized N.197 On the contrary, Luo et al. pointed out that the pyridinic N is not favored for 

the ORR, due to the repulsive interaction between lone pair electrons of pyridinic N and 

O2.198 In addition, topological defects in carbon (carbon pentagon) and plasma generated 

defects in carbon (without N-doping) are also reported as highly active sites for ORR.199–201 

This leads to question whether an impressive ORR performance of a N-doped carbon 

catalyst can simply be linked to the amount of one or two specific N-containing species. 

Overall, a more comprehensive analysis which considers the synergistic effect of different 

physicochemical characteristics of N-doped carbon materials for the ORR would be 

beneficial to properly understand the correlation between “synthesis-structure -

performance”. 

Aside from N, co-doping or multi-doping of additional heteroatoms, including boron 

(B), sulfur (S), phosphor (P), etc., into biochar could further improve the ORR performance. 

Improvements of the ORR performance is always attributed to the synergistic effect of 

different heteroatoms on the carbon materials, but the exact reaction mechanisms are 

unclear. Blind doping may improve the ORR performance but not helpful for the 
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development of carbon-based catalysts. Furthermore, introducing low amounts of 

transition metals (Co, Fe, etc.) into N-doped biochar is also an efficient strategy to improve 

the ORR performance. The transition metal coordinate with N and form a metal-nitrogen-

carbon (M-N-C) structure, which has been demonstrated as a highly active site for ORR. 

Moreover, N-doped biochar can also be used as a carbon support to load noble metal or 

transition metal-based catalysts, and exhibits good ORR performance due to its abundant 

porous structure. Although considerable progress has been made in N-doped biochar-based 

ORR catalysts, more investigations are still needed for the identification of active sites, the 

revelation of reaction mechanisms, and the scale-up of catalyst preparation and ORR 

operation. 

 

2.3.3 Carbon dioxide reduction reaction (CO2RR) 

The electrochemical CO2 reduction reaction is a promising method to mitigate CO2-

related environmental problems. Electrochemical CO2 reduction converts waste CO2 into 

chemicals and fuels, thereby producing base chemicals and storing intermittent energy into 

chemical bonds. Depending on the employed catalysts and reaction conditions, CO2 can be 

reduced to CO, CH4, C2H4, formate and oxygenated hydrocarbons. However, due to the 

thermodynamic stability of CO2, sluggish kinetics of the CO2 reduction reaction, and 

competition with the HER, efficient, cost-effective, and stable electrocatalysts are highly 

desired to overcome the high overpotentials and improve the product selectivity. N-doped 

carbon materials are emerging catalysts for the CO2RR and have attracted more attention in 

recent years. In 2013, Kumar et al. first reported an N-doped carbon nanofiber for the CO2RR, 

which exhibited around 13 times higher current density than a bulk Ag electrode for the 

conversion of CO2 to CO.202 Since then, the interest of using N-doped carbon catalysts for 

CO2RR has increased substantially. In most cases, N-doped carbon materials are considered 

efficient catalysts to convert CO2 to CO or formate, and only rarely have N-doped carbon 

catalysts been reported to covert CO2 to ethanol,203 multicarbon hydrocarbons and 

oxygenates.204 

Biomass-derived carbon materials are demonstrated as viable catalysts for CO2RR. 

Additional N-doping and activation are commonly used to improve the CO2RR performances 

of N-doped biochar catalysts. Li et al. reported a porous carbon with a high specific surface 

area (1269 m2/g) via a one-step carbonization of wheat flour and KOH, showing a maximum 

84% faradaic efficiency and a 6.6 mA/cm2 partial current density toward CO at -0.82 V vs. 

RHE.205 Yao et al. obtained an N-doped carbon sheet from Typha via combining 

hydrothermal carbonization and pyrolysis in an NH3 atmosphere. The best catalyst showed 

90% faradaic efficiency toward CO at a low overpotential of -0.31 V vs. RHE.206 Zhang et al. 

developed a wood-derived N-doped carbon membrane using urea as the N-dopant. The 
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catalyst showed a larger specific surface area, hierarchical porous structure, and abundant 

pyridinic N species in the carbon framework, which exhibited a maximum CO faradaic 

efficiency of 78% at -0.68 V vs. RHE.207 Hao et al. synthesized a wood-derived N-doped 

carbon using melamine as N dopant and FeCl3 as activator. The catalyst displayed a three-

dimensional structure with an N-doping of 5.38 at.% and a specific surface area of 1673.6 

m2/g, which exhibited a 91% faradaic efficiency of CO at -0.56 V vs. RHE and a long-term 

stability for at least 20 hours (Figure 2.8).208 

 

Figure 2.8 (a) Illustration of the CB-NGC preparation procedure; (b) SEM images of CB-C; 

(c,d) TEM and HRTEM images of CB-C; (e) SEM images of CB-NGC-2; (f,g) TEM and HRTEM 

images of CB-NGC-2; (h) Faradaic efficiency of CO; (i) Stability tests for the CB-NGC-2 
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electrocatalyst at different current densities. Adapted from ref.208 with permission from 

American Chemical Society. 

 

The type and content of N-doping significantly influence the adsorption and activation 

of CO2, and product selectivity. In general, N-doping is considered essential to obtain CO2RR 

activity, but the debate about the exact active sites is still ongoing. Pyridinic N, graphitic N, 

and pyrrolic N are all demonstrated as the active sites for the CO2RR on N-doped carbon 

catalysts. Many studies have claimed that the pyridinic N sites are the most active sites for 

the CO2RR, owing to the lone pairs of electrons that improve CO2 binding.209–211 

Contradictorily, Zhang et al. demonstrated that graphitic N species enable the CO2RR on 

adjacent carbon atoms, while pyridinic N favors HER at edge carbon sites.212 However, Cui 

et al. and Liu et al. reported the pyrrolic N species are also highly active for the CO2RR.213,214 

Vasileff et al. pointed out that the overall CO2RR activity is synergistically influenced by the 

combination of CO2 binding and electron transfer, which produced by graphitic N and 

pyridinic N, respectively.215 On the contrary, some studies suggested that intrinsic defects in 

N-doped carbon materials are the active sites for the CO2RR. This is supported by findings 

that the CO2RR performance is improved after removing most of the N-containing species.216 

The discussion above illustrates the complexity of revealing the exact mechanism of the 

CO2RR on N-doped carbon materials and indicates that the CO2RR performance of N-doped 

carbon materials is not solely dependent on the type and amount of N-doping, other 

properties such as specific surface area, porosity, and degree of graphitization are also 

important for the CO2RR performance. 

The porosity of carbon materials is important for the adsorption/desorption and mass 

transfer of reactants, intermediates, and products. Therefore, optimizing the specific surface 

area, pore size and volume, and the composition of micro-meso-macro pores is crucial to 

improve the CO2RR performance of N-doped carbon catalysts. Gadipelli et al. observed that 

the CO2 adsorption capability of porous carbon reaches a maximum value for a specific 

surface area of approximately 2000 m2/g, while further increases in the specific surface area 

do not improve the CO2 capacity proportionally.217 Zhang et al. predicted the CO2 adsorption 

behavior of porous carbon by a deep learning algorithm. The results demonstrate that the 

CO2 adsorption at ambient pressure is governed by the micropores whereas mesopores play 

an important role in high pressure CO2 adsorption.218 In addition, Hursán et al. showed that 

solely modulating the pore size of N-doped carbon significantly influences the faradaic 

efficiencies, current densities and stability.219 Furthermore, an interconnected hierarchical 

porous structure of biomass derived carbon catalyst shows unique advantages. While 

micropores provide abundant active sites, mesopores and macropores facilitate the mass 
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transport. As a result, the hierarchical structure improves the accessibility of reactants to 

active sites and further enhances the CO2RR activity of N-doped carbon materials. 

The degree of graphitization is directly related to the electrical conductivity and 

hydrophobicity of the N-doped carbon materials, which in turn strongly affects the CO2RR 

performance of N-doped carbon. The electrical conductivity of porous graphitic carbon is 

more than 3 times higher than that of amorphous activated carbon, which facilitates 

electron transfer and exhibits good performances for various electrochemical 

applications.220 On the other hand, improving the hydrophobicity of carbon is helpful to 

suppress the HER and further improve the CO2RR performance. 

It is worth noting that there is a delicate trade-off between the amount of N-doping, 

the pore structure and the degree of graphitization for N-doped biochar catalysts used for 

the CO2RR.221 For instance, a higher carbonization temperature improves the degree of 

graphitization and hydrophobicity but decreases the N-doping content. Using an efficient 

activator could improve the porosity of N-doped carbon but decreases the N-doping content. 

Adding N-dopants increases the N-doping content but decreases the degree of 

graphitization. Optimizing the chemical composition and structural properties of N-doped 

biochar helps to exhibit better CO2RR performance. However, the relationship between 

structural properties and electrochemical performance of N-doped biochar for CO2RR is 

unclear yet. 

In addition, a co-doping strategy could further improve the CO2RR performance of 

biomass-derived carbon materials, including N, S doping, N, P doping, B, N doping, and 

transition metal, N doping, etc. In particular, M-N-C metals are currently one of the most 

promising catalysts to reduce CO2 to CO at low overpotentials with high partial current 

densities.222 Furthermore, optimization of electrodes (gas diffusion electrode, etc.), 

electrolyzer (flow cell, zero-gap, etc.), and reaction conditions (potential, pH, temperature, 

concentration, etc.) can also effectively improve the performance of CO2RR with N-doped 

carbon materials. Although some progresses have been achieved of using N-doped biochar 

catalysts for CO2RR, the investigation is still in its infancy. Consequently, a more 

comprehensive understanding of electrocatalytic processes to reveal the correlation 

between synthesis, properties and electrochemical performances is of great importance to 

developing, designing and manufacturing N-doped carbon catalysts with excellent CO2RR 

performance. 

 

2.3.4 Similarities and differences 

N-doped biochar is versatile and shows a great application potential in electrochemical 

energy storage and conversion. In general, the catalytic activity is induced by N-doping. The 
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electrical features of heteroatoms, defects and topological carbon rings modulate the 

charge distribution of the carbon skeleton, further improve the adsorption and activation of 

reactants. From the viewpoint of kinetics, a large specific surface area exposes more active 

sites and hierarchical porous structures facilitate mass transfer and improves the 

accessibility of active sites, which further enhances the catalytic activity. By reviewing 

different applications of N-doped carbon catalysts, transferable knowledge can be found via 

analyzing the similarities of N-doped carbon catalysts for different electrochemical reactions. 

Meanwhile, carefully discerning the differences of N-doped carbon materials for different 

applications can help to target the design of functional catalysts. 

Various reports emphasise the importance of the type of N-containing species for the 

HER, ORR, and CO2RR. Therefore, precise control over the N-containing species generated 

during the synthesis of N-doped carbon catalysts is of importance for all of these 

electrochemical reactions. The adsorption and diffusion processes of reactants are 

determined by the porous structure of N-doped biochar. Many studies focus on 

understanding the synergistic effect of micropores, mesopores, and macropores for 

different reactions. A well-designed hierarchical pore structure can significantly improve 

mass transfer for the HER, ORR, and CO2RR. Moreover, a higher degree of graphitization 

indicates a better electrical conductivity, which improves the electron transfer rate and 

enhances the electrochemical activity of N-doped biochar for different applications. 

It must be noted that understanding the differences of various reactions is even more 

important for the design and evaluation of N-doped carbon electrocatalysts. The HER, ORR, 

and CO2RR occur at the triple-phase boundary of the solid electrocatalyst, liquid electrolyte, 

and gaseous reactants/products. However, these reactions have different demands on the 

surface wettability of N-doped carbon catalysts. Since the HER consumes water and 

generates gas, the surfaces should be more hydrophilic to prevent the accumulation of gas 

bubbles that cover the active sites and thereby decrease the HER performance. Conversely, 

the ORR is an oxygen consuming reaction and generates water, therefore, hydrophobic 

surfaces are preferred. A hydrophobic surface improves the local concentration of oxygen 

and further enhances the ORR performance. Interestingly, the CO2RR on N-doped carbon 

consumes CO2 and mainly generates gas products (CO). Therefore, the surfaces need to 

achieve a delicate balance both favoring the adsorption of CO2 reactants and preventing the 

aggregation of gaseous products. Increasing the hydrophobicity of the surfaces of N-doped 

biochar is also favorable for inhibiting the competitive HER, whereas superhydrophobic 

surfaces may not allow for enough contact between the electrolyte and the catalyst.223 

Hence, the coexistence of hydrophobicity and hydrophilicity of N-doped biochar is necessary 

for the CO2RR, while the further optimization of the surfaces wettability needs more 

investigation.  
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In addition, depending on the application conditions of different reactions, N-doped 

biochar catalysts have different demands for the tolerance and stability measurements. For 

HER, the water impurities conceivably influence the long-term operation of water 

electrolysis by adsorption, fouling, or corrosion.224 It is therefore necessary to scrutinise the 

effect of impurities (cations, anions, organics, etc.) in the water on the N-doped biochar 

catalysts for HER during prolonged testing. Since using methanol as hydrogen carries for fuel 

cells is getting more attractive, the tolerance and stability tests of ORR need to take into 

account the effect of impurities in the electrolyte, and also the poisoning effect from the 

migration of the anode reactants. As for CO2RR, in addition to considering the impacts of 

impurities in the electrolyte, the effect of gaseous impurities (such as, SOx, NOx, VOCs, etc.) 

in industrial flue gases on N-doped carbon catalysts for CO2RR needs to be further studied. 

  

2.4 Conclusions and future perspectives 

In summary, this chapter presents the recent progresses on biomass-derived N-dope 

carbon materials as efficient electrocatalysts for hydrogen evolution reaction, oxygen 

reduction reaction, and carbon dioxide reduction reactions, and summarized the commonly 

used strategies for biochar carbonization, functionalization and characterization. The 

synthesis conditions directly determine the properties of N-doped biochar, which in turn 

strongly affect the electrochemical performances for different applications. In general, its 

sustainability, earth abundance, versatile porous structure and tuneable surface chemistry 

make N-doped biochar a promising electrocatalysts for various energy conversion and 

storage technologies. Despite that the research in this field has achieved a considerable 

advancement, some vital issues still need to be further investigated. 

First, more efforts should be made to elucidate the mechanisms of N-doped biochar 

formation. Currently, the fundamental understanding on the structural properties and 

doping features of N-doped biochar is mostly concluded from serendipitous discovery or 

trial and error approaches. Owing to the diversity of biomass feedstocks, dopants, activators 

and operation conditions, countless N-doped biochar materials have been prepared and 

used for different applications. This approach does not help to reveal the correlation 

between synthesis conditions and physicochemical properties of N-doped biochar, and has 

been severely criticized.225 Therefore, elucidating the regularity of N-doping and the 

mechanisms of N-doped biochar formation are more useful than blind doping processes. 

Understanding the interactions between feedstock compositions, dopants, and activators 

are helpful to reveal the migration principles of N-containing species.  Moreover, precisely 

modulating the type and content of N-containing species in N-doped biochar is highly 

desired. Furthermore, investigating the correlation between the physicochemical properties 
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and preparation conditions of N-doped biochar catalysts is expected to guide the production 

of N-doped biochar with controllable porosity and surface chemistry. 

Second, the assessment of active sites of N-doped biochar for different reactions 

should be further investigated. As discussed above, pyridinic N, graphitic N, pyrrolic N, and 

defects were proved as the most active sites for the HER, ORR, and CO2RR. Different studies 

have even yielded completely opposite conclusions. Density functional theory is a powerful 

tool to help to reveal the reaction mechanisms, but it is important to note that DFT 

calculation results strongly depend on the ideal and simplified active site model. Synergistic 

effects emerging from surface curvature, multiple active sites, and ion effects are often 

overlooked. Therefore, taking into account the curvature effect of carbon materials,226,227 

the kinetic barriers between reaction intermediates (by applying nudged elastic band-based 

methods),228 and the effects of pH and ions (via explicit solvent dynamics),229 to the overall 

electrochemical performance of N-doped carbon materials are encouraged. On the other 

hand, the degradation mechanisms of N-containing active sites remain relatively unexplored 

to date. A series of in-situ techniques would be helpful to explore the reaction and 

degradation mechanisms. 

Third, further efforts are needed to understand the correlations between structural 

properties and electrochemical performances of N-doped biochar for various applications. 

The effect of the degree of graphitization, the abundance of defects, the surface wettability, 

and the configuration of porosity (the percentage of micro-meso-macropores), should be 

equally considered instead of overemphasizing the contribution of the type and content of 

N-doping and the specific surface area. The physicochemical properties of N-doped biochar 

change even if one of the preparation conditions is changed, making it difficult to screen for 

elucidating the structure-activity relationships. It should be underlined that the data 

processing of several techniques, including N2 adsorption and desorption and the 

deconvolution of XPS spectra have intrinsic degrees of uncertainty.230–232 The results are 

relatively subjective and strongly influenced by the software and the personal experience. 

Therefore, it should be very carefully considered when comparing the analyses results by 

different research groups. In addition, some advanced characterization methods developed 

in recent years, such as in-situ XPS, in-situ Raman spectroscopy, small-angle neutron 

scattering (SANS), small-angle X-ray scattering (SAXS), X-ray adsorption spectroscopy (XAS) 

and electrochemical quartz crystal microbalance (EQCM)are gradually being used to reveal 

“synthesis-properties-performance” relationships of N-doped carbon materials. 

Last, optimizing the operating conditions to fits the requirements for large-scale 

application needs more systematic studies. In addition to the catalysts, the type and 

concentration of the electrolyte, the type and size of the cell, and the reaction temperature 

and pressure have a critical impact on the performance of N-doped carbon materials in 
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different applications. Therefore, it is vital to select the most suitable reaction conditions, 

rather than endlessly improving the electrochemical performances of the catalysts. Linking 

the performance of the catalyst to the electrolyzer configurations, electrode structure, 

electrolyte selection (cations, anions, and organic electrolyte), temperature, pH, can provide 

new insights to improve the overall performance of the reaction processes.  

Although there will be significant challenges to use N-doped biochar as catalysts for 

electrochemical energy conversion and storage applications, the achievements to date are 

very encouraging. Overall, the upcoming direction of N-doped biochar is to figure out the 

correlations between “synthesis conditions – physicochemical properties – electrochemical 

performances”, and to identify the active sites and reaction mechanisms. Furthermore, 

more fundamental work on optimizing the reaction conditions and processes are 

encouraged for integrating the N-doped biochar catalysts into the sustainable energy 

conversion and storage system. 
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Abstract: N-doped carbon materials can be efficient and cost-effective catalysts for the 

electrochemical CO2 reduction reaction (CO2RR). Activators are often used in the synthesis 

process to increase the specific surface area and porosity of these carbon materials. 

However, due to the diversity of activators and the differences in physicochemical properties 

that these activators induce, the influence of activators used for the synthesis of N-doped 

carbon catalysts on their electrochemical performance is unclear. Here, we prepare a series 

of bagasse-derived N-doped carbon catalysts with the assistance of different activators to 

understand the correlation between the activators, physicochemical properties, and the 

electrocatalytic performance for the CO2RR. We show that the properties of N-doped carbon 

catalysts, for instance, the N-doping content, microstructures, and the degree of 

graphitization, are highly dependent on the type of activator applied in the synthesis 

procedure. Moreover, we demonstrate that the overall performance of the CO2RR on the 

synthesized electrocatalysts is not only determined by the N-doping level and the 

configuration of N-dopant, but rather by the overall surface chemistry, where the porosity 

and the degree of graphitization are jointly responsible for significant differences in CO2RR 

performance.  
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3.1 Introduction 

The electrochemical CO2 reduction reaction (CO2RR) is a promising approach to close 

the carbon cycle and convert CO2 into value-added chemicals and fuels.1–3 This process can 

be driven by renewable electricity sources such as solar and wind and conducted at ambient 

conditions, making it an attractive option for energy storage and the electrification of the 

chemical industry.4 However, the thermodynamic stability of CO2 and the competition with 

the hydrogen evolution reaction (HER), taking place in the same potential window as the 

CO2RR in aqueous electrolytes, hinders the development of the CO2RR.5 Challenges that 

need to be overcome include slow kinetics, high overpotentials for the formation of 

products and low product selectivities.6–8 Thus, developing more efficient and selective 

electrocatalysts for the CO2RR is highly desired. Various metal-based CO2RR electrocatalysts, 

containing for instance Ag,9 Au,10 Pd,11 Pt,12 Zn,13 Sn,14 and Cu,15,16 have been extensively 

studied in the past few decades. Although some advanced metal-based catalysts exhibit very 

high product selectivity and impressive overall catalytic performances, their relatively high 

cost, limited availability, and poor stability hinder large-scale applications.17,18 Therefore, the 

development of sustainable low-cost catalysts is crucial. 

Metal-free carbon-based electrocatalysts, especially nitrogen-doped carbon materials, 

have attracted increasing attention recently owing to their interesting properties. These 

materials have a relatively low price, high conductivity, high stability, strong tolerance to 

impurities and a good structure tenability.18–21 N-doped carbon materials have been used as 

catalysts for the CO2RR to produce CO,22–24 CH4,25 HCOOH,26,27 and even multi-carbon 

products such as ethanol.28 However, most of these carbon materials are derived from fossil 

feedstocks and their production processes are energy-intensive with generally low yields. 

Moreover, the harsh synthesis conditions to prepare these materials hamper the scale-up 

needed for industrial utilization.29  

Biochar, carbon derived from biomass carbonization, can be a sustainable source to 

prepare cost-effective carbonaceous catalysts.30,31 Additionally, the unique natural 

microstructures and specific chemical compositions of biomass precursors endow the 

derived carbon materials with ingenious porous structures, high surface areas, abundant 

defect sites, and heteroatom doping that can improve the electrocatalytic performance.32–

34 Additional heteroatom doping and the use of activators, to respectively provide more 

active sites and enlarge the specific surface area and porosity are often part of the 

preparation procedure to produce biomass-derived carbon electrocatalysts.35 Biomass-

derived N-doped carbon materials have already been demonstrated as effective 

electrocatalysts for the oxygen reduction reaction (ORR),36,37 whereas a limited amount of 

studies report on their performance for the CO2RR. Li et al.38 prepared a porous N-doped 

carbon electrocatalyst from wheat flour carbonization, using KOH as activator, showing CO2 
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reduction to CO with a maximum faradaic efficiency (FE) of 83.7% at -0.82 V vs. RHE. Hao et 

al.39 synthesized a cedar wood biomass-derived three-dimensional (3D) N-doped 

graphitized carbon electrocatalyst, using an FeCl3 activator, that achieved a 91% FE toward 

CO at -0.56 V vs. RHE.  

The activation process has been shown to significantly affect the textural properties of 

carbon catalysts, such as the specific surface area, porosity, N-doping content and the 

degree of graphitization. Most of the studies investigating activated N-doped carbon 

electrocatalysts attribute the electrocatalytic performances to the larger specific area and 

higher N-doping content.40 However, the effect of other structural properties, such as the 

porosity and the degree of graphitization, have been largely overlooked. A comprehensive 

analysis that couples the physicochemical properties of N-doped carbon electrocatalysts 

after the activation process with the resultant electrochemical performances is therefore 

highly desired. However, currently there is no systematic study linking the effects of 

activators used in the preparation of biomass-derived carbon electrocatalysts for the CO2RR 

to the electrocatalytic performance. 

Here, we report a series of systematic experiments to unravel the effect different 

activators have on the CO2RR performance of biomass-derived N-doped carbon materials. 

In this study, we are not aiming to develop a robust catalyst with impressive performance 

but aim to understand how the applied activator influences the properties of the N-doped 

carbon and subsequently influences the electrochemical performance.  Sugarcane bagasse 

was selected as the carbon precursor, as it is an abundantly available and easily collected 

biomass residue from sugar production. Various N-doped porous carbon catalysts were 

synthesized with the assistance of urea as nitrogen source and different activators, KOH, 

KHCO3, K2CO3, NaOH, NaHCO3, and Mg5(OH)2(CO3)4, using a one-step pyrolysis method. We 

show that the activators play a critical role during the carbonization process, and the choice 

of activator significantly affects the resulting electrocatalytic performance of the material 

for the CO2RR. The best biomass-derived catalyst exhibited a maximum FECO of 80% and a 

partial current density jCO of -2.31 mA/cm2 at -0.93 V vs. RHE, whereas the worst catalyst has 

a very limited activity for the CO2RR, only displaying a FECO of 6.9% with a jCO of less than -

0.01 mA/cm2. Combining the results of the physicochemical characterization with the 

electrochemical performance, we find that the overall CO2RR performance is not only 

dominated by the N-doping level, but is also dependent on the interplay of the 

microstructure and the degree of graphitization of the material. 
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3.2 Experimental Section 

3.2.1 Materials and chemicals 

Sugarcane bagasse, which mainly consists of lignocellulose, was collected from a 

sugarcane processing factory (India, Maharashtra). The abundant natural vascular fiber 

bundles in bagasse make it a good precursor to prepare the porous carbon materials. The 

material was milled and sieved to obtain a particle size class smaller than 425 μm and dried 

overnight at 105 oC in an oven (BINDER, Model E28). In this work, urea was used as an 

additive N source to provide additional nitrogen doping. 

The activators, such as potassium carbonate (K2CO3, 99%), potassium bicarbonate 

(KHCO3, 99.7%), potassium hydroxide (KOH, 98%), sodium bicarbonate (NaHCO3, 99.7%), 

sodium hydroxide (NaOH, 98%), magnesium carbonate hydroxide pentahydrate 

(Mg5(OH)2(CO3)4·5H2O, Bioxtra), and the auxiliary chemicals, such as hydrochloric acid (HCl, 

37%), urea (CN2H4O, 99%), isopropanol (C3H8O, 99.9%) and Nafion perfluorinated resin 

solution (5 wt.% in lower aliphatic alcohols and 15-20 % water) were all purchased from 

Sigma-Aldrich. Glassy carbon plates polished to a mirror-like finish were purchased from 

HTW Hochtemperatur-Werkstoffe GmbH (Germany) and used as working electrodes. All 

chemicals were used as received without further purification. Electrolyte solutions and 1 M 

HCl solutions were prepared from ultrapure water (Milli-Q IQ 7000, 18.2 MΩ). 

3.2.2 Catalyst preparation 

The activated N-doped porous carbon catalysts were prepared using a one-step 

pyrolysis method. Bagasse (5 g), urea (10 g), and one of the earlier mentioned activators (15 

g) were fully mixed with a weight ratio of 1:2:3 and subsequently loaded into a crucible for 

pyrolysis. The mixtures were carbonized in a muffle furnace (Nabertherm, Model: 

L9/12/B180, Germany) under a nitrogen atmosphere (N2, Linde, 99.99%) with a flow rate of 

100 mL/min and a heating rate of 10 oC/min from ambient temperature to 800 oC, holding 

the temperature at 800 oC for 1h. Subsequently, the pyrolyzed carbon materials were 

washed with a 1 M HCl solution to remove any impurities and washed with ultrapure water 

until the solution reached a neutral pH. Finally, the activated N-doped carbon catalysts were 

dried at 105 oC for 12h in an oven. The obtained biomass-derived carbon catalysts were 

marked as ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC3 (Mg5(OH)2(CO3)4), ANBC4 (NaOH), 

ANBC5 (KOH) and ANBC6 (KHCO3), respectively. 

For comparison, the original biomass-derived carbon (without urea and activator) and 

pure N-doped carbon (mixed with urea but without any activator) were prepared using the 

same procedure, and named BC and NBC, respectively. 
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3.2.3 Catalyst characterization 

The morphology and microstructures of all carbon catalysts were visualized with a JEOL 

JSM-6500F scanning electron microscope (SEM), operating at an acceleration voltage of 15 

kV and equipped with an Energy-Dispersive X-ray Spectroscopy (EDX) detector (Ultradry, 

ThermoScientific, USA), and a JEOL JEM1400 transmission electron microscope (TEM), 

operating at a voltage of 120 kV. The pore characteristics of all samples were measured by 

isothermal N2 adsorption-desorption at 77 K using a Micromeritics TriStar II 3020 instrument. 

The samples were outgassed at 300 °C for 15 h before each adsorption test. The specific 

surface area (SBET) was calculated according to the Brunauer-Emmett-Teller (BET) method 

and the estimation of pore size distribution plots were generated by applying Density 

Functional Theory (DFT) modelling. The surface area (Smicro) and volume (Vmicro) of 

micropores were determined by the t-plot method. The total pore volume (Vtotal) was 

calculated by single-point adsorption total pore volume analysis. The average pore diameter 

(Davg) was obtained as 4V/SBET.  

X-ray powder diffraction (XRD) measurements were carried out using a Bruker AXS D2 

Phaser. The diffractometer was operated in Bragg-Brentano diffraction mode, with Cu K𝛼 

radiation at 30 kV and 10 mA. The scanning 2θ angle range was between 10.0° and 90.0° 

using a step length of 0.020°. Raman spectra were recorded from 1000 to 2000 cm-1 on a 

Horiba Scientific LabRAM HR Evolution Raman Spectroscopy system with an excitation 

wavelength of 514 nm. 

The surface chemical compositions of all carbon catalysts were investigated by X-ray 

photoelectron spectroscopy (XPS) using a Thermo Scientific Kα system with Al Kα radiation 

(1486.7 eV). Survey scans were performed with a spot size of 200 μm, pass energy of 55 eV, 

and energy step of 0.1 eV. All binding energies for XPS spectra were calibrated according to 

the C1s peak at 284.8 eV in CasaXPS. 

3.2.4 Electrochemical measurements 

The electrochemical performance of different catalysts were evaluated in a gas-tight 

two-compartment flow cell, where the anode and cathode compartment were separated by 

a Selemion AMV membrane (AGC group, Japan).85 Each compartment contained 1.8 mL of 

0.1 M KHCO3 electrolyte. A platinum foil (MaTeck GmbH, 99.9%) was used as a counter 

electrode, while a leak-free Ag/AgCl electrode (Innovative Instruments, Inc.) was used as a 

reference electrode. The cathode chamber of the cell was purged using CO2 or Ar, depending 

on the experiment, with a flow rate of 8 mL/min for at least 15 min before the 

electrochemical test. 

The working electrode was prepared by drop casting a catalyst ink on a glassy carbon 

substrate. The catalyst ink was prepared by dispersing 4 mg of catalyst powder in a solvent 
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mixture containing 800 μL deionized water, 150 μL isopropanol, and 50 μL of 5% Nafion 

solution with sonication for 1h to obtain a homogeneous ink. Afterwards, 200 μL of the ink 

was drop-casted on the center of the 25mm × 25mm glassy carbon plate and dried at room 

temperature. The geometric surface area of the working electrode exposed to the 

electrolyte was equal to 1 cm2. 

The electrochemical measurements were carried out using a Biologic SP-200 

potentiostat (Biologic, France), equipped with the software EC-lab (Biologic, France). All 

applied potentials were converted to the reversible hydrogen electrode (RHE) scale 

according to the formula: E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059*pH. The cell 

resistance (Ru) was measured by potentiostatic electrochemical impendence spectroscopy 

(PEIS). 85% of Ru was used to conduct the Ohmic Drop Correction automatically with EC-Lab 

during CO2RR, while the remaining 15% was corrected manually afterwards. Linear sweep 

voltammograms (LSV) were recorded in Ar-saturated (pH = 8.3) and CO2-saturated (pH = 6.8) 

0.1 M KHCO3 electrolytes at a scan rate of 5 mV/s. The electrochemically active surface area 

(ECSA) of the electrode was determined by measuring the double layer capacitance (Cdl), 

which is derived from cyclic voltammetry measurements with a scan rate at 5, 10, 25 and 50 

mV/s in the potential window of 0.45 to 0.55 V vs. RHE. The Cdl was estimated by plotting 

the Δj (ja – jc)/2 at 0.50 V vs. RHE against the scan rates, where the slope of the plot gives 

the Cdl. 

Chronoamperometry was applied to measure the electrocatalytic performance of 

different samples over the course of one hour. CO2 was purged into the catholyte with a flow 

rate of 8 mL/min through a mass flow controller. A mass flow meter downstream of the 

electrochemical cell was inserted to ensure the absence of leakages during the test. The gas-

phase products were sampled automatically every 2 min by an online gas chromatograph 

(Compact GC 4.0, equipped with Rt-QBond columns). A flame ionization detector (FID) was 

used to measure the hydrocarbon compounds and two thermal conductivity detectors (TCD) 

were used to measure CO and H2, respectively. A standard calibration curve, made from gas 

mixture cylinders with known concentrations (Linde gas Benelux B.V.), was used to calculate 

the concentration of product gasses in the gas stream. The liquid-phase products were 

measured by injecting an aliquot of the electrolyte, taken at the end of the measurement, 

on a high-performance liquid chromatograph (HPLC, Agilent 1260 Infinity). Sample vials 

were placed in an autosampler and 10 µl was injected onto two Aminex HPX 87-H columns 

(Biorad) placed in series. During analysis the column oven temperature was maintained 

constant at 60 oC, with a steady flow of rate of 0.600 mL/min of an aqueous 1 mM H2SO4 

eluent. 
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3.3 Results and Discussions 

3.3.1 Characterization of the biomass-derived materials 

The porous carbon catalysts were prepared by a one-step pyrolysis method. The 

morphology of the sugarcane bagasse before carbonization, the prepared biochar (BC), N-

doped biochar (NBC), and all activated N-doped biochar (ANBC) samples were visualized by 

SEM, as shown in Figure S3.1 and Figure 3.1. 

 

Figure 3.1 SEM images of different biomass-derived carbon catalysts (a) BC, (b) NBC, (c) 

ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) ANBC4(NaOH), (g) 

ANBC5(KOH), (h) ANBC6(KHCO3). (Scale bar is 1μm) 

 

The sugarcane bagasse shows a long vascular fiber structure. The original BC sample 

derived from pure bagasse pyrolysis is composed of larger particles with a smooth surface. 

When urea was added as a nitrogen source, the surface became rougher in comparison to 

BC. This can be associated to the etching effect of NH3, which is released by urea 

decomposition during the pyrolysis procedure. For ANBC3 (Mg5(OH)2(CO3)4), the 

morphology did not show a significant difference with BC, as only bulk particles with no 

visible pores on the surface are observed. The addition of other activators created higher 

porosity in the carbon samples. ANBC1 (NaHCO3), ANBC2 (K2CO3), and ANBC6 (KHCO3) 

maintain a similar bulk shape as the NBC, while developing a highly porous structure due to 

the etching effect of the activators. For ANBC4 (NaOH) and ANBC5 (KOH), the bulk carbon 

was etched into smaller particles, with a large number of porous structures formed by 

stacking between the particles, exhibiting a hierarchically porous structure with an 

interconnected carbon matrix. The energy-dispersive X-ray spectroscopy (EDX) results 

shown in Figure S3.2 reveal only the presence of carbon, nitrogen, oxygen and silicon. This 
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indicates that residues of the activators have been successfully washed out. The observed 

silicon originates from the biomass cultivation process and cannot be removed by acid 

washing. Although carbon and nitrogen show consistent dispersion in the elemental 

mapping, the carbon (0.282 eV) and nitrogen (0.392 eV) peaks in the EDX spectra overlap 

due to the influence of inter-elemental interference.41 Hence, the presence of nitrogen will 

be double-checked by XPS. To further visualize the microstructure of the samples, TEM 

measurements were carried out and the resulting images are displayed in Figure S3.3. 

Samples BC, NBC, and ANBC3 (Mg5(OH)2(CO3)4) exhibit a carbon structure with stacked 

carbon layers that mainly consists of micropores. Mesopores formed during the activation 

process can be easily observed for the other samples. Thereby, the activation process both 

increases the specific surface area of the catalysts and promotes the mass transfer of 

reactants and products into the carbon catalysts by the formation of mesopores. This can 

improve the accessibility of active sites, which can potentially contribute to improving the 

CO2RR performance of the materials. 

N2 adsorption-desorption isothermal analyses were performed to quantify the specific 

surface areas and pore size distributions of the samples. As shown in Figure 3.2a, the 

increase of all isotherms at very low relative pressure indicates the presence of micropores 

in all samples. A higher adsorption value at very low relative pressures indicates a larger 

micropores-derived pore volume. For BC and NBC, the total adsorption quantity remains 

almost constant with the increase of relative pressure, showing a type I isotherm behavior 

according to the IUPAC classification, indicating that these catalysts only possess 

microporosity.42 For ANBC3 (Mg5(OH)2(CO3)4), the isotherm shows a small amount of 

microporous adsorption. In addition, a negligible type IV hysteresis loop was observed 

(Figure S3.4a), indicating that mesoporous structures were successfully created in the 

carbon matrix despite the very small specific surface area (Table S3.1). The  isotherms of 

other samples display a combination of a type I and type IV isotherms, with an obvious 

hysteresis loop of type H4 at P/P0 from 0.45 to 0.95, suggesting the presence of mesopores.43 

The increasing trends at the higher relative pressure regime (P/P0 > 0.95) indicate the 

existence of macropores in these samples.44 As can be seen from the pore size distribution 

plots in Figure 3.2b, samples BC and NBC mainly have narrow micropores of pore sizes lower 

than 1 nm. ANBC3 (Mg5(OH)2(CO3)4) shows a pore size distribution with narrow micropores, 

with the additional formation of some mesopores (~4 nm) (Figure S3.4b). The other samples 

exhibit a broad pore size distribution including wider micropores (1-2 nm), narrow 

mesopores (2-6 nm), and a small amount of large mesopores (35-45 nm). Such a 

hierarchically porous structure with a strong adsorption behavior can potentially enhance 

the adsorption of CO2 and facilitate the diffusion of both the reactants and products, thereby 

improving the electrocatalytic performance of the material.45,46 
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The specific surface areas and pore volumes measured are summarized in Table S3.1. 

Sample BC exhibits a specific surface area of 724.8 m2/g with a total pore volume of 0.3 

cm3/g. After introducing urea as a nitrogen source, the specific surface area and pore volume 

of NBC decreases to 431.6 m2/g and 0.18 cm3/g, respectively. Moreover, the sample ANBC3 

(Mg5(OH)2(CO3)4) displays an even worse porosity with a lower specific surface area and pore 

volume. This is due to the thermal decomposition of urea and Mg5(OH)2(CO3)4 in the 

carbonization process, which absorbs a large amount of heat. This inhibits the carbonization 

of bagasse, resulting in worse textural properties (Table S3.1). By contrast, the other 

activators created abundant pores, resulting in specific surface areas from 960.5 to 1786.9 

m2/g, and pore volumes from 0.50 to 0.87 cm3/g. The enlarged surface area is conducive to 

exposing more active sites and thereby can improve the catalytic performance.47 It is 

noteworthy that the mesopore ratios and average pore sizes of the different carbon samples 

are highly related to the properties of the activators (Table S3.1). ANBC3 (Mg5(OH)2(CO3)4) 

and ANBC4 (NaOH) had a higher ratio of mesopores than other samples, ANBC1 (NaHCO3) 

and ANBC4 (NaOH) exhibited a relatively larger average pore size. Both of these properties 

are considered to be key factors affecting mass transfer processes during the CO2RR. In 

general, the larger specific surface area can expose more active sites, while the porosity 

(pore size distribution and average pore size) affects the accessibility of the reactant to active 

sites. A good balance between specific surface area and porosity can therefore help to 

improve the performance of the carbon catalyst. 
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Figure 3.2 (a) N2 adsorption-desorption isotherms; (b) pore size distributions; (c) XRD 

patterns; and (d) Raman spectra of different biomass-derived carbon catalysts. 

 

XRD was used to determine the crystallographic structure of the as-prepared carbon 

samples and the diffractograms are displayed in Figure 3.2c. All samples exhibited an 

analogous diffraction feature with two broad peaks located at about 2θ = 25° and 44°, which 

can be assigned to the diffraction of the (002) plane and (100) plane of graphitic-like carbon, 

respectively.48 The peak located at around 2θ = 25° suggests a disordered amorphous carbon 

structure.48 For the non-activated biochar sample (BC), the peak shifted to a smaller angle, 

indicating a relatively low degree of crystallinity.49 A tiny sharp peak appeared at the right 

side of the (002) peak for ANBC4 (NaOH) and was identified as a signal of graphite,50 

indicating that this sample is more graphitized than the other samples. The low intensity 

peak located at 44° was attributed to graphitic carbon with a limited degree of 

graphitization.51 The local disorder and graphitization of the carbon samples was 

determined by Raman spectroscopy measurements. As shown in Figure 3.2d, all carbon 

samples presented two peaks at around 1350 and 1580 cm-1, corresponding to the D band 

and G band, respectively.52 The D band derives from crystal defects and the disordered 

structure of carbon, while the G band relates to the lattice vibration of sp2-hybridized 
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graphitic carbon.53 Generally, the intensity ratio between the D and G band (ID/IG) is adopted 

as an index to evaluate the degree of graphitization of carbon materials. A high ID/IG value 

signifies a lower degree of graphitization.54 Here, we observe that the value of ID/IG increases 

after activation, indicating that more defects and disordered carbon lattice structures were 

generated during the activation processes (Table S3.1). The more disordered structure is 

associated with a larger surface area and provides more defects that can act as active sites.55 

However, a higher degree of graphitization enhances the electrical conductivity of carbon 

materials, hence facilitating electron/charge transfer and potentially improving the catalytic 

performance.56 Therefore, the optimal graphitization degree of carbon catalysts is a trade-

off between a more activated surface and a material with higher conductivity. 

To elucidate the surface chemical compositions of all carbon samples, XPS 

measurements were performed. The full survey spectra of the samples are presented in 

Figure S3.5 and the elemental compositions are summarized in Table S3.2. Three strong 

signals were detected for all carbon samples, which were attributed to C 1s, N 1s, and O 1s 

peaks. Trace amounts of silicon were detected on the as-prepared catalysts after the acid 

treatment. The observed silicon originates from the biomass cultivation process and cannot 

be removed by acid washing. It is noted that the BC had a 1.05% N content, stemming from 

the pyrolysis of the original proteins or N-functional groups on lignin. Compared with the 

biochar without modification, the NBC exhibited a 10.81% N content due to the addition of 

urea in the pyrolysis process. With the use of activators, the N content decreased to 3.85 ~ 

8.7%, indicating that the activators regulate the chemical composition of the carbon samples. 

Some powerful activators such as KOH and NaOH, remove nitrogen and oxygen functional 

groups on the carbon surface during the activation process, resulting in a lower N-doping 

content. However, for sample ANBC3, the use of Mg5(OH)2(CO3)4 hindered carbonization and 

lowered the C content to 77.3% while creating disordered structures, which is in good 

agreement with the Raman spectroscopy results. In conclusion, nitrogen was successfully 

doped into the matrix of biomass-derived carbon samples via the one-step pyrolysis method, 

whereas the doping content strongly depends on the type of activator used. 
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Figure 3.3 High-resolution N 1s spectrum of different biomass-derived carbon catalysts (a) 

BC, (b) NBC, (c) ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) 

ANBC4(NaOH), (g) ANBC5(KOH), (h) ANBC6(KHCO3). Intensity is given in arbitrary units. 

 

To further investigate the type of N-containing species present in the carbon catalysts, 

the high-resolution N 1s spectra shown in Figure 3.3 were deconvoluted into four individual 

peaks at around 398.2, 399.9, 401.6, and 404.4 eV, referring to pyridinic N, pyrrolic N, 

graphitic N, and oxidized N, respectively.51,57,58 The blank BC only contained pyrrolic N 

species while other N species were detected when urea was used as nitrogen source. As 

shown in Figure 3.3 and Table S3.2, the used activators play a crucial role in controlling the 

distribution of N-bonding configurations on the carbon surface. In general, pyrrolic N is the 

main nitrogen-containing species observed, followed by pyridinic N, graphitic N, and 

oxidized N. The existence of oxidized N is attributed to the strong reaction between urea 

and the oxygen functional groups of the biomass-derived carbon surface.59 The N-doping 

changes the charge and spin distribution in the N dopant and adjacent C atoms, which 

enhances the interaction with reactants for dissociative adsorption and facilitates the 

electron donor-acceptor charge transfer to improve the electrocatalytic performance.30,60,61 

Interestingly, both pyridinic N and graphitic N were demonstrated as the active site for the 

CO2RR by experimental results and theoretical calculations.62,63 However, owing to the 

complexity of the reaction mechanism and N dopant properties, the role of these N 

containing active sites during the CO2RR is still under debate. In addition, the fitted C 1s and 

O 1s spectrum are shown in Figure S3.6 and Figure S3.7. The high-resolution C 1s spectrum 

can be split into three peaks at ~284.8, ~285.5, ~288.5 eV, which can be assigned to C-C, C-

N, and C-O, respectively.36 The high-resolution O 1s spectrum can be fitted by three peaks 

at ~530.6, ~532.5, and ~535.0 eV, representing O-N, O=C, and O-C, respectively.64 
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3.3.2 Understanding the effect of activators 

Mg5(OH)2(CO3)4 has previously been used as an activator to produce porous carbon 

materials.36,65 During the carbonization process, Mg5(OH)2(CO3)4 gradually decomposes into 

MgO, CO2, and H2O, where the nanocrystals of MgO are embedded in the carbon structure 

as a template, endowing the carbon material with a rich mesoporous structure after acid 

washing, while CO2 and H2O are involved in the activation of the carbon material as physical 

activators and give it a rich microporous structure.65 As shown in Table S3.1, ANBC3 

(Mg5(OH)2(CO3)4) exhibited a higher ratio of mesopores than other catalysts, which should 

be beneficial for mass transfer during the CO2RR. However, the one-step pyrolysis method 

resulted in only limited interaction between the bagasse and the activator, leading to a 

similar morphology as BC and keeping a relatively high N-doping content. In addition, the 

excess amount of Mg5(OH)2(CO3)4 absorbed a large amount of heat during decomposition, 

which resulted in poor carbonization of the sample, showing a higher ID/IG value and a 

smaller specific surface area.  

NaOH and NaHCO3 are two commonly used chemical activators and are both capable 

of producing carbon samples with a well-developed pore structure.66 NaOH works as an 

oxidant, oxidizing the carbon framework and thereby improving the porosity.67 NaHCO3 is 

considered a chemical foaming agent,68 as it decomposes during carbonization, releasing 

large amounts of CO2 and H2O, which leads to the formation of a hierarchical porosity. 

Interestingly, both NaOH and NaHCO3 decompose to form Na2CO3. The Na2CO3 is embedded 

in the carbon matrix and acts as a template to provide a large number of mesopores for the 

carbon material.69 Sample ANBC4 (NaOH) and ANBC1 (NaHCO3) show a larger ratio of 

mesoporous structure and larger average pore diameter than other catalysts (Table S3.1). In 

particular, due to the strong oxidizing properties of NaOH, the carbon framework is strongly 

etched resulting in ANBC4 (NaOH) showing smaller particles and a relatively low N-doping 

content. As for ANBC1 (NaHCO3), the porosity is well developed while keeping a higher N-

doping content. In short, NaOH and NaHCO3 endow the catalysts with a large specific area, 

rich meso-porosity and effective N-doping. 

Potassium salts, such as KOH, KHCO3, and K2CO3 are also widely used as activators to 

endow high porosity to lignocellulose-derived carbon materials. However, their activation 

characteristics lead to variations in structures and properties of the biochar. KOH reacts with 

carbon at high temperatures, generating various potassium species (K2CO3, K2O, K) and 

releasing a large amount of gas (CO2, H2O). This leads to etching of the carbon matrix by 

redox reactions, and samples with a large specific surface area and high microporosity are 

obtained (Table S3.1).70 In addition, KOH has a low fusion point (~380oC) and the molten salt 

results in the disintegration of the carbon material, which roughens the surface and forms 
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small particles (see Figure 3.1g).71 The activation mechanism of KHCO3 is similar to that of 

NaHCO3.72 KHCO3 decomposes at ~200 oC to K2CO3 and released gases, which develops 

macropores in the carbon matrix. The released CO2 and H2O are further involved in the 

activation process, producing additional micropores or further enlarging the existing pore 

structure.53 By contrast, K2CO3 is more stable than KOH and KHCO3 (the fusion point of K2CO3 

is ~890 oC), and its activation performance is strongly dependent on the pyrolysis 

temperature. Some studies point out that K2CO3 has a time-dependent reduction and 

decomposition starting from 700 oC to produce K2O, K, and CO2, which further improves the 

porosity.71 The longer the residence time, the larger the specific surface area and the higher 

the porosity.73 When the temperature reaches 900 oC, K2CO3 melts and this results in the 

shrinkage and collapse of porous structures.53 In this study, ANBC5 (KOH) and ANBC6 (KHCO3) 

exhibited a similar degree of graphitization, whereas these activators developed a larger 

specific surface and a higher pore volume than other samples (Table S3.1). However, the 

dominance of micropores can induce a higher mass transfer resistance during the CO2RR, 

which potentially hinders the catalytic performance. Although ANBC2 (K2CO3) showed a 

higher N-doping content, it did not generate a well-developed porous structure due to the 

short pyrolysis residence time (1 hour), with its specific surface area only reaching ~960 m2/g 

and the porosity being mostly composed of micropores. 

 

3.3.3 Electrochemical performance 

To evaluate the electrochemical performance of the prepared catalysts, linear sweep 

voltammetry (LSV) were performed in an Ar-saturated and CO2-saturated aqueous 0.1 M 

KHCO3 electrolyte. As shown in Figure S3.8, the current densities of BC, NBC, and ANBC3 

(Mg5(OH)2(CO3)4) were lower in a CO2-saturated electrolyte than in an Ar-saturated 

electrolyte over the entire potential range, indicating that these catalysts have little activity 

for the CO2RR. By contrast, ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC4 (NaOH), ANBC5 (KOH), 

and ANBC6 (KHCO3) exhibited higher current densities in the CO2-saturated electrolyte at 

more negative potentials, beyond -0.7 V vs. RHE, indicating that they are active 

electrocatalysts for the CO2 reduction reaction. A comparison of the LSVs with different 

samples in a CO2-saturated electrolyte is shown in Figure 3.4a. Due to the different 

physicochemical properties of the catalysts, significant differences in the LSV results can be 

observed. ANBC3 (Mg5(OH)2(CO3)4) showed an almost negligible current density due to its 

low specific surface area and low degree of graphitization. In contrast, ANBC4 (NaOH) 

exhibited better CO2 electrocatalytic activity than other samples, displaying a lower onset 

potential and higher current density. This can be attributed to the larger surface area and 

hierarchically porous structure of the ANBC4 (NaOH) sample. However, as the trends in 
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current density observed in the voltammograms is not decisive evidence for CO2 reduction 

activity, direct evidence for the formation of CO2 reduction products is needed. 

To thoroughly evaluate the electrocatalytic performance of the various carbon 

materials for the CO2RR, chronoamperometry measurements were conducted at various 

potentials from -0.50 to -1.15 V vs. RHE. For all the samples, CO and H2 were the main 

gaseous products observed, while trace amounts of CH4 with a FE for CH4 lower than 1% 

could be detected when the applied potential was more negative than -0.8 V vs. RHE. 

Besides these gaseous products, no liquid products were detected by HPLC. The FEs of CO 

and H2 obtained at the tested potentials for all the samples are plotted in Figure 3.4b and 

Figure S3.9a, respectively. The BC, NBC, and ANBC3 (Mg5(OH)2(CO3)4) electrocatalysts 

exhibited a poor selectivity toward CO and produce H2 as the dominant product. These 

performances are consistent with the LSV results, indicating that these materials are poor 

CO2 reduction catalysts. For ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC4 (NaOH), ANBC5 (KOH), 

and ANBC6 (KHCO3), the product selectivity was strongly dependent on the applied potential 

(see Figure 3.4b). With a decrease in applied potential, the trend of CO selectivity displays a 

volcano-like curve. Among these materials, ANBC4 (NaOH) exhibited the highest FECO of 80% 

at -0.93 V vs. RHE, while ANBC5 (KOH) reached 74.4% at the same potential, whereas the 

maximum FECO for ANBC1(NaHCO3), ANBC2 (K2CO3), and ANBC6 (KHCO3) was 42.4%, 45.8%, 

and 46.0% at -0.91 V vs. RHE, -1.00 V vs. RHE and -0.80 V vs. RHE, respectively. With a further 

decrease of applied potential, the CO selectivity reduced gradually, and H2 production 

regained dominance at the more negative potentials. Meanwhile, the FEH2 presented an 

opposite trend (Figure S3.9a), with ANBC4 (NaOH) and ANBC5 (KOH) exhibiting the lowest 

selectivity toward H2. It should be noted that the total FE was below 100% at the more 

positive potentials due to low current densities resulting in product concentrations below 

or near the detection limit of the gas chromatograph, such that the FE cannot accurately be 

calculated.74 
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Figure 3.4 (a) LSV curves recorded at a scan rate of 5 mV/s of all catalysts in a CO2-

saturated 0.1 M KHCO3 electrolyte; (b) FE of CO production at applied potentials from -

0.50 to -1.15 V vs. RHE; (c) Total current density of all catalysts at different applied 

potentials. 

 

The total current density and partial current densities jCO and jH2 are plotted in Figure 

3.4c, 4d, and Figure S3.9b, respectively. The total current density of all prepared catalysts 

increased with more negative potentials. Notably, carbon catalysts activated with the 

sodium salts (NaOH, NaHCO3) exhibited greater current densities than those activated by 

potassium salts (KOH, KHCO3, K2CO3). As for the jCO, except for BC, NBC, and ANBC3 

(Mg5(OH)2(CO3)4), which are not catalytically active, the other catalysts showed a similar 

trend, where the jCO increases first and then decreases when the potential becomes more 

negative. Especially ANBC4 (NaOH) presented a significantly higher total current density and 

jCO in comparison to the other samples. In the potential range between -0.8 V to -1.0 V vs. 

RHE, jCO is higher than jH2, indicating that the CO2 reduction is the dominant reaction.  
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The electrochemically active surface area (ECSA) of each catalyst was determined by 

the double layer capacitance (Cdl), which was determined with cyclic voltammetry 

measurements in the non-faradaic region.  As shown in Figure S3.10, the Cdl values of these 

ANBCs are positively correlated with their specific area, corresponding to earlier results by 

Taer et al.75 Although ANBC6 (KHCO3) and ANBC1 (NaHCO3) showed a higher ECSA than 

other samples, their catalytic performances were not as good as ANBC4 (NaOH) and ANBC5 

(KOH). This means that not all electrochemically active sites show catalytic activity for the 

CO2RR. This is in line with results of Voiry et al.,76 who report that non-active carbon can 

lead to an overestimation of the ECSA and an underestimation of the catalytic performance. 

In addition, the charge transfer resistance also has a crucial effect on the current density, 

as smaller charge transfer resistances lead to a larger current density. The Nyquist plots of 

each sample are depicted in Figure S3.11. ANBC4 (NaOH) and ANBC5 (KOH) showed lower 

interfacial charge transfer resistance than other samples, demonstrating more rapid 

electron transfer  than the other samples in CO2RR process.60 In general, the high FECO and 

small charge transfer resistance of ANBC4 (NaOH) gives it a superior electrocatalytic 

performance over other samples. 

To investigate the kinetics of the CO2RR on various catalysts, a Tafel slope analysis of 

ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC4 (NaOH), ANBC5 (KOH), ANBC6 (KHCO3) was 

conducted and the results are shown in Figure S3.12. ANBC4 (NaOH) exhibited a lower Tafel 

slope (155 mV/dec) than that of the other 4 samples, indicating that ANBC4 (NaOH) has 

faster kinetics for CO2 reduction to CO. The other samples showed a Tafel slope between 

226 and 382 mV/dec. Since a Tafel slope close to 118 mV/dec indicates that the rate-

determining step of the CO2RR is a single-electron transfer process, where CO2 absorbs the 

first electron to generate the *CO2
- intermediates,60 these higher Tafel slope values indicate 

that other processes determine the kinetics of the CO2RR on these materials. Consequently, 

we hypothesize that the rate-determining step for ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC5 

(KOH), and ANBC6 (KHCO3) is the diffusion of CO2 from the electrolyte to the active sites.40 

Control experiments to verify whether the observed CO was produced from CO2 were 

carried out using ANBC4 (NaOH) and ANBC5 (KOH) at an applied potential of -0.9 V vs. RHE 

in Ar- saturated 0.1 M KHCO3 electrolyte. As shown in Figure S3.13, only H2 was detected 

with Ar-saturated electrolytes, indicating that the observed CO only originates from 

electrochemical CO2 reduction and not from the disintegration of functional groups on the 

carbon surface. 
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3.3.4 Understanding the structure-activity relationship 

To get an understanding of how the structure and composition of the carbon catalysts 

affects the electrocatalytic performance, we will here combine the results of the 

physicochemical characterization with the results of electrochemical testing. Generally, the 

higher N-doping content and larger specific surface area are considered as the most 

important parameters to enhance the CO2RR performance of N-doped carbon materials. 

However, several studies have shown impressive performances with lower specific surface 

areas and lower N-doping contents.77–79 Therefore, we think that overemphasizing the 

impact of one or two factors on the overall catalytic performance can lead to lopsided 

conclusions. To avoid this, a comprehensive analysis of the effect of the physicochemical 

properties of the carbon catalyst on the catalytic performance is essential.  

Introducing N as a heteroatom into a carbon matrix can modulate the charge 

distribution on the carbon surface and provide active sites for the CO2RR. In addition, 

previous studies have demonstrated that the adsorption behavior of CO2 can be improved 

by introducing N into the carbon matrix.22,80 Many studies have demonstrated through 

experimental analyses and theoretical calculations that the product selectivity and the 

activity of N-doped carbon materials for the CO2RR strongly depends on the N doping 

content.24,81 Both pyridinic N and graphitic N have been reported as the active sites for the 

CO2RR.63 Some studies have set out to improve the catalytic performance of N-doped carbon 

catalysts by enhancing the N-doping content or by controlling the preparation conditions to 

increase the ratio of pyridinic/graphitic N.62,63 However, unlike the aforementioned studies, 

we find that the catalytic selectivity and activity of bagasse-derived N-doped carbon 

catalysts are not linearly correlated with the total N, pyridinic N, and graphitic N content. 

The five best electrocatalysts prepared in this study were selected and compared at the 

highest jCO (-0.90V vs. RHE for ANBC6 (KHCO3), -0.91V vs. RHE for ANBC1 (NaHCO3) and 

ANBC5 (KOH), -1.00V vs. RHE for ANBC2 (K2CO3), and -1.04V vs. RHE for ANBC4(NaOH), 

respectively). The relationship between the total pyridinic and graphitic N content and the 

FECO and jCO for these materials is shown in Figure 3.5. This shows that neither the total N 

content nor the pyridinic/graphitic N content is positively correlated to the selectivity and 

activity of the N-doped carbon catalyst. Therefore, overemphasizing the contribution of N-

doping is not helpful to understand the structure-activity relationship. Similarly, several 

studies have reported that lower N-doping levels can lead to a better catalytic performance 

for the CO2RR.77,82 The improvement of CO2RR performances were attributed to the 

increased concentration of defects, which were generated by removing N atoms from the 

N-doped carbon. However, these N atoms generally could not be entirely removed. 

Therefore, it is difficult to identify whether the N-containing sites or the defect sites are the 

dominant active sites for the CO2RR. Although the relationship analysis with limited samples 

is not perfect, this observation provides direct evidence that the catalytic performance of 
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N-doped carbon materials for CO2RR is determined by a synergistic effect of different factors 

and is not solely determined by N-doping content or the configuration of N-dopant. This 

conclusion is similar to the results of Yao et al.,60 who reported an N-doped carbon derived 

from Typha that maintains a large surface area and pore volume but lower N-doping content 

that outperformed a sample with a higher N-doping level. Although this dataset does not 

help to understand which nitrogen configuration acts as the real active sites, it highlights the 

trade-off between N loading content and the microstructures of the carbon catalysts. 

 

Figure 3.5 The relationship between electrochemical performance and (a) total N content; 

(b) pyridinic N content; (c) graphitic N content. 

 

A larger specific surface area of the catalysts exposes more active sites and thus 

enhances the catalytic performance for CO2RR. When the specific surface area of the 

catalyst is small, other advantageous factors are suppressed, resulting in poor catalytic 

performance, such as is the case for NBC, ANBC2 (K2CO3) and ANBC3 (Mg5(OH)2(CO3)4). 

However, this does not mean that the larger specific surface always leads to better catalytic 

performances.40 As shown in Figure S3.14a, there is no direct correlation between the 

performance of the catalysts and the specific surface area. Similarly, the electrochemical 

performance does not show a positive correlation with the electrochemically active surface 

area (Figure S3.14b). Not all electrochemically active sites are catalytically active toward the 

CO2RR and not all of the CO2 can be effectively transported to the active sites of the N-doped 

carbon catalyst. Many studies have indicated that the porous structure plays an important 

role in the mass transfer of reactants and products, and electrolyte diffusion processes.33,60 

Several studies have pointed out that a hierarchically porous structure helps to improve the 

performance of N-doped carbon catalysts for CO2RR in the aqueous phase. Macropores and 

mesopores act as a reservoir to minimize the diffusion distance of reactants and electrolytes, 

which facilitates the mass transfer process, while micropores provide a large specific surface 

area and expose more active sites, further enhancing the CO2RR performance of N-doped 

carbon materials.44 Among the porous structures, the availability of mesopores is 

considered a key factor determining the overall performance. Ma et al. verified that catalysts 

with higher mesoporous content exhibit better performance for CO2RR by electrochemical 
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impedance spectroscopy (EIS) tests and suggested that the mesoporous structure allows 

more active sites to be exposed to the electrolyte and accelerates the diffusion of the 

electrolyte to those active sites.83 Hursan et al.84 indicated that the selectivity, activity, and 

stability of the CO2RR on N-doped carbon catalysts are highly dependent on the porosity. 

The results obtained in this study are consistent with these literature reports. ANBC4 (NaOH) 

shows the best electrocatalytic performance with a 3.85% N-doping, 1277.94 m2/g specific 

surface area and 17.3% mesopores. Although ANBC5 (KOH) and ANBC6 (KHCO3) show a 

larger specific surface area and higher N-doping level than ANBC4 (NaOH), their 

electrocatalytic performances are worse. This can be attributed to the lower mesopore 

ratios (12.5% and 11.3%, respectively) in ANBC5 (KOH) and ANBC6 (KHCO3) that hinder the 

mass transfer of reactants to the active sites.  

The degree of graphitization is also considered to be one of the important factors 

affecting catalytic performance, as a higher degree of graphitization can be beneficial to 

improve electron transfer during CO2RR.39 N-doping, activation processes, and pyrolysis 

temperature all have significant effects on the degree of graphitization. Anthony et al.20 

point out that a delicate balance between the N-doping level and the degree of 

graphitization is essential, with sufficient N sites helping to improve catalytic activity, but an 

excessive number of N sites reduces the degree of graphitization, negatively affecting the 

conductivity and charge transfer. A strong activator induces lots of defects into the carbon 

material, which improves the specific surface area but reduces the degree of 

graphitization.34 In addition, high pyrolysis temperatures promote the structural alignment 

of carbon materials but will remove the heteroatoms, generating a more disordered carbon 

lattice.34 In this study, most of the catalysts showed similar degrees of graphitization due to 

the application of the same pyrolysis temperature and N-doping strategy. Notably, ANBC3 

(Mg5(OH)2(CO3)4) exhibited the lowest degree of graphitization and specific surface area and 

therefore, despite its high mesopores ratio, displayed the worst catalytic performance. 

 

3.4 Conclusions 

In conclusion, we have prepared a series of N-doped carbon catalysts derived from 

sugarcane bagasse, carbonized and activated with different activators, to investigate the 

specific effect that these activators have on the overall CO2RR performance of the resulting 

carbon catalysts. The textural properties of the carbon catalysts are highly dependent on the 

type of activator used, which further affects the electrochemical performance. The obtained 

results show that the CO2RR performance of the carbon-based catalysts did not solely 

depend on the N-doping level or the configuration of N-dopants, but the synergistic effect 

of the N-doping, the specific surface area, the porosity and the degree of graphitization 

jointly determines the catalytic performance. The ratio of mesoporosity is demonstrated as 
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an important parameter, which can enhance the mass transfer and improve the accessibility 

of the reactant to the active sites. The degree of graphitization affects the conductivity of 

carbon catalysts, with a higher degree of graphitization leading to higher current densities 

for CO2RR. In this study, different activators endow the carbon catalysts with various 

physicochemical properties, thus exhibiting significant differences in electrochemical 

performance for CO2RR. Among them, sodium hydroxide has been demonstrated as the 

most effective activator, endowing the carbon catalyst with a proper N-doping content, large 

surface area, abundant pores with high mesoporosity, and relatively higher degree of 

graphitization, enabling it to reach a high performance for CO2RR with 80% faradaic 

efficiency towards CO at -0.93 V vs. RHE. This work presents a comprehensive analysis of the 

function of different activators on N-doped carbon catalysts for CO2RR, which can provide 

guidance for the design and synthesis of high-performance N-doped carbon catalysts. 
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3.5 Supporting Information 

 

Figure S3.1 SEM image of sugarcane bagasse before carbonization. 
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Figure S3.2 SEM-EDX elemental mapping of C, N and spectra results of (a) BC, (b) NBC, (c) 

ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) ANBC4(NaOH), (g) 

ANBC5(KOH), (h) ANBC6(KHCO3). (Scale bar is 5μm) 
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Figure S3.3 TEM images of different biomass-derived carbon catalysts (a) BC, (b) NBC, (c) 

ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) ANBC4(NaOH), (g) 

ANBC5(KOH), (h) ANBC6(KHCO3). 

 

 

Figure S3.4 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of 

ANBC3(Mg5(OH)2(CO3)4). 



 

96 
 

3 

 

Figure S3.5 XPS survey spectra of different biomass-derived carbon catalysts. (Intensity is 

in arbitrary units) 
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Figure S3.6 High-resolution C 1s spectrum of different biomass-derived carbon catalysts (a) 

BC, (b) NBC, (c) ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) 

ANBC4(NaOH), (g) ANBC5(KOH), (h)ANBC6(KHCO3). (Intensity is in arbitrary units) 

 

 

Figure S3.7 High-resolution O 1s spectrum of different biomass-derived carbon catalysts 

(a) BC, (b) NBC, (c) ANBC1(NaHCO3), (d) ANBC2(K2CO3), (e) ANBC3(Mg5(OH)2(CO3)4), (f) 

ANBC4(NaOH), (g) ANBC5(KOH), (h)ANBC6(KHCO3). (Intensity is in arbitrary units) 
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Figure S3.8 LSV curves of all catalysts in Argon- and CO2-saturated 0.1M KHCO3. 

 

 

Figure S3.9 (a) FE of H2 at different applied potentials; (b) Partial current density of H2 at 

different applied potentials. 
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Figure S3.10 CVs of (a) BC, (b) NBC, (c) ANBC1 (NaHCO3), (d) ANBC2 (K2CO3), (e) ANBC3 

(Mg5(OH)2(CO3)4), (f) ANBC4 (NaOH), (g) ANBC5 (KOH), (h) ANBC6 (KHCO3) from 0.45 to 

0.55 V vs. RHE at various scan rates and (i) The double layer capacitance of all samples. 
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Figure S3.11 The Nyquist plots and equivalent circuit for the catalysts. 

 

 

Figure S3.12 Tafel plots of ANBC1 (NaHCO3), ANBC2 (K2CO3), ANBC3 (Mg5(OH)2(CO3)4), 

ANBC4 (NaOH), ANBC5 (KOH), ANBC6 (KHCO3). 
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Figure S3.13 Gas products selectivity of chronoamperometry test with a CO2- and Ar-

saturated 0.1 M KHCO3 electrolyte at -0.9 V vs. RHE using ANBC4(NaOH) and ANBC5(KOH). 

 

 

Figure S3.14 The relationship between (a) electrochemical performance and specific 

surface area, (b) electrochemical performance and ECSA of ANBC1 (NaHCO3), ANBC2 

(K2CO3), ANBC3 (Mg5(OH)2(CO3)4), ANBC4 (NaOH), ANBC5 (KOH), ANBC6 (KHCO3). 
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Table S3.1 Textural properties of different carbon catalysts. 

Samples Activator 

N2 adsorption/desorption Raman 

SBET Vtotal(P/P0=0.95) Vmeso Vmeso/Vt Davg ID/IG 

m2/g cm3/g cm3/g % nm - 

BC - 724.80 0.30 0.012 3.87 1.66 0.84 

NBC - 431.63 0.18 0.011 6.00 1.67 0.89 

ANBC1 NaHCO3 1465.21 0.80 0.101 12.68 2.18 0.91 

ANBC2 K2CO3 960.46 0.50 0.075 14.98 2.08 0.88 

ANBC3 Mg5(OH)2(CO3)4 261.98 0.13 0.029 22.46 1.98 1.14 

ANBC4 NaOH 1277.94 0.69 0.120 17.33 2.16 0.88 

ANBC5 KOH 1634.89 0.79 0.099 12.54 1.93 0.83 

ANBC6 KHCO3 1786.88 0.87 0.098 11.28 1.95 0.84 

 

Table S3.2 Surface elemental contents and N1s XPS data of different carbon catalysts. 

Samples Activator 
C 

(at.%) 

O 

(at.%) 

N 

(at.%) 

Pyridinic 

N(at.%) 

Pyrrolic 

N(at.%) 

Graphitic 

N(at.%) 

Oxidized 

N(at.%) 

~398.2eV ~399.9eV ~401.6eV ~404.4eV 

BC - 88.41 10.54 1.05 0.00 1.05 0.00 0.00 

NBC - 80.44 8.76 10.81 2.87 3.08 2.39 2.47 

ANBC1 NaHCO3 80.97 10.32 8.71 1.99 4.79 1.18 0.74 

ANBC2 K2CO3 81.51 11.09 7.40 1.84 3.08 1.43 1.05 

ANBC3 Mg5(OH)2(CO3)4 77.33 14.97 7.70 2.21 3.02 1.06 1.41 

ANBC4 NaOH 87.42 8.73 3.85 0.62 2.18 0.61 0.44 

ANBC5 KOH 87.44 7.30 5.26 1.03 2.92 0.93 0.38 

ANBC6 KHCO3 84.94 7.98 7.08 1.63 3.91 1.01 0.53 
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Abstract: Nitrogen-doped (N-doped) carbon catalysts have been widely studied for 

electrochemical CO2 reduction to CO. However, the correlation between the 

physicochemical properties of N-doped carbon catalysts and their electrocatalytic 

performance for the CO2RR is still unclear. Herein, a series of N-doped biochar catalysts with 

different physicochemical properties were synthesized by tuning the carbonization 

temperature and N-doping level and used for the CO2RR to analyze the structure-

performance relationship. The prepared catalysts exhibited massive differences in maximum 

faradaic efficiency to CO from 26.8% to 94.9% at around -0.8 to -0.9 V vs. RHE. In addition, 

we find that simply increasing the specific surface area and N-doping level of the catalysts 

does not effectively improve the catalytic performance for CO2RR. A multivariate correlation 

analysis reveals a negative correlation between the N-doping content and the  

electrochemical performance. The porous structural properties exhibit a positive correlation 

to the FECO but almost no correlation to jCO. Interestingly, improving the degree of 

graphitization, surface hydrophobicity, the abundance of defects and optimizing the porosity 

of N-doped biochar catalyst can efficiently enhance the catalytic performance for the CO2RR. 

We conclude that comprehensively analyzing the synergistic effect of various properties of 

N-doped biochar is critical to reveal structure-activity relationships. 
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4.1 Introduction 

Excessive CO2 emissions have given rise to global warming and climate change.1 In the 

past few decades, CO2 conversion technologies have been developed to convert waste CO2 

into valuable products and close the anthropogenic carbon cycle.2 Among them, the 

electrochemical CO2 reduction reaction (CO2RR) has attracted much attention,3,4 as it can 

convert CO2 into fuels and chemicals, simultaneously storing intermittent renewable 

electricity into chemical bonds.5 Various reduction products such as CO, formic acid, 

methane, ethylene and ethanol can be produced from the CO2RR via different reaction 

pathways.6,7 CO is an attractive product that can be widely used for downstream chemical 

transformations.8 Moreover, the conversion of CO2 to CO is a 2-electron transfer process 

that can be performed at relatively low overpotentials with a high selectivity to CO.9 

Although the market price (per ton) of CO is lower than that of hydrocarbons, considering 

the power consumption and the cost of separation of multi-carbon products, CO is still one 

of the most competitive products from the CO2RR.10 Au and Ag have been identified as 

effective electrocatalysts to reduce CO2 to CO,11 however, scarcity and a relatively high price 

can hinder the large-scale utilization of precious metal-based catalysts for the CO2RR.  

Recently, metal-free N-doped carbon materials have been shown as efficient 

alternative catalysts for the CO2RR to CO.12,13 Almost all advanced carbon materials, such as 

carbon nanotubes,14 graphene,15 and nanodiamonds,16 can be used as carbon precursors to 

synthesize N-doped carbon materials by in-situ doping or post-doping. Compared with Ag 

and Au-based electrodes, N-doped carbon materials exhibit a comparable catalytic 

performance but offer advantages, such as a relatively low cost, long stability, high tunability, 

and strong resistance to harsh reaction conditions.17 However, the exact correlation 

between the physicochemical properties of N-doped carbon materials and their 

electrochemical performance for CO2RR is still unclear. Generally, specific surface area and 

N-doping content are considered as two important factors governing catalytic performance, 

with many studies attributing better catalytic performances to an increase in either the 

specific surface area or N-doping levels.18,19 The rationale behind this is that a larger specific 

area and rich pore structure enhances the mass transfer of reactants and electrolyte,20 while 

the introduction of N into the carbon skeleton tunes the atomic charge and spin distribution 

of carbon materials and acts as an active site for the CO2RR.21 Although the exact nature of 

the active site of N-doped carbon materials is still under debate, the catalytic performance 

for the CO2RR has been enhanced by increasing either the total N-doping content or the 

content of specific N-containing species, as verified by theoretical calculations and 

experimental analyses.22–27 

Interestingly, there are some studies that do not fully support the relationship between 

the electrocatalytic performance and the specific surface area and N-doping content. For 
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instance, Daiyan et al.28 gradually reduced the N content by an annealing treatment and 

found that a lower N content leads to better performances, ultimately linking the catalytic 

performance to the abundance of defects. Furthermore, Hursán et al.29 prepared N-doped 

carbon catalysts with different pore sizes via a sacrificial support method and found that the 

catalysts showed different selectivity, activity and stability even with similar N-doping 

content and a similar distribution of N-containing species, and no correlation was found 

between the specific surface area and catalytic performance. In previous work, we also 

found that there is no significant correlation between the catalytic performance and specific 

surface area and N-doping content, and that the ratio of mesopores and the degree of 

graphitization play an essential role.30 We believe that an over-emphasis on the effects of 

specific surface area and N-doping level can easily lead to lopsided conclusions, which do 

not fully reflect the actual structure-performance relationships of N-doped carbon catalysts. 

Therefore, to develop better N-doped carbon catalysts for the CO2RR, it is necessary to 

further elucidate the structure-performance relationship of N-doped carbon materials 

through a comprehensive and integrated analysis.  

Biomass can be used as a carbon precursor to synthesize N-doped carbon materials for 

the CO2RR. Compared to fossil-derived carbon materials, biochar is a renewable source, and 

the raw materials are generally widely distributed, abundantly available, easily accessible, 

and more eco-friendly.31 In addition, using biochar to synthesize N-doped carbon materials 

can provide sustainable and “green” catalysts for the CO2RR,  simultaneously enhancing the 

added value of waste biomass and providing a possibility to realize a high-value application 

of waste biomass materials.32 More importantly, the lignocellulose-derived biochar catalysts 

have good textural tunability. By changing different preparation conditions, such as the 

carbonization temperature, N doping precursor and doping amount and the type and 

amount of activator, one can easily obtain carbon materials with significantly different 

physicochemical properties. Therefore, testing biomass-derived N-doped carbon materials 

with different properties for the CO2RR can help to investigate the correlation between 

different physicochemical properties of catalysts and their catalytic performance. 

In this study, a set of sugarcane bagasse-derived N-doped carbon catalysts were 

synthesized by a one-step pyrolysis method. The physicochemical properties of the N-doped 

biochar catalysts were tuned by changing the carbonization temperature and N-doping level, 

respectively. Combining the characterization results and the electrochemical measurements, 

we have conducted a comprehensive analysis of the influence of the physicochemical 

properties of N-doped biochar materials on their CO2RR performance. A higher 

carbonization temperature (800 oC) yielded an optimal N-doped biochar, which showed an 

89.3% faradaic efficiency to CO at -0.82 V vs. RHE. Interestingly, we find that simply 

increasing the amount of N-doping is not an efficient method to improve the CO2RR 

performance of the catalysts. Moreover, we perform a multivariate correlation analysis by a 
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statistical approach to analyze the correlation between physicochemical properties and 

electrochemical performance. The N-doping content shows a negative correlation to the 

CO2RR performance whereas the surface hydrophobicity shows a strong positive correlation. 

Additionally, the porous structural properties (specific surface area, pore volume, etc.) 

exhibit a positive correlation to the FECO but almost no correlation to the jCO. Our results 

show that the CO2RR performance can be enhanced by improving the hydrophobicity, 

abundance of defects and optimizing the porosity distribution of N-doped biochar catalysts. 

These insights can provide guidance for the design and analysis of efficient N-doped carbon 

catalysts for CO2RR. 

 

4.2 Experimental 

All chemicals were used as received without further purification. The urea (CN2H4O, ≥

99%), sodium hydroxide (NaOH, ≥98%), potassium bicarbonate (KHCO3, ≥99.95%, trace 

metal basis) and Nafion resin solution (5 wt.% in lower aliphatic alcohol and 15-20% water) 

were purchased from Sigma-Aldrich. The hydrochloric acid (HCl, 37%) and isopropanol 

(C3H8O, ≥99.5%) were purchased from VWR International. 0.1 M KHCO3 electrolyte 

solutions and 1 M HCl solutions were prepared from ultrapure water (Milli-Q IQ 7000, 18.2 

MΩ). ICP-OES analyses of the freshly prepared and used 0.1 M KHCO3 electrolytes indicated 

that the concentration of transition metal is below the limit of detection, preventing the 

spontaneous formation of M-Nx sites on the N-doped carbon catalysts.  

4.2.1 Synthesis of catalysts 

Activated N-doped biochar (ANBC) samples were synthesized by a one-step pyrolysis 

method. In brief, the received sugarcane bagasse (Maharashtra, India) was washed with 

ultrapure water three times to remove dust and gravel from the surface and dried in an oven 

(105 oC) overnight. The dried sugarcane bagasse was ground and sieved to obtain particle 

sizes of less than 425 μm before use. Afterwards, 5 g of sugarcane bagasse powder, 10 g of 

urea, and 15 g of NaOH (mass ratio = 1: 2: 3) were added into a crucible and stirred for 30 

minutes to make a homogeneous mixture. Then, the mixture was transferred into a muffle 

furnace which was purged N2 with a flow rate of 100 mL/min for 1 hour. The carbonization 

was carried out at the desired final temperature (600, 700, 800, or 900 oC) for 1 hour with a 

ramping rate of 10 oC/min under a N2 atmosphere (100 mL/min, 99.99%, Linde gas). After 

cooling down to ambient temperature, the obtained product was washed with 1M HCl for 

4h at 60 oC to remove the residual sodium containing salts and other impurities. Afterwards 

the black powder was filtered and rinsed thoroughly with ultrapure water until it reached a 

neutral pH. Finally, the activated N-doped biochar catalyst was collected and dried at 105 oC 
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for 12 hours. The obtained catalysts are designated as ANBCT where T represents the 

carbonization temperature. 

To investigate the effect of N-doping level on the performance of the ANBC for the 

CO2RR, a series of catalysts with different N-doping levels (ANBC800-XN) were synthesized 

using the same pyrolysis method at 800 oC while changing the ratio of urea. ANBC800-SN 

(ANBC800 doped with a slight amount of nitrogen) was synthesized with the mass ratio of 

sugarcane bagasse, urea, and NaOH being 1: 0.5: 3, ANBC800-LN (ANBC800 doped with a 

low amount of nitrogen) was synthesized with the ratio of 1: 1: 3, and ANBC800-HN 

(ANBC800 doped with a high amount of nitrogen) was synthesized with the ratio of 1: 3: 3, 

respectively. The specific formulation and carbon yields of all prepared samples are listed in 

Table S4.1. 

4.2.2 Catalyst characterization 

The morphology and microstructures of all samples were visualized by using a JEOL 

JSM-6500F scanning electron microscope (SEM) and a JEOL JEM1400 transmission electron 

microscope (TEM). The porosity characteristics of all carbon catalysts were measured by 

isothermal N2 adsorption-desorption at 77 K using a Micromeritics TriStar II 3020 instrument. 

Specific surface areas were determined by the Brunauer-Emmett-Teller (BET) method, and 

pore size distributions were calculated based on a density function theory (DFT) model. X-

ray diffraction (XRD) patterns were obtained using a Bruker AXS D2 Phaser with Cu-Kα 

radiation (λ = 0.15406 nm). Raman spectra were recorded from 500 to 3000 cm-1 on a Horiba 

Scientific LabRAM HR Evolution Raman Spectroscopy system with an excitation wavelength 

of 514 nm. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a 

Thermo Scientific Kα system with Al Kα radiation (1486.7 eV). All binding energies for XPS 

spectra were calibrated according to the C1s peak at 284.8 eV in CasaXPS. Contact angle 

measurements were performed via sessile drop using an OCA 25 goniometer (Dataphysics 

instruments Gmbh, Filderstadt, Germany), 2 μL droplets were dispensed onto substrates 

using an automatic pipetting unit. Measurements were taken in ambient air with a 

temperature in the range of 20–24 oC. 

4.2.3 Electrode preparation 

To prepare a working electrode, 4 mg of catalyst powder was dispersed in a solvent 

mixture containing 800 μL ultrapure water, 150 μL isopropanol, and 50 μL of 5% Nafion 

perfluorinated resin solution (5 wt.% in lower aliphatic alcohols and 15-20% water) under 

sonication for 1h to obtain a homogeneous ink. Afterwards, 200 μL of the catalyst ink was 

drop-casted on the center of a 25mm × 25mm glassy carbon plate (HTW Hochtemperatur-

Werkstoffe GmbH, Germany) and dried at room temperature. The geometric surface area of 
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the working electrode exposed to the electrolyte was equal to 1 cm2 and the catalyst loading 

was equal to 0.8 mg/cm2. 

A 25 mm × 25 mm × 0.1 mm platinum foil (99.9 %, Mateck, Germany) was used as 

counter electrode. The counter electrode was cleaned by flame annealing 3 times to remove 

any possible impurities before use. A leak-free Ag/AgCl electrode (40 mm length, Innovative 

instrument, USA) was used as reference electrode. The reference electrode was checked 

every time before use by comparing with a master Ag/AgCl reference electrode (BASi, MF-

2056, USA), which is never used experimentally and is kept in pristine working condition. 

4.2.4 Electrochemical measurements 

Electrochemical measurements of different catalysts were performed in a gas-tight 

two-compartment H-cell at ambient conditions. Each compartment contained 1.8 mL of 0.1 

M KHCO3 electrolyte, with the anode and cathode compartment separated by a SelemionTM 

AMV anion exchange membrane (AGC group, Japan).33 Before electrolysis, the electrolyte 

was purged with CO2 for at least 15 min to saturate the 0.1 M KHCO3 electrolyte. A Biologic 

SP-200 potentiostat (Biologic, France) was used to control the potential and measure the 

resulting currents. All potentials in this study are converted to the reversible hydrogen 

electrode (RHE) scale according to the formula: E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 + 

0.059 * pH. Linear sweep voltammograms (LSV) were recorded in Ar-saturated (pH = 8.3) 

and CO2-saturated (pH = 6.8) 0.1 M KHCO3 electrolytes at a scan rate of 5 mV/s. The 

electrochemically active surface areas (ECSA) of the electrodes were determined by 

measuring the double layer capacitance (Cdl), which were derived from cyclic voltammetry 

measurements with a scan rate at 5, 10, 25, and 50 mV/s in a potential window from 0.45 

to 0.55 V vs. RHE. The Cdl was estimated by plotting the △j (ja – jc)/2 at 0.50 V vs. RHE against 

the scan rates, where the slope of the plot gives the Cdl. Chronoamperometric electrolysis 

measurements were conducted for 7 different potentials from –0.5 to –1.1 V vs. RHE (with 

iR-compensation), and each potential was applied for 1h. The cell resistance (Ru) was 

measured by potentiostatic electrochemical impedance spectroscopy (PEIS). Automatic 

ohmic drop correction corrected for 85% of Ru during CO2RR measurements, while the 

remaining 15% was corrected manually afterwards. During the chronoamperometry tests, 

CO2 was purged continuously into the catholyte with a flow rate of 8 mL/min through a mass 

flow controller (EL-FLOW Select, Bronkhorst). The gaseous products from the catholyte 

compartment were measured every 2 min by an in-line gas chromatograph (Compact GC 

4.0, G.A.S). The GC was equipped with a flame ionization detector (FID) to measure the 

hydrocarbon compounds and two thermal conductivity detectors (TCD) to measure CO and 

H2, respectively. A standard calibration curve was made using custom gas mixture cylinders 

with known concentrations of product gasses in CO2 (Linde gas Benelux B.V.). An aliquot of 

the catholyte was collected at the end of the measurements and liquid-phase products were 
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quantified using a high-performance liquid chromatograph (HPLC, Agilent 1260 Infinity). 5 

µL of the liquid sample was injected on two Aminex HPX 87-H columns (Biorad) placed in 

series. The column oven temperature was maintained constant at 60 oC, with a steady flow 

of rate of 0.6 mL/min of an aqueous 1 mM H2SO4 eluent and a refractive index detector (RID) 

was used for product detection. The total current density and the faradaic efficiency of 

gaseous products for each sample are average values that were collected from the reaction 

interval between 42 to 54 minutes, where a relatively stable CO2RR performance is obtained. 

 

4.3 Results and Discussions 

4.3.1 Effect of carbonization temperature 

SEM and TEM measurements were performed to visualize the morphology of the 

activated N-doped biochar (ANBCT) samples prepared at different temperatures (see Figure 

4.1). As the carbonization temperature increased from 600 to 900 oC, similar morphological 

structures are observed with SEM which displayed an intertwined particle-stacked structure 

with multilevel channels. SEM-EDS measurements confirmed that N heteroatoms were 

doped uniformly into the carbon framework (see Figure S4.1). To further study the 

microstructure of the prepared samples, TEM measurements were carried out. As shown in 

Figure 4.1b and d, numerous micropores can be observed in the catalysts prepared at 600 

and 700 oC. At higher carbonization temperatures, mesopores and wrinkled nano-textures 

were generated and can be observed clearly in the catalysts prepared at 800 and 900 oC.  
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Figure 4.1 SEM (left) and TEM (right) images of ANBC600: (a), (b); ANBC700: (c), (d); 

ANBC800: (e), (f); and ANBC900: (g), (h). 

 

To further evaluate the porosity of the ANBCT catalysts, N2 adsorption-desorption 

isothermal analyses were executed. As shown in Figure 4.2a, the isotherms of ANBC600, 

ANBC700 and ANBC800 can be categorized into a combined type I and type IV isotherm 

according to the IUPAC classification. The isotherm increased rapidly at low relative pressure 

(P/P0 < 0.05) and then remained almost constant. A small hysteresis loop can be observed 

in these isotherms, which indicates that a small amount of mesopores were developed in 

these samples. In addition, the small upturned tail observed at high relative pressure (P/P0 > 

0.95), indicates that macropores retain in these samples. The isotherm of ANBC900 can be 
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classified as type IV. An apparent H4 hysteresis loop in the relative pressure ranges from 0.45 

to 0.95 suggests the existence of mesopores, which agrees well with the TEM images. The 

pore size distribution of ANBCT samples calculated by a Density Functional Theory (DFT) 

model is shown in Figure 4.2b. The pore structural properties are summarized in Table S4.2. 

Overall, with an increase of carbonization temperature, the ANBC samples exhibit a broader 

pore size distribution. Moreover, the specific surface area increases from 450.5 m2/g for 

ANBC600 to 1426.9 m2/g for ANBC800 with the increase of carbonization temperature from 

600 oC to 800 oC. As the carbonization temperature increased further to 900 oC, the specific 

surface area of ANBC900 decreased slightly to 1228.7 m2/g. However, the total pore volume 

kept increasing with rising carbonization temperatures. The increase in specific surface area 

and total pore volume is explained by a more efficient reaction of the activator (NaOH) with 

the bagasse and urea with increasing carbonization temperatures.34 When the carbonization 

temperature is increased to 900 oC, the extreme temperature damages the structure and 

part of the micropores collapse or merge into mesopores.35 This leads to a decrease in 

specific surface area but an increase in total pore volume. Therefore, the ratio of mesopores 

(56.3%) and the average pore size (2.7 nm) of ANBC900 are larger than for other samples 

(Table S4.2), which is consistent with the TEM results. In summary, these results indicate 

that the carbonization temperature plays a vital role in the porosity development of the 

ANBC samples.  

The XRD patterns of the ANBCT samples are plotted in Figure 4.2c. All of the ANBCT 

samples show two broad diffraction peaks located at around 2θ = 25o and 44o, which are 

ascribed to the (002) and (100) planes of graphite, showing as dominant feature of 

amorphous carbon.36 Notably, the (002) peak reflection of ANBC900 shifts slightly to around 

26o, indicating a higher degree of graphitization than other samples.37 The Raman spectra in 

Figure 4.2d show two intensive peaks centered at around 1350 cm-1 and 1590 cm-1 that are 

attributed to the D band and G band of carbon materials. In particular, ANBC900 shows 

another distinct peak at 2700 cm-1, which is considered as a typical signal of a 

graphite/graphene structure,38 indicating that ANBC900 has a higher degree of 

graphitization. The relative intensity ratio of the D and G bands (ID/IG) is used as an index to 

evaluate the abundance of defects of carbon materials, with higher ID/IG value indicating a 

larger amount of defects.39 The ID/IG values of ANBCT samples show a slowly increasing trend 

from 1.029 (ANBC600) to 1.101 (ANBC800) and then a slight decrease to 0.949 as the 

temperature rises to 900 oC. This suggests that the activator and nitrogen precursor create 

more defects in the carbon structure from 600 to 800 oC. However, the extremely high 

temperature (900 oC) also promotes the structural alignment by removing heteroatoms, 

thus increasing the degree of graphitization.40 Therefore, the carbonization temperature 

leads to a trade-off between the abundance of defects and the degree of graphitization. 
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Figure 4.2 (a) N2 adsorption-desorption isotherms; (b) Pore size distribution; (c) XRD 

patterns and (d) Raman spectra of the ANBCT samples with different carbonization 

temperatures. 

 

X-ray photoelectron spectroscopy (XPS) was used to verify the surface chemical 

composition of the ANBCT samples.41 In the XPS survey scan spectra (Figure S4.2), three 

obvious peaks located at around 285.1, 400.1 and 533.3 eV are observed that are ascribed 

to C 1s, N 1s, and O 1s, respectively. The surface atomic element concentrations are 

summarized in Table S4.3. With the carbonization temperature increasing from 600 oC to 

900 oC, the surface concentrations of N and O are gradually reduced, however, the atomic 

concentration of C gradually increases from 82.5 at.% (ANBC600) to 92.7 at.% (ANBC900). 

This indicates that the higher carbonization temperature can effectively increase the degree 

of graphitization and leads to the removal of more heteroatoms. The high-resolution N 1s 

spectra of the ANBCT samples (Figure 4.3) are deconvoluted into four peaks at around 398.7, 

400.3, 401.8 and 404.9 eV, corresponding to pyridinic N, pyrrolic N, graphitic N, and oxidized 

N configurations, respectively. With the increase in carbonization temperature, only the 

percentage of oxidized N showed a decreasing trend, while the percentage of pyridinic N, 
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pyrrolic N and graphitic N did not exhibit a clear trend. At all different carbonization 

temperatures, pyrrolic N is the main component, followed by pyridinic N and graphitic N. 

The high-resolution C 1s spectra of the ANBCT samples are shown in Figure S4.3. The C 1s 

can be resolved into three individual peaks at around 284.8, 285.7 and 288.0 eV, referring 

to C-C, C-N and C-O, respectively.42 The percentage of C-C (sp2 carbon) from the 

deconvolution of high-resolution C 1s spectra is used as a descriptor to estimate the degree 

of graphitization of carbon materials.43 The percentage of C-C (sp2 carbon) shows an 

increasing trend with the increase of carbonization temperature, from 37.6% (ANBC600) to 

46.7% (ANBC900), suggesting that the higher carbonization temperature induces a higher 

degree of graphitization of ANBCT samples. 

 

Figure 4.3 XPS high-resolution N 1s spectra of (a) ANBC600; (b) ANBC700; (c) ANBC800 and 

(d) ANBC900. 

 

To understand the hydrophilicity/hydrophobicity of the ANBCT samples, static contact 

angle measurements were carried out by the sessile drop method on the as-prepared 
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electrode. The contact angle of fresh and used electrodes for each sample is depicted in 

Figure S4.4 and the data of each trial is summarized in Table S4.4. The contact angle 

increases with increasing carbonization temperature and gradually becomes stable. 

ANBC600 shows hydrophilicity, while the other samples show hydrophobicity, which can be 

explained by the removal of more hydrophilic O-containing and N-containing functional 

groups at higher carbonization temperature, thus making the carbon surface more 

hydrophobic.44 The comparison between fresh and used samples (after CO2 electrochemical 

reduction) shows that the hydrophilicity/hydrophobicity characteristics of the N-doped 

biochar remained stable after 1 h CO2 electrolysis. 

Linear sweep voltammograms (LSV) were recorded in an Ar-saturated and CO2-

saturated 0.1 M aqueous KHCO3 electrolyte at a scan rate of 5 mV/s to examine the 

electrochemical response of the ANBCT samples. As shown in Figure S4.5, all of the ANBCT 

samples exhibit a larger current density in the CO2-saturated electrolyte than in the Ar-

saturated electrolyte, suggesting that the biochars are active for the CO2 reduction reaction. 

The voltammograms in a CO2-saturated electrolyte are plotted in Figure 4.4a, and show that 

all the samples have a similar onset potential but reach different current densities in a 

potential window from -0.2 to -1.1 V vs. RHE. Among them, ANBC600 shows a lower current 

density than other samples, which is attributed to its lower carbonization temperature. The 

lower degree of graphitization, smaller specific surface area, and less porosity jointly 

determine the poor electrochemical activity of ANBC600. 

To further evaluate the catalytic performance of the ANBCT samples, 

chronoamperometry measurements were performed for all samples at cathode potentials 

from -0.5 to -1.15 V vs. RHE (with iR compensation, Figure S4.6). During these one-hour 

experiments, gaseous products were measured over two-minute intervals with an in-line 

gas chromatograph (GC) and aliquots of the electrolyte were injected into a high-

performance liquid chromatograph (HPLC) to quantify liquid products. CO and H2 were 

detected as the dominant gas products, while trace amount of CH4 (<1%) were detected at 

applied potentials more negative than -1 V vs. RHE. No liquid products were detected by 

HPLC. The faradaic efficiencies (FE) of CO for the ANBCT samples are presented in Figure 

4.4b, where the FECO of all samples increased from -0.5 to -0.8V vs. RHE, reaching a 

maximum value at around -0.8 or -0.9 V vs. RHE and then declining with the potential 

becoming more negative. This decline at higher applied potentials can be mainly attributed 

to the competition with the hydrogen evolution reaction (HER).45 Figure 4.4b clearly shows 

that the FECO increases with increasing carbonization temperature, with ANBC800 exhibiting 

the highest FECO (89.3%) of all samples at -0.82V vs. RHE. Interestingly, the FECO shows a 

significant increase when the carbonization temperature is increased from 600 oC to 700 oC, 

while it only shows a slight increase when the carbonization temperature is increased from 

700 oC to 900 oC. Similarly, the total current density (jTotal) increases with the increase of 



 

126 
 

4 

carbonization temperature (see Figure 4.4c). Both ANBC800 and ANBC900 show a high FECO 

and the highest partial current density toward CO (jCO) as shown in Figure 4.4d. Moreover, 

the jCO curves show significant differences in catalytic activity with ANBC600 showing almost 

no activity toward CO2 reduction. Additionally, the FEH2 and jH2 are presented in Figure S4.7, 

with the FEH2 showing an opposite trend to that of FECO and ANBC900 showing the lowest 

FEH2 values, indicating that it is least active towards the HER. 

 

Figure 4.4 (a) LSV curves recorded in a CO2-saturated 0.1 M KHCO3 electrolyte; (b) FE of CO 

production at applied potentials from -0.5 to -1.15 V vs. RHE; (c) Total current density at 

different applied potentials; (d) Partial current density of CO at different applied potentials; 

(e) Nyquist plots for the ANBCT samples; (f) Tafel plots of CO partial current density for the 

ANBCT samples in CO2-saturated 0.1 M KHCO3 electrolyte. 

 

Electrochemical impedance spectroscopy (EIS) was used to evaluate the charge transfer 

resistance of all ANBCT samples (see Figure 4.4e). ANBC900 shows the lowest charge 

transfer resistance (Rct) compared to other samples, suggesting faster charge transfer during 

the CO2RR.46 The CO2RR kinetics for the ANBCT samples were determined by plotting the 

Tafel slopes using the jCO (Figure 4.4f). ANBC900 shows a lower Tafel slope (~132 mV/dec) 

than other samples, implying faster kinetics for CO formation.47 The electrochemically active 

surface areas (ECSA) of ANBCT samples were determined by the double layer capacitance 

(Cdl) from cyclic voltammetry measurements (see Figure S4.8). With the increase of 

carbonization temperature, the Cdl value increases from 1.07 mF to 2.06 mF and then 

decreases to 1.50 mF. The measured Cdl shows a clear correlation with the specific surface 
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area of ANBCT samples determined with N2 adsorption-desorption isothermal analyses. 

However, there is no clear correlation between the Cdl values and the N-doping content of 

the samples. Even though the Cdl of ANBC800 is higher than ANBC900, they still show similar 

performance for CO2RR. To further confirm that the detected CO originates from CO2 

reduction instead of from the decomposition of carbon catalysts, control tests were carried 

out with a Ar-saturated electrolyte at -0.8 V vs. RHE. As shown in Figure S4.9, only H2 was 

detected during the Ar-saturated electrolysis, proving that the CO was produced from CO2. 

The carbonization temperature has a crucial influence on the physicochemical 

properties of N-doped biochar catalysts, which further affects its electrochemical 

performance for the CO2RR. In general, the N-doped biochar synthesized at higher 

carbonization temperatures shows a better performance. In particular, ANBC800 and 

ANBC900 exhibit similar electrochemical performances, although they show significant 

differences in physicochemical properties, including N-doping content, specific surface area, 

porosity, and the degree of graphitization, etc. We find that the CO2RR performance of N-

doped biochar is synergistically influenced by a multitude of the physicochemical properties. 

For instance, the local environment surrounding the active sites has a critical impact on the 

expression of the electrocatalytic performance.48 Our results show that the 

hydrophilicity/hydrophobicity of the N-doped biochar is strongly correlated with the FECO. 

Increasing the carbonization temperature leads to a higher hydrophobicity of the carbon 

catalysts, which enhances the FECO by inhibiting the HER. Moreover, the higher carbonization 

temperature leads to the removal of more heteroatoms, which improves the conductivity 

of the carbon catalysts. The higher carbonization temperature thereby causes smaller 

charge transfer resistances and results in faster CO2 conversion kinetics to CO, which can be 

considered as an important feature to improve the catalytic performance for the CO2RR. 

 

4.3.2 Effect of N-doping level 

To further investigate the effect of N-doping on the electrochemical performance for 

the CO2RR, we synthesized a series of N-doped biochar catalysts with different amounts of 

N-doping by modifying the amount of urea added during the preparation processes. Taking 

into account the product selectivity and catalytic activity of the catalysts, ANBC800 was 

selected as reference material as it exhibited a high catalytic performance and had a higher 

carbon yield than ANBC900 (Table S4.1). The specific preparation procedure for the 

ANBC800-XN samples with modified N-doping amounts can be found in Table S4.1. The 

designation of the samples depends of the amount of urea addition. ANBC800-SN, 

ANBC800-LN, and ANBC800-HN imply that the ratio of bagasse to added urea to NaOH is 1: 

0.5: 3, 1: 1: 3, and 1: 3: 3, respectively. The carbon yield increased from 1.6 wt.% (ANBC800-

SN) to 11.8 wt.% (ANBC800-HN) with increasing urea addition. As the thermal 
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decomposition of urea is an endothermic reaction, the lower amount of urea additions 

consume less heat, which improves the biomass-activator interaction, and results in a lower 

carbon yield. Conversely, a higher urea addition leads to more heat consumption during the 

pyrolysis, which weakens the interaction between the NaOH activator and the bagasse, 

resulting in a higher carbon yield. 

The SEM and TEM images of the ANBC800-XN samples are depicted in Figure 4.5. SEM 

images show the morphology of the carbon samples and the EDS images (Figure S4.10) show 

the elemental distribution. With low amounts of urea used during synthesis, for example 

with ANBC800-SN and ANBC800-LN, a larger bulk particle-stacked structure (Figure 4.5a and 

c) is observed. This effect is attributed to the stronger interaction between bagasse and 

NaOH, causing the collapse and shrinkage of the carbon materials, thus resulting in denser 

particles.49 When the urea addition was higher, with ANBC800 and ANBC800-HN, a fluffier 

particle-stacked 3D structure is observed. The mesoporous structure of all ANBC800-XN 

samples can be clearly observed in the TEM images shown in Figure 4.5. Although the TEM 

images cannot quantify the size and proportion of mesopores, they illustrate that the 

mesoporous structures are effectively generated by the etching effect of the activator 

(ANBC800-SN and ANBC800-LN) and by gas-solid interaction reactions (ANBC800 and 

ANBC800-HN). 
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Figure 4.5 SEM (left) and TEM (right) images of ANBC800-SN: (a), (b); ANBC800-LN: (c), (d); 

ANBC800: (e), (f); and ANBC800-HN: (g), (h). 

 

The mesoporosity of the samples is also reflected in the N2 adsorption-desorption 

measurements. As shown in Figure 4.6a, ANBC800-SN and ANBC800-LN exhibit a clear 

hysteresis loop at relative pressures from 0.45 to 0.95, indicating that a large number of 

mesopores were created. For ANBC800 and ANBC800-HN this hysteresis loop is almost 

negligible, suggesting a lower percentage of mesopores. Figure 4.6b displays the pore size 

distribution of the ANBC800-XN samples which was calculated by a DFT model. ANBC800-

SN and ANBC800-LN show a broad pore size distribution and the peak is mainly centered at 

around 3 nm. However, ANBC800 and ANBC800-LN show a relatively narrow pore size 
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distribution and the pore size is concentrated at around 2 nm. The textural properties of the 

ANBC800-XN samples are summarized in Table S4.2. Both ANBC800-SN and ANBC800-LN 

display a large specific surface area (>2100 m2/g) and larger ratio of mesopores (75.3% and 

66.2%, respectively), which is mainly ascribed to the adequate reactions between bagasse 

and NaOH. By contrast, ANBC800 only has a specific surface area of 1426.9 m2/g and less 

than 20% mesopores. The specific surface area, total pore volume and ratio of mesopores 

for ANBC800-HN increased slightly compared to ANBC800. Despite the higher amount of 

urea added, leading to a higher heat consumption resulting in weaker biomass-activator 

interactions, the large amount of NH3 released from urea decomposition etches the carbon 

skeleton, thereby increasing the specific surface area and total pore volume of the catalyst 

with respect to ANBC800.36,50 Thus, the effect of the added amount of urea and the effect 

of the added activator jointly influences the development of porosity of N-doped biochar. 

The XRD patterns of all the ANBC800-XN samples show coinciding characteristic peaks of 

the (002) and (100) planes of graphite (Figure 4.6c). The (002) peak reflection of ANBC800-

SN and ANBC800-LN shifts to around 26o, indicating a higher degree of graphitization than 

for the other samples. Similar conclusions can also be drawn from the Raman spectra 

depicted in Figure 4.6d, where ANBC800-SN shows a lower ID/IG value (0.938) than other 

samples and also shows a 2D band at around 2700cm-1, implying a higher degree of 

graphitization for ANBC800-SN. The ID/IG value increases from 0.938 to 1.109 with the 

increase in urea addition, since more urea will bring about more defects due to the etching 

of the carbon skeleton by NH3
45. Therefore, although the carbonization temperature is the 

same, the different urea additions affect the structural properties of the carbon materials.  
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Figure 4.6 (a) N2 adsorption-desorption isotherms; (b) Pore size distribution; (c) XRD 

patterns and (d) Raman spectra of the ANBC800-XN samples with different N-doping 

contents. 

 

The full survey spectra of all the ANBC800-XN samples in Figure S4.11 reveal the 

presence of C, N, and O on the carbon surface and no other elements were detected. As 

shown in Table S4.3, the atomic concentration of N on the carbon surface increased 

gradually from 3.19 at.% (ANBC800-SN) to 3.49 at.% (ANBC800-LN) and further to 3.73 at.% 

(ANBC800) and 4.19 at.% (ANBC800-HN) with the increase of employed urea addition, but 

the concentration of C and O did not show an apparent trend with the changing of urea 

addition. In Figure 4.7, the high-resolution N 1s spectra of the ANBC800-XN samples are 

fitted into four individual peaks, corresponding to pyridinic N, pyrrolic N, graphitic N and 

oxidized N. At the same carbonization temperature, the increase of total N-doping level did 

not have a significant effect on the distribution of different N-containing species. Pyrrolic N 

is still the main component, followed by pyridinic N, graphitic N and oxidized N species. The 

high-resolution C 1s spectra of the ANBC800-XN samples are deconvoluted into three peaks, 

as shown in Figure S4.12, referring to C-C, C-N, and C-O.42 All of the ANBC800-XN samples 
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show a similar percentage of C-C (sp2) carbon (40.5% - 46.5%), suggesting that modulating 

the N-doping level has a limited effect on the degree of graphitization of N-doped biochar 

at the same carbonization temperature. 

 

Figure 4.7 High-resolution N 1s spectrum of (a) ANBC800-SN; (b) ANBC800-LN; (c) 

ANBC800 and (d) ANBC800-HN. 

 

The surface hydrophobicity measurements of the ANBC800-XN samples were carried 

out by static contact angle tests. As shown in Figure S4.13, due to the same carbonization 

temperature, all catalysts showed similar hydrophobicity on the surface. With the increase 

of N-doping, the increase of N-containing functional groups on the surface can improve the 

surface wettability of porous carbon materials, resulting in a slight decrease of surface 

hydrophobicity.51 The comparison of the contact angle of the fresh and used electrodes also 

shows that the hydrophobicity of the drop-cast catalysts is stable. 
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The LSV tests in Ar-saturated and CO2-saturated 0.1 M KHCO3 electrolytes are shown in 

Figure S4.14. ANBC800-SN shows almost the same catalytic activity in the Ar-saturated and 

CO2-saturated electrolyte. ANBC800-LN and ANBC800-HN exhibit a slightly improved 

current density in a CO2-saturated electrolyte with respect to the Ar-saturated electrolyte. 

However, this difference in current density diminishes as the potential becomes more 

negative, and even the ANBC800-HN displays a smaller current in a CO2-saturated 

electrolyte than the Ar-saturated electrolyte at -1.0 to -1.1 V vs. RHE. Only ANBC800 

maintains better CO2RR activity at -0.2 to -1.1 V vs. RHE. According to the comparison from 

Figure 4.8a, ANBC800 shows higher current density in CO2-saturated electrolysis than the 

other samples. The onset potential is similar for each sample. The chronoamperometry 

results are depicted in Figure S4.15 and the FECO of all samples are presented in Figure 4.8b, 

where ANBC800-SN, with the lowest N-doping level (3.19 at.%), shows a relatively poor FE 

towards CO (68.2%). When the N-doping content was raised to 3.49 at.%, the FECO of 

ANBC800-LN showed a better FECO at all potentials than the other samples, reaching a FECO 

of 94.9% at -0.82 V vs. RHE. When the N-doping is further increased to 3.73 at.% for 

ANBC800 and 4.19 at.% for ANBC800-HN, the FECO is slightly reduced. ANBC800 shows a 

higher total current density than other samples, as shown in Figure 4.8c. Although ANBC800 

shows a slightly lower FECO than ANBC800-LN, it maintains a larger partial current density 

toward CO than the other samples due to its higher activity (see Figure 4.8d). The FEH2 and 

jH2 are presented in Figure S4.16 and show that ANBC800-SN exhibits higher activity toward 

HER at more negative potentials. The obtained results illustrate that the product selectivity 

to CO and catalytic activity of the catalysts are not consistently enhanced by increasing the 

amount of N-doping. Taking into account the charge transfer resistance of the catalysts, as 

shown in Figure 4.8e, ANBC800 exhibits smaller resistance than other samples, indicating 

the charge transfer is more rapid than other samples. The Tafel plots are depicted in Figure 

4.8f, with ANBC800-SN, ANBC800-LN, ANBC800 and ANBC800-HN displaying Tafel slopes of 

187, 151, 138, and 127 mV/dec, respectively. All Tafel slopes are close to the theoretical 

value of 118 mV/dec (except for ANBC800-SN), suggesting that the rate determining step of 

CO2RR for these samples is the single electron transfer to the adsorbed CO2 to generate 

*CO2
- intermediates.26,52 The ECSA measurement results of the ANBC800-XN samples are 

shown in Figure S4.17. Although ANBC800 and ANBC800-HN exhibit smaller specific surface 

area than ANBC800-SN and ANBC800-LN, their Cdl is higher than ANBC800-SN and ANBC800-

LN, which is attributed to the higher percentage of micropores in these samples.53 On the 

contrary, the larger pore sizes of ANBC800-SN and ANBC800-LN lead to a lower 

capacitance.54 The Cdl of all samples does not show a clear correlation with the catalytic 

performances, indicating that not all of the electrochemically active sites show catalytic 

activity to CO2RR. The results of control tests in Figure S4.18 confirm that CO2 is the only 

carbon source for CO production. 
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Figure 4.8 (a) LSV curves recorded in a CO2-saturated 0.1 M KHCO3 electrolyte; (b) FE of CO 

production at applied potentials from -0.5 to -1.15 V vs. RHE; (c) Total current density at 

different applied potentials; (d) Partial current density of CO at different applied potentials; 

(e) Nyquist plots for the ANBC800-XN samples; (f) Tafel plots of CO partial current density 

for the ANBC800-XN samples in CO2-saturated 0.1 M KHCO3 electrolyte. 

 

In summary, we synthesized ANBC800-XN samples with different N-doping levels by 

adjusting the amount of urea addition during the preparation process and analyzed their 

physicochemical properties and electrochemical performance. Although all samples were 

prepared at the same carbonization temperature, the interaction between bagasse, urea 

and NaOH was affected by the different amounts of urea addition, which changed the N-

doping level, and also showed a significant effect on the pore structures of the catalysts. 

Among the synthesized samples, ANBC800-SN and ANBC800-LN exhibit an impressively 

large specific surface area (>2100 m2/g) and a high ratio of mesopores (>60%), but a 

relatively low N-doping level of 3.19 at.% and 3.49 at.%, respectively. ANBC800 and 

ANBC800-HN show relatively lower specific surface area and the ratio of mesopores, but a 

higher N-doping level of 3.73 at.% and 4.19 at.%, respectively. We demonstrate that neither 

the N-doping level nor the specific surface area are positively correlated to the observed 

CO2RR performance of N-doped biochar catalysts, which is consistent with other literature 

findings.55 Although ANBC800-SN and ANBC800-LN show a similar specific surface area and 

N-doping content, ANBC800-SN does not show a similar CO2RR performance as ANBC800-

LN. This is probably due to the excessive percentage of mesopores of ANBC800-SN (75.3%) 
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that is not favorable for the adsorption of reactants and intermediates on the carbon surface, 

resulting in a lower FE and current density towards CO. Therefore, the contribution of 

micropores should not be underestimated. For example, Estevez et al. found that a higher 

microporous content can enhance the CO2 capture performance.56 Additionally, Liu et al. 

reported a coal-based N-doped carbon catalyst for CO2RR and emphasized that the spatial 

confinement effect of the micropores can help to CO2 convert to CO efficiently.20 Therefore, 

we hypothesize that a rational adjustment of the porosity of the catalyst, namely, the trade-

off between mesopores and micropores structures, is crucial for the synthesis of superior 

CO2RR electrocatalysts. 

 

4.3.3 Understanding the correlation between physicochemical properties and 

electrochemical performance 

As discussed above, the surface chemistry, the porous structure, the abundance of 

defects, the degree of graphitization and surface hydrophobicity of N-doped carbon 

catalysts all have a critical impact on their catalytic performance. Therefore, the overall 

performance of the catalysts for the CO2RR cannot simply be reflected by one or two 

indicators. Therefore, a multivariate correlation analysis which combines the 

electrochemical performance and physicochemical properties of the N-doped biochar 

catalysts was carried out. The electrochemical performances of all samples were 

represented by the FECO and jCO at around -0.81 V vs. RHE, where most of the catalysts show 

their maximum FE to CO. The physicochemical properties were represented by the 

performed characterization of the surface chemical composition (the total N content, 

amount of pyridinic N, graphitic N, the percentage of sp2 carbon and the ratio of O 1s/C 1s 

from XPS), the pore structure (the specific surface area, total pore volume, micropore 

volume, mesopore volume, mesopore ratio, and average pore size from N2 adsorption-

desorption), the abundance of defects and the degree of graphitization (ID/IG ratio from 

Raman spectroscopy), and the surface hydrophobicity (contact angle measurements). JMP 

software was employed to perform the multivariate correlation analysis.57 The resulting heat 

maps in Figure 4.9, which use Pearson correlation coefficients, were generated to visualize 

the correlation between pairs of variables. The red color indicates that the correlation 

coefficient is close to 1, suggesting a positive correlation, the blue color indicates that the 

correlation coefficient is close to -1, referring to a negative correlation and the light grey 

color indicates the coefficient is close to 0, implying that there is no correlation. More 

detailed multivariate scatterplots can be found in Figure S4.19 and Figure S4.20. 
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Figure 4.9 Heat maps indicating Pearson correlation between (a) FECO at -0.81 V vs. RHE 

and different physicochemical properties; (b) |jCO| at -0.81 V vs. RHE and different 

physicochemical properties. 

 

As shown in Figure 4.9a and b, the heat maps reveal a negative correlation between 

the surface N-doping content and the FECO and jCO. Furthermore, both pyridinic-N and 

graphitic-N show a negative correlation with the electrochemical performance for CO2RR. 

This negative correlation does not mean that less N-doping will result in better catalytic 

performance, it however does show that increasing the N-doping content is not an effective 

way to improve the catalytic performance for the CO2RR. The percentage of sp2 carbon 

positively correlate with the FECO and jCO, indicating that improving the degree of 

graphitization is helpful for the CO2RR performance on N-doped carbon catalysts. The ratio 

of O 1s/C 1s shows a negative correlation with the FECO and jCO, suggesting the O-containing 

functional groups on the carbon surface hinder the catalytic performance. Interestingly, the 

porous structural properties of the catalysts show a positive correlation with the FECO (Figure 

4.9a), indicating that increasing the specific surface area, micropore volume and average 

pore size of the catalyst is an effective way to improve the product selectivity of the catalyst. 

However, the properties of these porous structures (except micropore volume) have almost 

no correlation with the partial current density of CO (Figure 4.9b). The abundance of defects 

(the ID/IG value) on the carbon surface shows a weak positive correlation with both the FECO 

and jCO. The surface hydrophobicity also exhibits a positive correlation with both the FECO 

and jCO, which indicates that this is an important parameter that significantly affects the 

CO2RR performance. 

Although the multivariate correlation analysis does not reveal the active sites for CO2RR 

on N-doped biochar, it highlights the importance of other physicochemical properties of N-
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doped biochar, which are usually overlooked. For instance, enhancing the degree of 

graphitization of N-doped carbon is helpful to improve the electrical conductivity, leading to 

improvement in the current densities on N-doped biochar catalysts. However, the 

graphitization process also promotes the structural alignment by removing heteroatoms and 

defects, leading to the removal of active sites on N-doped carbon and a subsequent 

decrease in the product selectivity for the CO2RR. On the other hand, the hydrophobicity of 

the N-doped biochar catalysts is improved with the increase of the degree of graphitization, 

by removing the O-containing and N-containing functional groups. The higher 

hydrophobicity can improve the CO2RR performance by suppressing the competitive HER 

reaction. Furthermore, modulating the porosity, especially the percentage of mesopores of 

N-doped biochar, is helpful to improve the CO2 transport within the catalyst, which also 

promotes the CO2RR performance. 

In addition, some interesting correlations between different physicochemical 

properties are observed. For instance, the N-containing and O-containing species on the 

carbon surface show a negative correlation to the structural properties of the N-doped 

biochar catalysts. This is due to the enhancement of the porous structure during the 

carbonization process which is inevitably accompanied by the removal of heteroatoms. The 

surface hydrophobicity also shows a negative correlation to the surface heteroatom content, 

indicating that either N-containing species or O-containing species will reduce the 

hydrophobicity of the catalyst surface. However, the surface hydrophobicity shows a positive 

correlation with the porous structural properties. 

Through the multivariate correlation analysis, we show a comprehensive analysis of the 

relationship between physicochemical properties and electrochemical performance. 

Although the limited number of samples cannot perfectly describe the correlation between 

the physicochemical properties and the electrochemical performance, our analysis is a 

useful guide for the design of N-doped carbon catalysts for the CO2RR. Our results indicate 

that simply enlarging the specific surface area and increasing the N-doping level of N-doped 

biochar catalysts is not an effective way to improve the CO2RR performance. However, 

improving the surface hydrophobicity, the abundance of defects and optimizing the porosity 

distribution of N-doped carbon can significantly improve the overall catalytic performance 

for CO2 electrochemical reduction. It is important to note that the synergistic effect of 

various physicochemical properties, including N-doping content, specific surface area, 

porosity, degree of graphitization, the abundance of defects and hydrophobicity, jointly 

determine the CO2RR performance of N-doped biochar catalysts. Therefore, successfully 

revealing the structural-activity relationship of N-doped carbon catalysts for CO2RR needs a 

more systematic and comprehensive analyses. 
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4.4 Conclusions 

In this study, we prepared N-doped carbon materials with different physicochemical 

properties and analyzed their electrochemical performances by controlling different 

carbonization temperatures and urea additions. Electrochemical measurements 

demonstrate that the higher carbonization temperature helps the N-doped carbon exhibit 

better electrochemical performance for the CO2RR, even with lower N-doping levels. 

ANBC800 achieves 89.3% faradaic efficiency to CO with a CO partial current density of -1.59 

mA/cm2 at -0.82 V vs. RHE. However, increasing the amount of N-doping did not effectively 

improve the performance of the catalysts for CO2RR. Adjusting the urea addition during the 

preparation process not only results in different amounts of N-doping, but also dramatically 

changes the structural properties of the carbon material. In spite of showing a specific 

surface area larger than 2100 m2/g, ANBC800-SN does not exhibit superb catalytic 

performance for CO2RR. In contrast, ANBC800-LN shows a similar specific surface area as 

ANBC800-SN but with a higher N-doping, and it exhibits 94.9% FE to CO at -0.82 V vs. RHE. 

However, its lower catalytic activity leads to a lower partial current density for CO than 

ANBC800. These results further suggest that the CO2RR performance of N-doped biochar is 

dependent on the synergistic effect of different physicochemical properties. The 

contribution of N-doping and specific surface area should therefore not be overemphasized. 

Further, a statistical-based multivariate correlation analysis visualizes the correlation 

between physicochemical properties and the electrocatalytic performances of the carbon 

materials prepared in this study. The N-doping content shows a negative correlation with 

the CO2RR performance. The porous structural properties show a positive correlation to the 

FECO but almost no correlation to the jCO. Therefore, tailoring the local environment of the 

N-doped carbon catalysts, such as the degree of graphitization, surface hydrophobicity and 

the abundance of defects is crucial for optimizing the electrocatalytic performance of N-

doped carbon catalysts in CO2RR. Our data highlights the importance of a comprehensive 

analysis of the physicochemical properties of N-doped carbon catalysts for CO2RR 

performance, and enables the rational design of high-performance N-doped carbon 

catalysts for the CO2RR in the future. 
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4.5 Supporting Information 

 

Figure S4.1 SEM-EDS elemental mapping results of C, and N for (a) ANBC600; (b) ANBC700; 

(c) ANBC800; (d) ANBC900. 
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Figure S4.2 XPS survey spectra of the ANBCT samples. 
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Figure S4.3 High-resolution C 1s spectra of (a) ANBC600; (b) ANBC700; (c) ANBC800 and 

(d) ANBC900. 
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Figure S4.4 Contact angle measurements of the ANBCT samples. 
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Figure S4.5 LSV curves of (a) ANBC600; (b) ANBC700; (c) ANBC800 and (d) ANBC900 in 

Argon-saturated and CO2-saturated 0.1M KHCO3 electrolyte. 
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Figure S4.6 Chronoamperometry results of (a) ANBC600; (b) ANBC700; (c) ANBC800 and 

(d) ANBC900 at different potentials in CO2-saturated 0.1M KHCO3 electrolyte. 

 

 

Figure S4.7 (a) FE of H2 production at applied potentials from -0.5 to -1.15V vs. RHE; (b) 

Partial current density of H2 at different applied potentials. 
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Figure S4.8 CVs of (a) ANBC600, (b) ANBC700, (c) ANBC800, (d) ANBC900 from 0.45 to 0.55 

V vs. RHE at various scan rates and (e) The double layer capacitances of all samples. 
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Figure S4.9 Gas products selectivity of chronoamperometry tests with a CO2-saturated and 

Argon-saturated 0.1 M KHCO3 electrolyte at -0.8V vs. RHE of the ANBCT samples. 
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Figure S4.10 SEM-EDS elemental mapping results of C, and N for (a) ANBC800-SN; (b) 

ANBC800-LN; (c) ANBC800; (d) ANBC800-HN. 
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Figure S4.11 XPS full scan spectra of the ANBC800-XN samples. 
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Figure S4.12 High-resolution C 1s spectra of (a) ANBC800-SN; (b) ANBC800-LN; (c) 

ANBC800 and (d) ANBC800-HN. 
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Figure S4.13 Contact angle measurements of the ANBC800-XN samples. 
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Figure S4.14 LSV curves of (a) ANBC800-SN; (b) ANBC800-LN; (c) ANBC800 and (d) 

ANBC800-HN in Argon-saturated and CO2-saturated 0.1M KHCO3 electrolyte. 
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Figure S4.15 Chronoamperometry results of (a) ANBC800-SN; (b) ANBC800-LN; (c) 

ANBC800 and (d) ANBC800-HN at different potentials in CO2-saturated 0.1M KHCO3 

electrolyte. 

 

 

Figure S4.16 (a) FE of H2 production at applied potentials from -0.5 to -1.15V vs. RHE; (b) 

Partial current density of H2 at different applied potentials. 
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Figure S4.17 CVs of (a) ANBC800-SN, (b) ANBC800-LN, (c) ANBC800, (d) ANBC800-HN from 

0.45 to 0.55 V vs. RHE at various scan rates and (e) The double layer capacitances of all 

samples. 
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Figure S4.18 Gas products selectivity of chronoamperometry tests with a CO2-saturated 

and Argon-saturated 0.1 M KHCO3 electrolyte at -0.8V vs. RHE of the ANBC800-XN 

samples. 
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Figure S4.19 Scatter plot matrix for the multivariant correlation analysis between FECO at -

0.81V vs. RHE and different physicochemical properties of all ANBC catalysts. 
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Figure S4.20 Scatter plot matrix for the multivariant correlation analysis between |jCO| at -

0.81V vs. RHE and different physicochemical properties of all ANBC catalysts. 
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Table S4.1 Brief summary for the preparation of catalysts 

Sample Bagasse Urea NaOH 
Total 

Amount 

Carbonization 

Temperature 

Obtained 

Carbon 

Carbon 

Yield 

ANBC600 5g 10g 15g 30.0g 600oC 1.07g 21.4% 

ANBC700 5g 10g 15g 30.0g 700oC 0.86g 17.2% 

ANBC800 5g 10g 15g 30.0g 800oC 0.51g 10.2% 

ANBC900 5g 10g 15g 30.0g 900oC 0.23g 4.6% 

ANBC800-

SN 
5g 2.5g 15g 22.5g 800oC 0.08g 1.6% 

ANBC800-

LN 
5g 5g 15g 25.0g 800oC 0.31g 6.2% 

ANBC800 5g 10g 15g 30.0g 800oC 0.51g 10.2% 

ANBC800-

HN 
5g 15g 15g 35.0g 800oC 0.59g 11.8% 
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Table S4.2 Textural properties of different carbon catalysts 

Samples 

N2 adsorption/desorption 

SBET Smicro Vtotal(P/P0=0.95) Vmicro Vmeso Vmeso/Vt Davg 

m2/g m2/g cm3/g cm3/g cm3/g % nm 

ANBC600 450.5 420.1 0.20 0.163 0.037 18.5 1.8 

ANBC700 888.7 833.9 0.39 0.329 0.061 15.7 1.8 

ANBC800 1426.9 1298.4 0.69 0.555 0.135 19.5 2.0 

ANBC900 1228.7 812.1 0.83 0.385 0.445 53.6 2.7 

ANBC800-SN 2126.2 968.7 1.62 0.399 1.220 75.3 3.0 

ANBC800-LN 2191.9 1200.5 1.73 0.585 1.145 66.2 3.2 

ANBC800 1426.9 1298.4 0.69 0.555 0.135 19.5 2.0 

ANBC800-HN 1686.0 1453.7 0.94 0.674 0.266 28.3 2.2 
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Table S4.3 Surface elemental contents and N1s XPS data of different carbon catalysts 

Samples 
C 

(at.%) 

O 

(at.%) 

N 

(at.%) 

Pyridinic 

N(at.%) 

Pyrrolic 

N(at.%) 

Graphitic 

N(at.%) 

Oxidized 

N(at.%) 

~398.7eV ~400.3eV ~401.8eV ~404.9eV 

ANBC600 82.53 9.01 8.46 2.32 3.52 1.43 1.18 

ANBC700 84.27 8.71 7.02 2.09 2.59 1.41 0.93 

ANBC800 89.93 6.34 3.73 0.86 1.91 0.62 0.34 

ANBC900 92.65 4.37 2.98 0.82 1.25 0.64 0.26 

ANBC800-

SN 
93.20 3.61 3.19 0.99 1.60 0.32 0.28 

ANBC800-LN 88.95 7.56 3.49 1.26 1.42 0.47 0.34 

ANBC800 89.93 6.34 3.73 0.86 1.91 0.62 0.34 

ANBC800-

HN 
91.68 4.13 4.19 1.08 2.01 0.69 0.41 
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Table S4.4 Contact Angle data for different carbon samples 

Sample 

Contact angle (o) 

Drop 1 Drop 2 Drop 3 Mean 
Standard 

Deviation 

ANBC600 
Fresh 45.8 48.2 41.6 45.2 3.34 

Used 47.0 42.4 44.9 44.8 2.30 

ANBC700 
Fresh 111.3 107.1 110.1 109.5 2.16 

Used 107.1 111.8 107.5 108.8 2.61 

ANBC800 
Fresh 136.3 135.8 134.6 135.6 0.87 

Used 135.4 134.6 134.2 134.7 0.61 

ANBC900 
Fresh 141.0 136.2 133.2 136.8 3.93 

Used 138.8 136 132.7 135.8 3.05 

ANBC800-SN 
Fresh 144.7 145.5 145.6 145.3 0.49 

Used 145.4 143.7 145.3 144.8 0.95 

ANBC800-LN 
Fresh 138.6 138.6 137.7 138.3 0.52 

Used 137.7 137.4 138.5 137.9 0.57 

ANBC800 
Fresh 136.3 135.8 134.6 135.6 0.87 

Used 135.4 134.6 134.2 134.7 0.61 

ANBC800-

HN 

Fresh 135.2 135.0 135.5 135.2 0.25 

Used 134.1 134.9 133.8 134.3 0.57 
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Abstract: Electrochemical CO2 reduction to CO is a promising route for converting waste CO2 

into sustainable chemicals and fuels. While most advanced catalysts for CO production have 

been tested using pure CO2, the presence of SO2 as a main impurity in industrial CO2 streams 

presents a challenge. Several pioneering studies have explored the effects of SO2 impurities 

on metallic catalysts for CO2 reduction, but little is known about the impact on nitrogen-

doped carbon catalysts. In this study, a self-made nitrogen-doped carbon catalyst was tested 

for CO2 reduction to CO with varying concentrations of SO2 impurities. The catalyst 

outperformed an Ag foil electrode in the presence of SO2, displaying a stronger tolerance to 

higher SO2 concentrations. It maintained over 90% faradaic efficiency for CO during an 8-

hour stability measurement at -1.0 V vs. RHE with 100 ppm SO2. SEM and XPS analyses reveal 

the absence of sulfur-containing species resulting from SO2 reduction on the catalyst surface 

after these tests. Overall, our study demonstrates the strong tolerance and robustness of N-

doped carbon catalysts compared to the Ag foil for the electrochemical CO2 reduction to CO 

in the presence of SO2 impurities. 
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5.1 Introduction 

Coupling clean and renewable energy sources with the electrochemical CO2 reduction 

reaction (CO2RR) is a promising approach to convert waste CO2 to chemicals and fuels and 

to store intermittent energy in chemical bonds.1,2 Depending on the choice of electrocatalyst 

and reaction conditions, CO2 can be reduced to CO, formate, CH4, C2H4 and oxygenated 

hydrocarbons.3,4 Among these products, CO is an attractive and competitive product that 

can be generated with relatively high product selectivity, showing potential for large-scale 

applications.5 Notably, almost all of the electrocatalysts for CO production with excellent 

performances were tested under ideal reaction conditions, using high-purity CO2 gas (≥ 

99.99%) for electrochemical measurements to prevent contamination.6–9 However, 

industrial CO2-rich sources, such as exhaust streams from power plants and metallurgical 

industry, often contain various gaseous impurities such as sulfur oxides (SOx) and nitrogen 

oxides (NOx).10–12 Several recent studies have reported the effect of these gaseous impurities 

on the CO2RR on metallic catalysts. These studies show additional reactions competing with 

the CO2RR and the reconfiguration and deactivation of the catalyst surface.13–16 Although 

these impurities can be removed by scrubbing and absorption to obtain high-purity CO2, 

several techno-economic analyses have shown that the purification processes significantly 

increase the cost for CO2 utilization.17,18 In this sense, developing a stable catalyst that is not 

affected by feedstock impurities can become crucial for the future scale-up of 

electrochemical reduction of CO2 to CO.  

Nitrogen-doped (N-doped) carbon materials have been demonstrated as efficient 

electrocatalysts for the CO2RR to CO and are a viable alternative to metal-based catalysts.19–

21 In previous studies, we developed a series of biomass-derived N-doped carbon catalysts 

and revealed the correlation between the physicochemical properties of N-doped biochar 

catalysts and CO2RR performances.22 By altering the type of activator, carbonization 

temperature and N-doping level, we obtained an N-doped biochar catalyst which showed a 

promising performance for the CO2RR with over 90% faradaic efficiency toward CO. 

Interestingly, benefiting from the high resistance of carbon materials to acids and bases,23 

N-doped carbon catalysts can potentially be very stable electrocatalysts for CO2RR even in 

the presence of gaseous impurities. However, to the best of our knowledge, there is no 

information about the effect of gaseous impurities on the CO2RR performances of N-doped 

carbon catalysts. 

 

5.2 Experimental Methods 

Chemicals and Materials: All chemical were used as received without further 

purification. Electrolyte solutions and 1 M HCl solutions were prepared from ultrapure water 
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(Milli-Q IQ 7000, 18.2 MΩ). Urea (CN2H4O, 99%), sodium hydroxide (NaOH, 98%), potassium 

bicarbonate (KHCO3, 99.95%) and Nafion perfluorinated resin solution (5 wt.% in lower 

aliphatic alcohols and 15-20% water) were purchased from Sigma-Aldrich. Hydrochloric acid 

(HCl, 37%), and isopropanol (C3H8O, 99%) were purchased from VWR International. Carbon 

paper (Toray, TGP-H-60) was purchased from Thermo Scientific Chemicals, while the silver 

foil (25 × 25 × 1 mm, 99.995%) and the platinum foil (25 × 25 × 0.1 mm, 99.99%) were 

purchased from MaTeck GmbH. 

Catalyst preparation: The activated nitrogen-doped biochar (ANBC) catalyst was 

synthesized by a one-step pyrolysis method. In brief, the received sugarcane bagasse 

(Maharashtra, India) was washed with ultrapure water three times to remove dust and 

gravel from the raw materials and then dried in a 105 oC oven overnight. The dried sugarcane 

bagasse was ground and sieved to obtain particle sizes of less than 425 μm before use. 

Subsequently, 5 g of sugarcane bagasse powder, 10 g of urea, and 15 g of NaOH (mass ratio 

= 1: 2: 3) were added into a crucible and stirred for 30 minutes to make a homogeneous 

mixture. Then, the mixture was transferred into a muffle furnace followed by heating at 800 
oC for 1 h with a ramping rate of 10 oC/min under a N2 atmosphere (100 sccm/min, 99.99%, 

Linde Gas). After naturally cooling down to the ambient temperature, the obtained product 

was washed with 1 M HCl for 4 h at 60 oC to remove the sodium containing salts and other 

impurities. Afterwards, the product was rinsed and filtered thoroughly with ultrapure water 

until the washing effluent reached a neutral pH. Finally, the black powder was collected and 

dried at 105 oC for 12 h and the obtained catalyst was designated as ANBC. 

Characterization: The morphology of the ANBC was visualized by using a JEOL JSM-

6500F scanning electron microscope (SEM), operating at an acceleration voltage of 15 kV, 

and equipped with an energy-dispersive X-ray spectroscopy (EDX) detector (Ultradry, 

Thermo Scientific). The microstructure of ANBC was further investigated by transmission 

electron microscopy (TEM) with a JEOL JEM1400 microscope operated at 120 kV. TEM 

specimens were prepared by mixing the sample with isopropanol and ultrasonicating for 15 

minutes, before dispersing the suspension onto a copper TEM grid with lacey carbon film. 

The specific surface area and porosity of ANBC were characterized by isothermal N2 

adsorption-desorption at 77 K using a Micromeritics TriStar II 3020 instrument. The sample 

was degassed at 300 oC for 15 h before measurement. The specific surface area (SBET) of 

ANBC was determined by the Brunauer-Emmett-Teller (BET) equation and the pore size 

distribution plot was obtained by applying the Density Functional Theory (DFT) method. The 

surface area (Smicro) and volume (Vmicro) of micropores were determined by the t-plot method. 

The total pore volume (VTotal) was calculated by single-point adsorption total pore volume 

analysis. The crystal structure of ANBC was performed by using an X-ray diffractometer 

(Bruker AXS D2 Phaser) with Cu-Kα radiation (λ = 0.15406 nm). The scanning 2θ angle range 

was between 10.0° and 80.0° using a step length of 0.020°. Raman spectrum of ANBC was 
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recorded from 500 to 3000 cm-1 on a LabRAM HR Evolution microscope (Horiba Scientific) 

with an excitation wavelength of 514 nm. The surface chemical compositions of ANBC were 

investigated by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-Alpha 

system with Al Kα X-ray source (1486.6 eV). The C 1s peak position at 284.8 eV was used as 

an internal standard. CasaXPS (Version 2.3.22PR1.0) was used for the further elemental 

identification and peak deconvolution. 

In particular, we also carried out SEM and XPS measurements of the ANBC drop casted 

electrodes and silver foil electrodes, before and after the electrolysis measurements, to 

characterize the changes in morphology and chemical composition of these electrodes. 

Electrodes preparations: The working electrode was prepared by a drop casting 

method. 4 mg of ANBC powder was dispersed in a solvent mixture containing 950 μL 

isopropanol and 50 μL of 5 wt.% Nafion perfluorinated resin solution. Then the mixture was 

ultrasonicated for 1 h to obtain a homogeneous ink. Afterwards, 10 μL of the ink was drop 

casted on a 1 cm2 round-shaped carbon paper and thoroughly dried at room temperature. 

The drop casting procedure was repeated 4 times more and the final catalyst loading was 

around 0.2 mg/cm2.  A platinum foil was used as a counter electrode, which was flame 

annealed at least three times to remove any possible impurities before use. A leak-free 

Ag/AgCl electrode (Innovative instrument, LF-1-45) was used as the reference electrode. The 

reference electrode was checked before every experiment by comparing with a master 

Ag/AgCl reference electrode (BASi, MF-2056), which is kept in a pristine working condition 

and never used for any experiment. The potential drift of the test reference electrode 

against the master reference electrode was measured by an open circuit potential (OCP) test 

and the drift value was always ensured to be lower than 5 mV.  

As a contrast, a silver foil was also used as the working electrode. Before each 

measurement, the silver foil was mechanically polished with a 1 μm diamond-based 

suspension (MetaDi supreme, Poly, 1 μm, Buehler) two times to a mirror-like finish and then 

sonicated in isopropanol and ultrapure water.  

Gas mixer: A gas mixer (Environics® Series 4020) was used to generate the gas mixtures 

for the electrochemical measurements. The mass flow controllers and gas lines in the gas 

mixer were coated by SilcoNert® and sealed by Kalrez® to prevent the corrosion from SO2 

gas. Two standard gas cylinders with known concentrations of SO2 (100 ppm and 10000 ppm, 

balanced by CO2, Linde Gas) were used to generate the desired concentrations (100 ppm, 

1000 ppm, and 10000 ppm) of SO2 by diluting with CO2 (99.999%, Linde Gas). The detailed 

information about the gas mixtures for electrochemical measurements are listed in Table 

S5.2. 
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Electrochemical measurements: All working electrodes were tested in a two-

compartment compact H-cell, which was designed by Lobaccaro and co-workers. Each 

compartment contained 1.8 mL of 0.1 M KHCO3 as the electrolyte and the cathode and 

anode chambers were separated by an anion-conducting membrane (Selemion AMV, AGC 

Engineering). Before each measurement, the cathodic compartment of the H-cell was 

purged with pure CO2 or CO2 with different concentrations of SO2 impurities for 15 minutes 

to obtain a saturated catholyte. The pH values of different gas mixtures-saturated 

electrolytes are listed in Table S5.3. Electrochemical measurements in this study were 

carried out using an SP-200 potentiostat (Biologic). All potentials measured in this study 

were converted to the reversible hydrogen electrode (RHE) scale according to the formula: 

E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059 × pH. Linear sweep voltammetry (LSV) 

measurements were recorded in different gas mixtures-saturated 0.1 M KHCO3 electrolytes 

at a scan rate of 5 mV/s from -0.1 to -1.3 V vs. RHE. Chronoamperometric electrolysis 

measurements (without iR compensation) were carried out at different applied potentials 

from -0.7 to -1.3 V vs. RHE and each potential was applied for 1 h. During the 

chronoamperometry tests, CO2 or CO2 mixed with different concentrations of SO2 impurities 

were purged continuously into the catholyte with a flow rate of 10 sccm/min using a mass 

flow controller. The faradaic efficiencies (FEs) reported in this study for different gas 

products were determined by using the data collected from 42 to 54 minutes. 

Product detection: An online gas chromatography (Compact GC 4.0, Global Analyzer 

Solutions), equipped with one flame ionization detector (FID) and two thermal conductivity 

detectors (TCD), was used to quantify the gaseous products every 2 minutes. The gas 

chromatography (GC) was calibrated by using five calibration gas cylinders with different 

concentrations of 50, 100, 1000, 3000, and 8000 ppm of each gas component (Linde Gas). 

The liquid-phase products were collected at the end of the CO2RR measurements and 

quantified using a high-performance liquid chromatography (HPLC, Agilent 1260 Infinity), 

which was equipped with two Aminex HPX 87-H columns (Bio-Rad). The column oven was 

maintained at 60 oC constantly, using a 1 mM H2SO4 aqueous solution as eluent with a steady 

flow of 0.6 mL/min and using a refractive index detector (RID) for the product detection. 

 

5.3 Results and Discussions 

Here, we selected an activated N-doped biochar (ANBC) catalyst to perform a 

systematic study on the impact of SO2 impurities on its performance for the CO2RR to CO. 

The ANBC catalyst was synthesized by a one-step pyrolysis method (Figure 5.1a and 

Experimental Methods in Supporting Information). The morphology and microstructure of 

ANBC were visualized by a scanning electron microscope coupled with energy-dispersive X-

ray spectroscopy (SEM-EDX) and transmission electron microscope (TEM). The ANBC 
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catalyst morphology displays an intertwined, three-dimensional structure with multilevel 

channels (Figure 5.1b). EDX mapping images show that the nitrogen heteroatoms were 

uniformly doped into the carbon matrix (Figure 5.1d - f). The TEM image shows a wrinkled 

nanosheet structure with abundant pores of ANBC (Figure 5.1c). X-ray diffraction (XRD) and 

Raman spectroscopy were performed to investigate the crystallographic structure. For XRD, 

two broad diffraction peaks located at around 2θ = 25o and 44o are observed, corresponding 

to the (002) and (100) planes of graphite, showing dominant features of amorphous carbon 

(Figure S5.1a).24 The Raman spectrum of ANBC shows two peaks at around 1350 cm-1 and 

1590 cm-1 that are attributed to the D band and G band of carbon materials, respectively 

(Figure S5.1b).25 The ID/IG value is equal to 1.101, suggesting a disordered carbon structure 

of ANBC with abundant defects and a relatively low degree of graphitization, which is in 

good agreement with the XRD result. N2 adsorption-desorption isothermal analysis was 

executed to further evaluate the specific surface area and porosity of ANBC. ANBC exhibits 

a combination of type I and type IV isotherm according to the IUPAC classification (Figure 

S5.2a). The sharp increase of the isotherm at low relative pressure indicates the presence of 

micropores. A weak hysteresis loop appears at a relative pressure from 0.45 to 0.95, 

suggesting the existence of mesopores. In addition, a steep increase of isotherm at a high 

relative pressure (0.95 to 1.0) shows the presence of macropores.26 The pore width 

distribution of ANBC was calculated by a density functional theory (DFT) method, showing 

a strong peak located at around 2 nm and a weak peak located at around 40 nm (Figure 

S5.2b). The ANBC sample possesses a large specific surface area (1426.9 m2/g) and pore 

volume (0.69 cm3/g) with a hierarchical porous structure (ca. 19.5% mesopores). X-ray 

photoelectron spectroscopy (XPS) was used to verify the chemical composition. The XPS 

survey spectrum shows three peaks at around 285.1, 400.1 and 533.3 eV that are assigned 

to C 1s, N 1s, and O 1s peaks, respectively (Figure S5.3). The N content of ANBC is calculated 

as 3.7 at.% and the high-resolution N 1s spectrum is deconvoluted into four peaks at 398.7, 

400.3, 401.8 and 404.9 eV, corresponding to pyridinic N, pyrrolic N, graphitic N, and oxidized 

N configurations, respectively (Figure 5.1g).27 Overall, the aforementioned characterizations 

reveal that we have successfully synthesized an N-doped biochar catalyst with uniform N-

doping, a large specific area and a hierarchical porous structure, which shows potential as 

an efficient catalyst for electrochemical CO2 reduction to CO.28–30 
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Figure 5.1 (a) A schematic illustration of the synthesis method of the ANBC catalyst; (b) 

SEM image; (c) TEM image; (d - f) EDX mapping images; and (g) High-resolution XPS N 1s 

spectrum of the synthesized ANBC. 

 

The electrocatalytic performances of ANBC were evaluated at different potentials (-0.7 

to -1.3 V vs. RHE) with and without the presence of different concentrations of SO2 

impurities (0, 100, 1000 and 10000 ppm), using a compact H-cell. The concentration of SO2 

in the CO2 feed was adjusted using a gas mixer (Figure S5.4 and Supporting Information). 

The gaseous products were analyzed using an in-line gas chromatograph (GC), which was 

calibrated using custom gas mixture cylinders with known concentrations of product gases 

in CO2 (Figure S5.5). Aliquots of the electrolyte were collected after each electrolysis 

experiment to quantify liquid products using a high-performance liquid chromatograph 

(HPLC). For comparison, a silver foil (Ag foil) electrode, the most widely used electrocatalyst 

for CO2 reduction to CO, was used as a benchmark. 

Linear sweep voltammograms (LSV) of ANBC electrodes were recorded in a 0.1 M 

KHCO3 catholyte saturated with CO2 and different concentrations of SO2 from -0.1 to -1.3 V 

vs. RHE, with a scan rate of 5 mV/s. All of the voltammograms show a significant increase in 

current density between -0.6 to -0.7 V vs. RHE (Figure 5.2a). The voltammogram in the 

presence of 100 ppm SO2 is very similar to the voltammograms obtained using pure CO2. 

The presence of 1000 ppm SO2 induces a slight increase in current density from -0.1 to -0.8 

V vs. RHE, while the presence of 10000 ppm SO2 shows more significant current changes 
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from -0.1 to -1.0 V vs. RHE, indicating that electrochemical SO2 reduction occurs at more 

positive potentials than the CO2RR (Table S5.1).31 As a comparison, voltammograms with Ag 

foil electrodes show similar trends as the ANBC electrodes; however, the Ag foil electrodes 

are more sensitive to the presence of SO2 than ANBC electrodes, especially at higher 

concentrations (Figure S5.6a).  

At first, we benchmarked the electrochemical performance of the ANBC electrode by 

performing chronoamperometry measurements without SO2 impurities in the CO2 

feedstock. CO and H2 are the main gaseous products detected by the in-line GC and no liquid 

products were detected with HPLC. The faradaic efficiency toward CO (FECO) for ANBC is 

consistently above 80% in a wide potential window from -0.7 V to -1.3 V vs. RHE and reaches 

a maximum of 94.5% FECO at -1.0 V vs. RHE. The partial current density of CO (jCO) gradually 

increases from -0.63 mA/cm2 at -0.7 V vs. RHE to -3.51 mA/cm2 at -1.3 V vs. RHE (Figure 

5.2b). By contrast, the FECO of the Ag foil electrode increases from 13.1% at -0.7 V vs. RHE to 

91.4% at -1.3 V vs. RHE and the jCO of the Ag foil electrode is only higher than that of the 

ANBC electrode at more negative potentials than -1.2 V vs. RHE (Figure S5.6b). 

We further evaluated the CO2RR performance of the ANBC electrode in the presence 

of different concentrations of SO2 impurities. Depending on the chemical composition of 

fuels and post-treatment strategies, the concentration of SO2 in flue gas typically varies from 

100 to 10000 ppm.32 As an upper limit, we first selected the harshest reaction conditions 

(CO2 + 10000 ppm SO2 gas mixture). Using these conditions, the faradaic efficiency toward 

CO2RR products of ANBC electrodes shows significant decreases in the whole potential 

window (Figure 5.2c), which is attributed to the preferential reduction of SO2 over CO2 (Table 

S5.1). Notwithstanding, the FECO of ANBC increases from only 0.5% at -0.7 V vs. RHE to 57% 

at -1.3 V vs. RHE. Moreover, the jCO increases to -3.04 mA/cm2 at -1.3 V vs. RHE, which is just 

slightly lower than that in the case of pure CO2. In contrast, the Ag foil electrodes loses all of 

its CO2RR activities under the same testing conditions, with the FECO and jCO at different 

potentials being close to 0 (Figure S5.6c).  

Subsequently, we also tested the ANBC electrode in the presence of 1000 ppm and 100 

ppm SO2 at -0.7, -1.0 and -1.3 V vs. RHE, and compared the changes of FECO and jCO at 

different conditions. SO2 impurities show a significant negative impact on the CO2RR 

performance of ANBC electrodes only when the SO2 concentration is extremely high (10000 

ppm) or the potential is relatively positive (-0.7 V vs. RHE). Compared with the CO2RR 

performance without SO2 impurities, the changes of FECO and jCO in the presence of 1000 

ppm and 100 ppm SO2 at -1.0 and -1.3 V vs. RHE are almost negligible (Figure 5.2d). It is 

noteworthy that the FECO of ANBC in the presence of 100 ppm SO2 at -1.0 and -1.3 V vs. RHE 

and in the presence of 1000 ppm SO2 at -1.3 V vs. RHE is even slightly higher than the value 

in the case of pure CO2, which is attributed to the competition between the HER and SO2 
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reduction reactions. As a comparison, the Ag foil electrode is more sensitive to the presence 

of SO2 impurities. Even 100 ppm SO2 in the CO2 stream decreases the FECO with 5% during a 

1-hour test at -1.0 V vs. RHE (Figure S5.6d).  The FECO and jCO of Ag foil electrode in the 

presence of 1000 ppm and 100 ppm SO2 are only similar to the pure CO2 experiments when 

the potentials shift to -1.3 V vs. RHE. Therefore, it is clear that the ANBC electrode shows a 

higher tolerance to SO2 impurities and exhibits a better CO2RR performance than the Ag foil 

electrode. Furthermore, the CO2RR performances on ANBC electrode or Ag foil electrode 

are co-dependent on the concentration of SO2 and the applied potentials, as lower SO2 

concentrations and more negative potentials can help to reduce the negative effects. 

 

Figure 5.2 (a) LSV curves of the ANBC electrode without SO2 and in the presence of 

different concentrations of SO2 impurities; (b) Faradaic efficiency and partial current 

density toward CO for the ANBC electrode without SO2 impurity from -0.7 to -1.3 V vs. 

RHE; (c) Faradaic efficiency and partial current density toward CO for the ANBC electrode 

in the presence of 10000 ppm SO2 impurity from -0.7 to -1.3 V vs. RHE; (d) Faradaic 

efficiency and partial current density toward CO for the ANBC electrode in the presence of 

different concentrations of SO2 impurities at -0.7, -1.0 and -1.3 V vs. RHE. 
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In addition, we carried out 8 h stability tests with pure CO2 and CO2 with 100 ppm SO2 

at -1.0 V vs. RHE. The FECO of ANBC shows an apparent decrease from 94% to 75% after 8 

hours of continuous electrolysis with pure CO2 (Figure 5.3a). Surprisingly, the ANBC 

electrode exhibits a stable FECO (above 85%) and FEH2 (below 5%) within 8 hours of 

electrolysis in the presence of 100 ppm SO2 (Figure 5.3b). Consistent with the results 

observed for 1-hour electrolysis, the presence of a low concentration of SO2 has no serious 

effect on the CO2RR performance of the ANBC electrode and helps to suppress the FEH2 

through competition with the HER. Similarly, the FECO of the Ag foil electrode shows a 

decreasing trend from 78% to 56% after 8 hours of measurement with pure CO2 (Figure 

S5.7a). However, in the case of CO2 with 100 ppm SO2, different from the results from 1-

hour electrolysis, the FECO of the Ag foil electrode shows a significant decrease (from 79% to 

45%) during the longer electrolysis measurement (Figure S5.7b), which is attributed to the 

accumulation of impurities.  

Considering that the concentration of SO2 impurities in an actual flue gas can fluctuate, 

we evaluated the robustness of the ANBC electrode by modulating the reactant gas (CO2 

with 100 ppm SO2 and pure CO2) every 2 hours at -1.0 V vs. RHE. The ANBC electrode shows 

a strong tolerance to the gas feed changes, where the fluctuations in the total faradaic 

efficiency and FECO are almost negligible (Figure 5.3c). By contrast, the Ag foil electrode is 

more sensitive to changes in the reactant gas. The total faradaic efficiency and FECO in the 

case of pure CO2 are higher than those in the presence of 100 ppm SO2. Over time, a 

significant decline in the FECO can be clearly observed even in the case of pure CO2 (Figure 

S5.7c). Corresponding to the above discussions, the ANBC electrode shows a longer stability 

and stronger robustness than the Ag foil electrode in the presence of 100 ppm SO2 impurity.  
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Figure 5.3 (a) 8-hour stability tests of ANBC electrode at -1.0 V vs. RHE in CO2 saturated 0.1 

M KHCO3; (b) 8-hour stability tests of ANBC electrode at -1.0 V vs. RHE in CO2 + 100 ppm 

SO2 gas mixture saturated 0.1 M KHCO3; (c) performance of CO2 + 100 ppm SO2 and pure 

CO2 electrolysis over ANBC electrode at -1.0 V vs. RHE in 0.1 M KHCO3 over 8 h, the gas 

feed is modulated every 2 hours. 
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To better understand the effect that SO2 impurities have on the CO2RR performance 

and the properties of ANBC electrodes, we carried out scanning electron microscopy (SEM) 

and X-ray photoelectron spectroscopy (XPS) characterizations to analyze the changes in 

surface microstructures and chemical composition of ANBC electrodes. The morphologies 

of the used ANBC electrodes (after 1 hour of electrolysis with different concentrations of 

SO2 impurities) show no visible changes compared to the sample prior to testing (Figure 5.4a 

and Figure S5.8a). Further, pre- and post-reaction XPS measurements with the ANBC 

electrodes show an intensive peak at ~ 168.7 eV, with an atomic percentage of sulfur around 

1.1 at. % for all electrodes. This peak is related to the sulfur containing functional groups 

incorporated in the Nafion binder (Figure 5.4b and Figure S5.8b).33 In addition, even after 8 

hours of continuous electrolysis with 100 ppm SO2 at -1.0 V vs. RHE, the morphology and 

the atomic percentage of  sulfur (1.08 at.%) of the ANBC electrode did not show significant 

changes (Figure S5.11). On the contrary, post-reaction SEM images of Ag foil electrodes in 

the presence of 10000 ppm SO2 show pitting of the Ag foil electrode surface. This corrosion 

effect is diminished by reducing the SO2 concentration or applying more negative potentials 

(Figure S5.9a and Figure S5.10a). Moreover, comparing the XPS results of the fresh Ag foil, 

the post-reaction Ag foil with pure CO2 and the post-reaction Ag foil in the presence of 

different concentrations of SO2, clearly demonstrates the formation of sulfur-containing 

species on the Ag foil electrodes. The peak positions at 161.1 eV and 162.2 eV are assigned 

to the formation of silver sulfide (Ag2S).34 Additionally, trace amounts of sulfite (SO3
2-) and 

sulfate (SO4
2-) are detected.13 Higher concentrations of SO2 and more positive potentials are 

more favorable for the formation of sulfur-containing species, especially  Ag2S (Figure S5.9b 

and Figure S5.10b). After 8 hours electrolysis with 100 ppm SO2 at -1.0 V vs. RHE, the 

morphology of the Ag foil electrode was similar to a fresh electrode (Figure S5.12a). However, 

the sulfur content on the Ag foil significantly increased from 0.26 at.% (after 1h) to 4.25 at.% 

(after 8h), indicating the accumulation of sulfur-containing impurities on the Ag surface 

(Figure S5.12b). From these collective results, it is clear that SO2 induced losses during the 

CO2RR on ANBC mainly depend on the competition with SO2 reduction, since no 

reconfigurations of the surface or inclusion of sulfur is observed. For the Ag foil electrode, 

besides the competition with SO2 reduction, the formation and accumulation of silver 

sulfide surface species are important reasons for the loss of CO2RR performance. 



 

180 
 

5 

 

Figure 5.4 (a) SEM images and (b) S 2p XPS spectrum of ANBC electrodes after 1 h 

electrolysis in the presence of different concentration of SO2 impurities and different 

potentials. 
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5.4 Conclusions 

In summary, we carried out a systematic study to investigate the effects of SO2 

impurities on a self-made nitrogen-doped carbon catalyst and an Ag foil electrode (as a 

benchmark) for electrochemical CO2 reduction to CO. The as-prepared ANBC catalyst 

achieves more than 90% faradaic efficiency toward CO from -0.8 to -1.1 V vs. RHE when 

feeding pure CO2. The presence of an extremely high concentration of SO2 (10000 ppm) 

significantly reduces the CO2RR performance as the SO2 reduction becomes more 

preferential, whereas changes in the CO2RR performances are almost negligible in the 

presence of 1000 and 100 ppm SO2 impurities. Additionally, the ANBC catalyst shows stable 

FECO above 90% in an 8-hour stability measurement at -1.0 V vs. RHE with 100 ppm SO2 

impurity. The performance is even better than is the case with pure CO2, suggesting that the 

presence of a low concentration of SO2 suppresses the FEH2 through competition with the 

HER. In contrast, the Ag foil electrode is more sensitive to changes in the concentrations of 

SO2. The SEM and XPS results show that no SO2 reduction generated sulfur-containing 

species are observed on the surface of the ANBC catalyst. However, the formation of silver 

sulfide, sulfate, and sulfite on the Ag foil electrode, as detected by XPS measurements, is 

likely responsible for the losses of CO2RR performances. Overall, the ANBC catalyst exhibits 

a greater tolerance, longer stability and better robustness to SO2 impurities than the Ag foil 

electrode for CO2RR to CO, indicating that N-doped carbon catalysts are feasible catalysts 

for CO2 reduction applications using SO2 contaminated CO2 feeds. 
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5.5 Supporting Information 

 

Figure S5.1 (a) XRD pattern and (b) Raman spectrum of the ANBC catalyst. 

 

 

Figure S5.2 (a) N2 adsorption-desorption isotherms and (b) Pore size distribution of the 

ANBC catalyst. 
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Figure S5.3 XPS survey spectrum of the ANBC catalyst. 
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Figure S5.4 Schematic illustration of the electrochemical measurements system in this 

study. 

 



 

185 
 

5 

 

Figure S5.5 GC calibration curves for (a) H2, (b) CO, (c) CH4, (d) C2H4. 
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Figure S5.6 (a) LSV curves of the Ag foil electrode without SO2 and in the presence of 

different concentrations of SO2 impurities; (b) Faradaic efficiency and partial current 

density of CO for the Ag foil electrode without SO2 impurity from -0.7 to -1.3 V vs. RHE; (c) 

Faradaic efficiency and partial current density of CO for the Ag foil electrode in the 

presence of 10000 ppm SO2 impurity from -0.7 to -1.3 V vs. RHE; (d) Faradaic efficiency and 

partial current density of CO for the Ag foil electrode in the presence of different 

concentrations of SO2 impurities at -0.7, -1.0 and -1.3 V vs. RHE. 
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Figure S5.7 (a) 8-hour stability tests of Ag foil electrode at -1.0 V vs. RHE in CO2 saturated 

0.1 M KHCO3; (b) 8-hour stability tests of Ag foil electrode at -1.0 V vs. RHE in CO2 + 100 

ppm SO2 gas mixture saturated 0.1 M KHCO3; (c) performance of CO2 + 100 ppm SO2 and 

pure CO2 electrolysis over Ag foil electrode at -1.0 V vs. RHE in 0.1 M KHCO3 over 8 h, the 

gas feed is modulated every 2 hours. 
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Supporting discussion about the concept of stability and robustness: 

In contrast to the concept of stability, the robustness evaluation mainly focuses on “the 

ability of a system to resist change without adapting its initial stable configuration”. In this 

study, we evaluate the effect of the change in SO2 concentration on ANBC and Ag foil 

electrodes in a continuous feed stream by modulating the gas composition. A catalyst can 

be marked as “robust” if it is capable of adapting to the changes in its operating conditions 

with minimal damage, alteration or loss of functionality.  

 

 

Figure S5.8 (a) SEM image and (b) S 2p XPS spectrum of fresh ANBC electrode. 

 

 

Figure S5.9 (a) SEM image and (b) S 2p XPS spectrum of fresh Ag foil electrode. 
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Figure S5.10 (a) SEM images and (b) S 2p XPS spectrum of Ag foil electrodes after 1 h 

electrolysis in the presence of different concentrations of SO2 impurities and different 

potentials.（* LOD = Lower than detection limits） 
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Figure S5.11 (a) SEM image and (b) S 2p XPS spectrum of ANBC electrode after 8 hours of 

continuous electrolysis with 100 ppm SO2 at -1.0 V vs. RHE. 

 

 

Figure S5.12 (a) SEM image and (b) S 2p XPS spectrum of Ag foil electrode after 8 hours of 

continuous electrolysis with 100 ppm SO2 at -1.0 V vs. RHE. 
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Table S5.1 Standard reduction potentials for electrochemical CO2 reduction to CO, H2 

evolution, and SO2 reduction reactions.  

Electrochemical reduction reactions Eo (V vs. RHE) at pH = 7 

CO2 + 2H+ + 2e- → CO + H2O -0.106 

2H+ + 2e- → H2 0 

SO2 + 4H+ + 4e- → S + 2H2O 0.451 

SO2 + 6H+ + 6e- → H2S + 2H2O 0.347 

 

 

Table S5.2 Gas mixtures for electrochemical measurements. 

Gas cylinders 
Gas mixtures for 

measurements 

Total flow 

rate 

(sccm/min) 

Recipes (sccm/min) 

CO2 

CO2 + 

100 

ppm 

SO2 

CO2 + 

10000 

ppm SO2 

CO2 CO2 

10 

10 0 0 

CO2 + 100 ppm SO2 CO2 + 100 ppm SO2 0 10 0 

CO2 + 10000 ppm 

SO2 

CO2 + 1000 ppm SO2 9 0 1 

CO2 + 10000 ppm 

SO2 
0 0 10 
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Table S5.3 The pH values of different gas mixtures saturated electrolytes. 

 CO2 
CO2 + 100 

ppm SO2 

CO2 + 1000 ppm 

SO2 

CO2 + 10000 

ppm SO2 

Saturation 

time 
15 min 15 min 15 min 15 min 

Gas flow rate 10 sccm/min 10 sccm/min 10 sccm/min 10 sccm/min 

pH 6.80 6.78 6.75 6.72 
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Abstract: Carbon-supported nickel and nitrogen co-doped (Ni-N-C) catalysts have been 

extensively studied as selective and active catalysts for CO2 electroreduction to CO. Most 

studies have focused on adjusting the coordination structure of Ni-Nx active sites, while the 

impact of the carbon supports have often been overlooked. Herein, we synthesize a series 

of Ni-N-C catalysts on different carbon supports (carbon black, multi-walled carbon 

nanotubes, activated nitrogen-doped biochar) using a ligand-mediated method, and 

investigate the effect of the carbon supports on the electrocatalytic performance. All of the 

prepared Ni-N-C catalysts show good faradaic efficiencies (FE) toward CO production (up to 

~90%).  However, the onset potentials and current densities for CO production vary greatly. 

The agglomeration of carbon black (CB) leads to the coverage of Ni-Nx active sites on Ni-N-

CB, thereby lowering the CO2 reduction reaction (CO2RR) activity. Ni-N-CNT, using carbon 

nanotubes (CNT), benefits from its wide pore size distribution and abundant surface Ni-Nx 

sites, leading to a high FECO (>91%) at low overpotentials. Moreover, Ni-N-CNT displays a 

high FECO over a large potential window. The narrow pore size and hierarchical structure of 

N-doped biochar (ANBC) confines part of the Ni-Nx sites in deeper pores, allowing Ni-N-

ANBC to maintain excellent FECO (>92%) at more negative potentials than Ni-N-CB and Ni-N-

CNT. This study demonstrates the importance of the carbon support for Ni-N-C catalysts and 

provides new insights into the design of efficient Ni-N-C catalysts for the CO2RR. 
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6.1 Introduction 

With the growing climate problems caused by excessive CO2 emissions, the need for 

accelerating the deployment of carbon neutral energy and production technologies has 

become stronger.1,2 The electrochemical CO2 reduction reaction (CO2RR) powered by 

renewable electricity is a promising technology to convert waste CO2 into chemicals and 

fuels. Thereby, the process can store surplus electricity from intermittent sources, such as 

wind and solar, into chemical bonds.3–7 Depending on the choice of catalysts, CO2 can be 

reduced to CO,8 formate,9 CH4,10 C2H4
11 and oxygenated hydrocarbons. Among these 

products, CO is considered an attractive and competitive product.12 The two-electrons 

transfer reduction of CO2 to CO exhibits a relatively high product selectivity with lower 

energy costs.13 In addition, CO can be widely used in downstream chemical transformations, 

such as Fischer-Tropsch synthesis.14 However, due to the inevitable competition with the 

hydrogen evolution reaction (HER), the CO2RR in aqueous electrolytes still faces 

challenges.15 Therefore, seeking active, efficient, stable and cost-effective catalysts remains 

an important challenge for the application of CO2RR technology. 

Recently, transition metal and nitrogen co-doped carbon materials, hereinafter 

referred to as M-N-C, were demonstrated as efficient catalysts for the CO2RR.16 The M-Nx 

structures (a central metal coordinatively bound to a different amounts of N atoms) are the 

active sites for the CO2RR.17 Many studies have reported that varying the central metal, such 

as Fe, Co, and Ni, leads to a different selectivity and activity for the CO2RR.18–21 In particular, 

the coordinative Ni-Nx sites exhibit favorable energetics for CO2 activation and reduction 

which results in a high CO faradaic efficiency. Möller et al. reported a Ni-N-C catalyst 

integrated in a gas diffusion electrode (GDE) electrolyzer and showed a stable performance 

with 85% faradaic efficiency and 200 mA/cm2 partial current density toward CO over a 20 

hours test, at an applied potential of -1.1 V vs. RHE.22 Zheng et al. used a Ni-N-C catalyst in 

a 10 × 10 cm membrane electrode assembly (MEA) system, which exhibited an average 

current of ~8 A and over 90% faradaic efficiency toward CO during 6 hours electrolysis at a 

cell voltage of 2.8 V.23 In comparison to Ag and Au electrocatalysts, inexpensive Ni-N-C 

catalysts exhibit competitive performances and show great potential for large-scale 

application. 

To further improve the catalytic performance and reveal the active sites and reaction 

mechanisms of Ni-N-C catalysts, many studies have adjusted the coordination structures of 

Ni-Nx sites.24,25 Surprisingly, Ni-N4, Ni-3N (Ni coordinate with three nitrogen atoms), and Ni-

VN3 (V is coordination vacancy of Ni centers) have all been demonstrated as potential active 

sites, experimentally and theoretically.26–28 These studies show the complexity of the 

reaction mechanism of these catalysts. On the other hand, altering the morphology and 

pore structure of carbon materials is also considered to be an effective strategy to improve 



 

200 
 

6 

the performance of Ni-N-C catalysts for CO2RR. For instance, the Strasser group pointed out 

that “the reaction rate is not determined by the kinetics of the CO2RR on the active site but 

rather to the CO2 transport to those sites”.29 Therefore, it is crucial to improve the 

accessibility of active sites by tuning the physicochemical properties (porosity, 

hydrophobicity, etc.) of carbon supports to enhance the catalytic performance of Ni-N-C 

catalysts. In the past few years, carbon black,23 carbon nanotube,30 graphene,31 and other 

carbon supports which were made from carbonization of different carbon precursors,32–36 

were widely used to synthesize Ni-N-C catalysts for the CO2RR and most of them show 

excellent performances. However, most of the existing studies mainly focus on the 

importance of the Ni-Nx sites, but overlook the contribution of the carbon supports. 

Therefore, the role of the properties of different carbon supports and the interaction 

between carbon support and Ni-Nx sites remain poorly understood. In addition, due to the 

diversity of catalyst preparation methods, reactor types and sizes, reaction parameter 

settings, etc., it is hard to deduce how the properties of different carbon supports affect the 

catalytic performance for the CO2RR by simply comparing the results from published 

studies.37 Overall, it is crucial to understand the influence of the carbon support properties  

on the performance of Ni-N-C catalysts, as it will help to further optimize the performance 

of Ni-N-C catalysts. 

Here, we selected commercial carbon black (CB), multi-walled carbon nanotube (CNT), 

and a self-made activated N-doped biochar (ANBC) as different carbon supports to 

synthesize a series of Ni-N-C catalysts by a ligand-mediated method. In this study, we focus 

on analyzing the effect of the different carbon supports of Ni-N-C catalysts on the CO2RR 

performance. In particular, the physicochemical properties of different carbon supports, 

such as hydrophobicity, surface roughness, porosity, the abundance of defects, and the 

distribution of active sites are comprehensively analyzed. All prepared Ni-N-C catalysts show 

roughly 90% FECO, but also exhibit significant differences in current densities. The 

agglomeration of carbon black for Ni-N-CB blocks Ni-Nx active sites and induces a poor 

CO2RR activity. Ni-N-CNT shows more than 91% FECO from -0.6 to -0.8 V vs. RHE due to the 

wide pore size and abundant surface Ni-Nx active sites. In contrast, Ni-N-ANBC shows more 

than 93% FECO at more negative potentials (-0.8 to -1.1 V vs. RHE) owing to the larger specific 

surface area, smaller pore size, and hierarchical structures of N-doped biochar that help to 

confine part of the Ni-Nx active sites inside the pores.  

 

6.2 Experimental Section 

All chemicals were used as received without further purification. Aqueous solutions 

were prepared from ultrapure water (Milli-Q IQ 7000, 18.2 MΩ). 
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6.2.1 Synthesis of catalysts 

Synthesis of ANBC: The activated N-doped biochar (ANBC) was prepared according to 

the procedure outlined in our previous study.38 In brief, the ANBC was synthesized by a one-

step pyrolysis method. 5 g of sugarcane bagasse powder, 10 g of urea and 15 g of NaOH 

(mass ratio: 1:2:3) were added into a crucible and mixed homogeneously. The mixture was 

transferred to a furnace, heated at 800 oC for 1h with a ramping rate of 10 oC/min under a 

N2 atmosphere (100 mL/min, 99.99%, Linde gas). Then the furnace was cooled to room 

temperature. The black powder collected after pyrolysis was dispersed in 1 M HCl for 4 h at 

60 oC to remove the residual sodium containing salts and other impurities. After the acid 

wash, the black powder was filtered and rinsed with ultrapure water until it reached a 

neutral pH. Finally, the activated N-doped biochar was dried in an oven (105 oC) 12 h. The 

end product was denoted as ANBC. 

Synthesis of Ni-N-C catalysts: The Ni-N-C catalysts were synthesized according to a 

ligand-mediated method reported by Yang et al. with slight modifications.39 8.3 mg nickel(Ⅱ) 

acetate tetrahydrate (Sigma-Aldrich, 99.995%) and 23.2 mg 1,10-phenanthroline 

monohydrate (Sigma-Aldrich, 99%) were dispersed in 50 mL of methanol (VWR Chemical, 

99.8%) and stirred for 20 minutes at room temperature. The molar ratio of Ni to the ligand 

was 1: 3.5. An excess of 1,10-phenanthroline was used to guarantee high dispersion of the 

metal centers to form Ni-Nx sites instead of Ni nanoclusters on the carbon supports. 

Subsequently, either 100 mg carbon black (Vulcan XC 72R) or multi-wall carbon nanotube 

(Sigma-Aldrich) or ANBC was added into the solution. The molar ratio of Ni to carbon is 

approximately 1: 250, and the calculated weight percentage of Ni is ~1.5 wt.%. Then the 

solution was heated at 60 oC for 4 h under continuous stirring. Afterward, the solution was 

transferred to a vacuum oven and heated at 60 oC for 12 h to evaporate the solvent. The 

obtained black solid was ground in a mortar and then transferred into an alumina crucible 

and placed in the middle of a tube furnace. The tube furnace was first purged with argon at 

a flow rate of 500 mL/min for 1 h to remove the air inside the tube, then heated to 600 oC 

with a ramping rate of 5 oC/min under an argon atmosphere (250 mL/min, 99.99%, Linde 

gas) and then held at 600 oC for 2 h. After cooling down to room temperature, the black 

powder was collected and ground one more time and the final products were designated as 

Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC, respectively. 

Synthesis of Ni-C catalysts: As a comparison, the Ni-C catalysts were prepared under 

the same procedure as Ni-N-C catalysts but without adding 1,10-phenanthroline 

monohydrate. The obtained products were recorded as Ni-CB, Ni-CNT, and Ni-ANBC, 

respectively. 
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6.2.2 Characterization 

Scanning electron microscopy (SEM) images were taken on a JEOL JSM-6500F 

microscope with an acceleration voltage of 15 kV. Transmission electron microscopy (TEM) 

images were obtained using a JEOL JEM1400 microscope, operating at an acceleration 

voltage of 120 kV. Powder X-ray diffraction (XRD) patterns were measured with a Bruker AXS 

D2 Phaser diffractometer with Cu Kα radiation (λ = 0.15406 nm), the scanning 2θ range was 

between 10o to 90o using a step length of 0.02o. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out on a Thermo Scientific K-Alpha system using a 

monochromatic Al Kα X-ray source (1486.6 eV). CasaXPS (Version 2.3.22PR1.0) was used for 

the further data analysis. Contact angle measurements were performed on a standard 

Goniometer setup (OCA25, DataPhysics Instruments, Germany) using the sessile drop 

method. For the static contact angle measurements, a 2 μL droplet was dispensed onto the 

substrate using an automatic pipetting unit, the contact angle was photographed and 

measured by a goniometer software (SCA 20) automatically. For the dynamic contact angle 

measurements, a liquid-dispensing syringe was placed 5 mm above the substrate and a 10 

μL droplet was gently dispensed. Then the volume of the droplet was first increased from 

10 μL to 30 μL and then decreased to 10 μL at a rate of 0.16 μL/s, which was controlled by 

an electronic dosing system. The increase-decrease procedure was carried out 2 times and 

the contact angle and the diameter of the drop base were recorded every second by SCA 20. 

All measurements were taken in ambient air and the temperature remained between 21 - 

24 oC. N2 adsorption-desorption isotherms were recorded at 77K using a Micromeritics 

TriStar II 3020 instrument. Samples were degassed at 300 oC for 15 h before measurement. 

Specific surface areas were determined by the Brunauer-Emmett-Teller(BET) method and 

pore size distribution were calculated using the Density Functional Theory (DFT) model. 

Raman spectra were recorded from 500 to 3000 cm-1 on a Horiba Scientific LabRAM HR 

Evolution Raman Spectroscopy system with an excitation wavelength of 514 nm. The 

content of Ni in the catalysts were measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Spectro Arcos). 

6.2.3 Electrode preparation 

Working electrodes were prepared by a drop casting method. 4 mg of catalyst was 

dispersed into a solvent mixture containing 950 μL isopropanol and 50 μL of 5% Nafion 

perfluorinated resin solution (Sigma-Aldrich). The mixture was sonicated for 1 h to obtain a 

homogeneous ink. Afterwards, 10 μL of the catalyst ink was drop casted on a 1 cm2 round 

shape carbon paper and thoroughly dried at room temperature. The catalyst loading was 

around 0.04 mg/cm2. A 25 mm × 25 mm × 1 mm platinum foil (99.9%, Mateck, Germany) 

was used as the counter electrode, which was cleaned by flame annealing at least 3 times 

to remove any possible impurities before use. A leak-free Ag/AgCl electrode (40 mm length, 
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Innovative instrument, USA) was used as reference electrode. The reference electrode was 

checked before every experiment by comparing with a master Ag/AgCl reference electrode 

(BASi, MF-2056, USA), which is never used for any experiments and kept in pristine working 

condition. Deviations between the tested reference electrode and master reference 

electrode were measured by an open circuit potential (OCP) test, where the deviation 

should always be lower than 5 mV. 

6.2.4 Electrochemical measurement 

All working electrodes were tested in a compact H-cell, similar to Lobaccaro et al.40 

Each compartment contained 1.8 mL of 0.1 M KHCO3 as electrolyte and the cathode and 

anode chambers were separated by an anion-exchange membrane (Selemion AMV, AGC 

Engineering, Japan). Before each experiment, the electrolyte was purged with CO2 for 15 

minutes to obtain a CO2-saturated 0.1 M KHCO3 electrolyte with pH = 6.8. Electrochemical 

measurements were carried out using a Biologic SP-200 potentiostat (Biologic, France). All 

measured potentials were converted to the reversible hydrogen electrode (RHE) scale 

according to the formula: E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059 × pH. Linear sweep 

voltammetry (LSV) measurements were recorded in CO2-saturated (pH = 6.8) and Ar-

saturated (pH = 8.3) 0.1 M KHCO3 electrolytes at a scan rate of 5 mV/s. The electrochemically 

active surface areas (ECSA) of the electrodes were determined by measuring the double 

layer capacitance (Cdl), which were derived from cyclic voltammetry measurements with a 

scan rate at 5, 10, 25, and 50 mV/s in a potential window from 0.45 to 0.55 V vs. RHE. The 

Cdl was estimated by plotting the Δj (ja – jc)/2 at 0.50 V vs. RHE against the scan rates, where 

the slope of the plot gives the Cdl. Chronoamperometric electrolysis measurements (with iR 

compensation) were carried out at different applied potentials from -0.50 to -1.15 V vs. RHE 

and each potential was applied for 1 h. The cell resistance (Rs) was measured by applying a 

potentiostatic electrochemical impedance spectrometry (PEIS) test from 200 kHz to 100 

mHz. The potentiostat can only compensate 85% of Rs automatically during the CO2RR 

measurements, thus the remaining 15% was corrected manually afterwards. During the 

chronoamperometry tests, CO2 was purged continuously into the catholyte with a flow rate 

of 8 mL/min using a mass flow controller. The gaseous CO2 reduction products were analyzed 

by an online gas chromatography every 2 minutes, using a CompactGC 4.0 (Global analyser 

solutions, The Netherlands) equipped with one flame ionization detector (FID) to analyze 

hydrocarbon compounds and two thermal conductivity detectors (TCD) to analyze CO and 

H2, respectively. The GC was calibrated using calibration gas cylinders (Linde gas Benelux B.V.) 

with five different concentrations of analytes (50, 100, 1000, 3000, and 8000 ppm) in CO2. 

The faradaic efficiencies (FEs) reported in this study for gas products were determined using 

the data collected from 42 min to 54 min, which show a more stable current and gas product 

composition. An aliquot of the catholyte was collected at the end of the CO2RR 

measurements and the liquid products were quantified using a high-performance liquid 
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chromatography (HPLC, Agilent 1260 Infinity), equipped with two Aminex HPX 87-H columns 

(Bio-Rad) placed in series. The column oven was maintained at a constant 60 oC, using a 1 

mM H2SO4 aqueous solution as eluent with a steady flow of 0.6 mL/min and applying a 

refractive index detector (RID) for product detection.  

 

6.3 Results and Discussions 

6.3.1 Catalyst characterization 

The morphologies and microstructures of Ni-N-C catalysts were visualized using 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM 

images of Ni-N-C catalysts (Figure 6.1a, b and c) show interconnected nanoporous structures 

with multilevel channels. In the TEM images Ni-N-CB (Figure 6.1d) exhibits a representative 

nanosphere-stacked morphology of carbon black, Ni-N-CNT (Figure 6.1e) shows a structure 

of cross-linked multi-walled carbon nanotubes, and Ni-N-ANBC (Figure 6.1f) exhibits a 

crumpled nanosheet-like morphology. The absence of nickel clusters or nano particles in the 

TEM images suggests a uniform dispersion of Ni-Nx active sites over the catalysts. As 

comparison, a multitude of Ni nanoparticles can be observed over Ni-C catalysts (see Figure 

S6.1), indicating that 1,10-phenanthroline isolates Ni species effectively. The TEM image of 

pristine ANBC (Figure S6.1g) shows that no additional particulate contaminations exist on 

the self-made activated N-doped biochar.  
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Figure 6.1 SEM images of (a) Ni-N-CB, (b) Ni-N-CNT, (c) Ni-N-ANBC, and TEM images of (d) 

Ni-N-CB, (e) Ni-N-CNT, (f) Ni-N-ANBC. 

 

Figure 6.2a shows the X-ray diffraction (XRD) patterns of the prepared Ni-N-C catalysts. 

The two broad diffraction peaks located at around 2θ = 25o and 44o correspond to the (002), 

and (100) planes of graphitic carbon, respectively. Although the (200) crystal plane of NiO 

may overlap with the (100) plane of carbon at around 2θ = 44o, no other obvious diffraction 

peaks of NiO can be observed. In contrast, the XRD patterns of Ni-C materials (Figure S6.2) 

show two additional diffraction peaks at around 2θ = 37o and 63o, which can be readily 

indexed as the (111) and (220) crystal planes of NiO.41 In addition, the XRD patterns of the 

pristine carbon materials (Figure S6.2) only display the feature peaks of graphitic carbon. 
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Figure 6.2 (a) XRD patterns, (b) XPS full survey, (c) High-resolution N 1s XPS spectra, (d) 

High-resolution Ni 2p XPS spectra of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC. 

 

The chemical composition of Ni-N-C catalysts was investigated by X-ray photoelectron 

spectroscopy (XPS). The survey spectra (Figure 6.2b) reveal the presence of C, N, O and Ni. 

The high-resolution N 1s spectra (Figure 6.2c) can be deconvoluted into pyridinic N (~398.2 

eV), Ni-N (~399.2 eV), pyrrolic N (~400.2 eV), graphitic N (~401.8 eV), and oxidized N (~404.7 

eV).28,42 The Ni-N-CB and Ni-N-CNT samples are dominated by a Ni-N signal, which is in line 

with the results from Xi et al.43 Since Ni-N-ANBC used N-doped biochar as a support, it shows 

a more complex N 1s spectrum which contains all N-containing species. The high-resolution 

Ni 2p spectra of Ni-N-C catalysts show the binding energy of Ni 2p3/2 at ~855 eV, which is 

lower than Ni2+ in nickel phthalocyanine (NiPc) (856 eV) but higher than Ni0 in Ni metal 

(852.6 eV), indicating that the valence state of the Ni species in Ni-N-C catalysts are between 

0 and +2.44–46 The XPS spectra and chemical compositions of pristine carbon and Ni-C 

materials are summarized in Figure S6.3 and Table S6.1. The high-resolution N 1s spectra of 

CB and CNT indicate that no additional nitrogen was induced into the pristine carbon 

materials. Similarly, the high-resolution Ni 2p spectra of CB, CNT, and ANBC indicates that 
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no Ni-containing impurities existed in the pristine carbon supports. Remarkably, Ni-ANBC 

also features peaks of a Ni-N structure in the high-resolution N 1s spectrum (Figure S6.3h), 

which can be attributed partial coordination of  N-containing defects on the surface of ANBC 

with free Ni2+ to form a stable Ni-Nx structure.47 

In summary, we have successfully synthesized a series of Ni-N-C catalysts on different 

carbon supports via a ligand-mediated method. No obvious Ni-containing nanoparticles are 

observed in Ni-N-C catalysts by TEM and XRD. Combining the analysis of XPS high-resolution 

N 1s and Ni 2p spectra, we confirm the prevalent presence of Ni-Nx moieties in all Ni-N-C 

catalysts. In addition, XRD and XPS characterization confirms that no apparent impurities 

originate from the pristine carbon supports. Therefore, any distinction in electrochemical 

performance for CO2RR can be ascribed to carbon support-related factors. 

6.3.2 Electrocatalytic performance 

The electrocatalytic performance of Ni-N-C catalysts toward the CO2RR were evaluated 

in a compact H-cell. Linear sweep voltammograms of the Ni-N-C catalysts in Ar-saturated 

and CO2-saturated 0.1 M KHCO3 electrolytes are shown in Figure S6.4. All of the Ni-N-C 

catalysts exhibit a larger current density in a CO2-saturated electrolyte than in a Ar-saturated 

electrolyte, suggesting that the catalysts possess activity for the CO2RR. The voltammograms 

of Ni-N-C catalysts in a CO2-saturated electrolyte are depicted in Figure 6.3a, and show that 

the CO2 reduction onset potential of Ni-N-CNT is lower than that of Ni-N-CB and Ni-N-ANBC. 

As a comparison (Figure S6.4), Ni-CB and Ni-CNT have no activity for the CO2RR whereas 

ANBC and Ni-ANBC show activity for the CO2RR, which is attributed to contributions from 

the N-doped biochar.38,48 
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Figure 6.3 (a) Linear sweep voltammograms in a CO2-saturated 0.1 M KHCO3 electrolyte, 

(b) Faradaic efficiency toward CO, (c) Total current density and (d) Partial current density 

toward CO during CO2 electrolysis in the same electrolyte at different potentials and (e) 8 h 

stability tests at -0.9 V vs. RHE of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC. 

 

To further evaluate the catalytic performance of the Ni-N-C catalysts, 

chronoamperometry measurements are performed in a potential window from -0.5 V to -
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1.15 V vs. RHE (with iR compensation). CO and H2 are detected as dominant gaseous 

products while no liquid products were detected in the catholyte. The faradaic efficiencies 

(FE) toward CO for the different Ni-N-C catalysts are presented in Figure 6.3b. All of the Ni-

N-C catalysts show a good FECO (up to ~90%) in different potential windows. In particular, 

the FECO of Ni-N-CB increases from -0.5 V to -0.8 V vs. RHE, reaches a maximum of 88% FECO 

at -0.8 V vs. RHE and then decreases from -0.8 V to -1.11 V vs. RHE. Ni-N-CNT shows a higher 

FECO than other samples from -0.5 V vs. RHE to -0.8 V vs. RHE. It maintains a good FECO (~90%) 

from -0.6 V to -1.03 V vs. RHE, with a decrease to 66% at -1.13 V vs. RHE. The FECO of Ni-N-

ANBC exhibits an increasing trend from -0.5 V to -0.83 V vs. RHE and then reaches a high 

FECO (>90%, maximum 97% at -0.93 V vs. RHE) from -0.82 V to -1.15 V vs. RHE. According to 

the total current density (jTotal) (Figure 6.3c) and partial current density of CO (jCO) (Figure 

6.3d), Ni-N-CB shows a lower catalytic activity than the other samples over the entire 

potential window. Ni-N-CNT and Ni-N-ANBC exhibit a comparable catalytic activity, where 

Ni-N-CNT shows a higher jCO from -0.5 V to -0.83 V vs. RHE and Ni-N-ANBC shows a higher 

jCO from -0.83 V to -1.15 V vs. RHE. The faradaic efficiencies toward H2 (FEH2) and partial 

current densities toward H2 (jH2) of Ni-N-C catalysts are presented in Figure S6.5, with the 

FEH2 showing an opposite trend to that of FECO and Ni-N-ANBC showing the lowest jH2 values, 

indicating that it is least active for the hydrogen evolution reaction (HER). Additionally, 

Figure S6.6 summarizes the electrochemical performances for the CO2RR of all prepared 

samples (Ni-N-C, Ni-C, and ANBC). It is clear that both Ni-CB and Ni-CNT have no catalytic 

activity for CO2 reduction to CO, indicating that Ni nanoparticles have a preference for the 

HER over the CO2RR. These results are consistent with previous reports from Boppella et 

al.49 It is worth noting that the jCO of ANBC and Ni-ANBC are lower than that of Ni-N-ANBC, 

even though the carbon support (N-doped biochar) also shows good faradaic efficiency 

toward CO, implying that the main activity of Ni-N-ANBC is provided by the Ni-Nx moieties 

on the ANBC instead of the N-doped biochar. 

Long-term (8 h) stability measurements of Ni-N-C catalysts were performed at -0.9 V 

vs. RHE (Figure 6.3e). During the 8 h electrolysis tests, the FECO of Ni-N-CNT and Ni-N-ANBC 

decreases from ~90% to ~85%, while the FECO of Ni-N-CB decreases from ~90% to ~75%. The 

current density of all Ni-N-C catalysts exhibits a decreasing trend over the first 2 h and then 

maintains stable performance, which is in line with results published by Hu et al.19 In general, 

Ni-N-CNT and Ni-N-ANBC show a higher catalytic activity and longer stability during 

electrochemical CO2 reduction than Ni-N-CB. 

To study the structure-performance relationship of the Ni-N-C catalysts, several 

electrochemical characterizations were performed. The electrochemical active surface areas 

(ECSA) of all prepared samples were determined by measuring the electric double-layer 

capacitances (Cdl) (Figure S6.7). As shown in Figure 6.4a, Ni-N-ANBC (0.93 mF/cm2) shows a 

significantly larger Cdl value than Ni-N-CB (0.26 mF/cm2) and Ni-N-CNT (0.36 mF/cm2). The 
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Cdl values of these Ni-N-C catalysts are positively correlated with their specific surface areas 

which are calculated by N2 adsorption-desorption measurements. However, their Cdl values 

do not show a clear correlation with their electrochemical performances. Although the Cdl 

values of Ni-N-CNT and Ni-N-ANBC show significant differences, they exhibit competitive 

electrocatalytic performances for CO2RR. In addition, as shown in Figure S6.8, Ni-CB (0.26 

mF/cm2) shows a similar Cdl value as Ni-N-CB (0.27 mF/cm2); Ni-CNT (0.33 mF/cm2) shows a 

similar Cdl value as Ni-N-CB (0.36 mF/cm2); ANBC (0.95 mF/cm2) and Ni-ANBC (1.02 mF/cm2) 

show similar Cdl values as Ni-N-ANBC (0.95 mF/cm2). Despite the Ni-C samples showing no 

CO2RR activity or less CO2RR activity than the Ni-N-C catalysts, the Cdl values of the Ni-C 

samples are similar to those of the Ni-N-C catalysts, which indicates that the Cdl values are 

mainly dependent on the properties of carbon supports rather than the active sites. This 

means that not all electrochemically active sites are catalytically active for the CO2RR. 

Therefore, in the case of porous carbon-based catalysts, we believe that ECSA-based 

calculations are not effective in comparing their catalytic performances. 

 

Figure 6.4 (a) Double layer capacitance, (b) Nyquist plots, and (c) Tafel plots of Ni-N-CB, Ni-

N-CNT, and Ni-N-ANBC. 

 

Furthermore, electrochemical impedance spectroscopy (EIS) measurements, depicted 

in Figure 6.4b, show that Ni-N-CNT and Ni-N-ANBC exhibit lower charge-transfer resistance 

than Ni-N-CB, which highlights their potential to accelerate electron transfer during the 

CO2RR. Control measurements with the Ni-C samples (Figure S6.9) show similar charge-

transfer resistances to that of the Ni-N-C catalysts, indicating that the charge-transfer 

resistances are determined by the properties of the carbon supports. The kinetics of the Ni-

N-C catalysts are plotted in Tafel slopes (Figure 6.4c). The Tafel slope values of Ni-N-CB, Ni-

N-CNT, and Ni-N-ANBC are calculated to be 130, 157, and 133 mV/dec, respectively. All of 

these values are close to the theoretical value of 118 mV/dec, implying that the prepared 

Ni-N-C catalysts exhibit a similar rate-determine step (RDS) toward CO2RR, which is the 

single electron transfer to the adsorbed CO2 to form a CO2
·- intermediate.50–52 



 

211 
 

6 

Control experiments to verify whether the observed CO was produced from CO2 were 

carried out in an Ar-saturated electrolyte at -0.9 V vs. RHE. As shown in Figure S6.10, the 

carbon paper used for electrode preparation shows a low catalytic activity and only 

produces H2, in both CO2-saturated and Ar-saturated electrolytes, suggesting that all of the 

CO2RR activity is derived from the Ni-N-C catalysts. Performing chronoamperometry 

measurements with the Ni-N-C catalysts in an Ar-saturated electrolyte only leads to H2 

production, indicating that all of the produced CO originates from electrochemical CO2 

reduction and not from the decomposition of the carbon supports. 

6.3.3 Factors behind the performance differences 

The hydrophobicity and surface roughness of porous carbon electrocatalysts are 

considered to have a critical impact on their performance for the CO2RR.53 A more 

hydrophobic surface helps to inhibit the HER and thereby enhances the CO2RR 

performance.54 The surface roughness affects the residence time of gas bubbles on the 

electrode surface,55 and bubbles with a larger size and longer residence time can partially 

cover the active sites resulting in a lower activity.56 In this study, we carried out static contact 

angle measurements to evaluate the hydrophobicity of the Ni-N-C catalysts, with a larger 

contact angle indicating a higher hydrophobicity. Dynamic contact angle (advancing-

receding contact angle) measurements were performed to evaluate the surface roughness 

of the drop-casted electrodes. In particular, as the electrode surface becomes rougher, the 

difference between the advancing contact angle and receding contact angle becomes larger, 

conversely, the difference in the diameter of the drop base becomes smaller. The results of 

hydrophobicity and surface roughness of Ni-N-C catalysts are depicted in Figure S6.11. All 

Ni-N-C catalysts exhibit similar contact angles at around 130o (Figure S6.11a and Table S6.2), 

indicating that they possess similar hydrophobicity. In addition, the difference between 

advancing and receding contact angles (Figure S6.11b) and the difference in diameters of 

the drop base (Figure S6.11c) of all Ni-N-C catalysts are almost negligible, suggesting that all 

of them show similar surface roughness. Although the different carbon-based supports 

show significant differences at the microscopic scale (Figure 6.1), they do not exhibit 

significant differences in macroscopic hydrophobicity and surface roughness. According to 

the above discussions, the effect of hydrophobicity and surface roughness of Ni-N-C 

catalysts on the differences of CO2RR performances in this study is almost negligible. 

The porous structures of carbon-based catalysts are favorable to the CO2RR 

electrocatalytic performance.57 Abundant porous structures provide a larger specific area 

and especially mesopores and macropores play an important role in enhancing the mass 

transfer and improving the accessibility of the active sites.58 N2 adsorption-desorption 

measurements were performed to determine the specific surface area and porosity of the 

prepared Ni-N-C catalysts. The N2 adsorption-desorption isotherms of Ni-N-C catalysts are 
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shown in Figure 6.5a, with the curves of Ni-N-CB and Ni-N-CNT exhibiting a rapid increase 

at relatively high pressures (P/P0 > 0.8), suggesting the presence of macropores. Additionally, 

Ni-N-CNT shows an apparent hysteresis loop (0.8 < P/P0 < 1.0), indicating the existence of 

mesopores. On the contrary, Ni-N-ANBC exhibits a sharp uptake at relatively low pressures 

(P/P0 < 0.005), revealing the predominant presence of micropores. The corresponding pore 

width distributions of Ni-N-C catalysts (Figure 6.5b), which are calculated by a density 

functional theory (DFT) model show similar results. The pore width of Ni-N-CB and Ni-N-

ANBC are mainly centered at around 55 nm and 2 nm, respectively. However, the pore width 

distribution of Ni-N-CNT shows two intensive peaks located at around 35 nm and 55 nm. 

The specific surface areas of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC are calculated to be 171.4 

m2/g, 173.3 m2/g, and 1053.5 m2/g, respectively. The percentage of meso-/macropores of 

Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC are calculated as 94.4%, 99.0%, and 26.0%, respectively 

(Table S6.3). It is noteworthy that although Ni-N-CNT and Ni-N-ANBC show dramatic 

differences in specific surface area and the percentage of meso-/macropores, they exhibit 

competitive CO2RR performances. This indicates that the contribution of micropores in 

carbon materials should not be underestimated. This is in line with the literature, where 

Estevez et al. reported that a higher percentage of micropores in carbon materials can 

enhance the CO2 capture performance,59 while Liu et al. synthesized a coal-based N-doped 

carbon catalysts for CO2RR and pointed out that the spatial confinement effect of the 

micropores is beneficial for CO2 converting to CO.60 Furthermore, the N2 adsorption-

desorption isotherms, pore width distribution, and textural properties of pristine carbon 

materials and Ni-C samples are summarized in Figure S6.12 and Table S6.3. It can be clearly 

seen that the isotherms and pore width distributions of pristine carbon materials and Ni-C 

samples are similar to the Ni-N-C catalysts. Loading Ni or Ni-Nx onto the carbon support 

blocks part of the pores and leads to a decrease in specific surface area (Table S6.3), but 

does not change the main porosity of the carbon material itself. These results demonstrate 

that the ligand-mediated synthesis method for Ni-N-C catalysts does not affect the pristine 

porosity of the carbon supports. 

 

Figure 6.5 (a) N2 adsorption-desorption isotherms, (b) Pore width distributions, (c) Raman 

spectra of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC. 
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Defects in carbon materials have been demonstrated to facilitate the adsorption and 

activation of CO2, which are beneficial for CO2RR performance.61 Hence, Raman 

spectroscopy is carried out to analyze the abundance of defects of Ni-N-C catalysts. As 

shown in Figure 6.5c, all of the materials show two peaks located at around 1350 cm-1 and 

1590 cm-1 that can be assigned as the D band and G band of carbon materials. Additionally, 

Ni-N-CNT exhibits another distinct peak at around 2700 cm-1, which can be attributed to the 

2D band of graphitic carbon materials, indicating that Ni-N-CNT has a higher degree of 

graphitization. The ID/IG ratio reflects the abundance of defects in carbon materials. Among 

all Ni-N-C catalysts, Ni-N-ANBC (ID/IG = 1.023) exhibits more defects than Ni-N-CB (ID/IG = 

1.003) and Ni-N-CNT (ID/IG = 0.956), which is attributed to the introduced nitrogen 

heteroatoms. Ni-N-CNT shows the lowest ID/IG value, indicating its high degree of 

graphitization. However, both Ni-N-ANBC and Ni-N-CNT show good performances toward 

the CO2RR, suggesting that the contributions of defects in Ni-N-C catalysts to CO2RR activity 

are almost negligible. It is important to note that several studies have demonstrated that 

the intrinsic defects in carbon materials show efficient catalytic activity for CO2RR.62–64 

However, most of the reported defect-rich carbon materials are generated by the removal 

of nitrogen heteroatoms from N-doped carbon via thermal treatment under an inert 

atmosphere.65 Nonetheless, high temperatures can not completely remove the nitrogen 

heteroatoms and also facilitate carbon network rearrangements leading to a decrease in 

defects.66,67 Therefore, it is difficult to assess the contribution of defects in carbon supports 

of Ni-N-C catalysts to CO2RR performance. Furthermore, the Raman spectra of pristine 

carbon materials and Ni-C samples are depicted in Figure S6.13. All of the Ni-N-C catalysts 

and Ni-C samples show lower ID/IG values than the pristine carbon materials, indicating that 

the additional annealing and introduction of other carbon sources (1,10 - phenanthroline) 

will decrease the abundance of defects in carbon supports and improve their degree of 

graphitization. 

Apart from the contribution of porosity to the CO2RR performance, the distribution of 

Ni-Nx active sites also has a crucial influence on the CO2RR performances of Ni-N-C catalysts. 

This distribution is jointly affected by the morphology and porosity of different carbon 

supports.68,69 The Ni loadings of different Ni-N-C catalysts were measured by both X-ray 

photoelectron spectrometry (XPS) and inductively coupled plasma optical emission 

spectrometry (ICP-OES). For comparison, the XPS results in atomic percentages (at. %) were 

converted to weight percentages (wt. %). As shown in Figure 6.6a, the ICP-OES results 

indicate that all Ni-N-C catalysts show a similar Ni loading at around 1.1 wt.%, close to the 

intended Ni loading of 1.5 wt.%. However, XPS results demonstrate that the contents of Ni 

in Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC are 0.24 wt. %, 0.51 wt. %, and 0.32 wt. %, respectively, 

which are lower than the results obtained by ICP-OES analysis. This difference attests that 
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part of the Ni-Nx active sites are confined inside the pores of different carbon supports and 

are therefore not detectable by XPS. Several studies report similar results.70,71 Since the 

penetration depth of XPS is limited and only reflects the Ni content on the surface of Ni-N-

C catalysts,72 the results of XPS indicate that Ni-N-CNT exhibits more surface Ni-Nx active 

sites than Ni-N-CB and Ni-N-ANBC. Combining the different distributions of active sites, 

structural properties and electrochemical performances of Ni-N-C catalysts, we illustrate our 

findings in Figure 6.6b. Due to the agglomeration of carbon black nanospheres, parts of Ni-

Nx sites are buried inside of the carbon particles. Therefore, the Ni-N-CB catalyst shows a 

lower CO2RR performance than Ni-N-CNT and Ni-N-ANBC. On the contrary, due to the fiber-

like, multilayered tubular structure of the multi-walled carbon nanotube, the Ni-Nx active 

sites cannot easily enter the interior of the carbon nanotube. By virtue of its abundant 

surface Ni-Nx active sites and wider pore size, Ni-N-CNT exhibits better CO2RR performances 

than other Ni-N-C catalysts at relatively lower overpotentials. In contrast, Ni-N-ANBC has a 

hierarchical structure and a part of the Ni-Nx active sites are distributed in deeper and 

smaller pores. This leads to some Ni-Nx sites not being readily accessible and showing a 

poorer CO2RR activity at more positive potentials. However, as the potential becomes more 

negative, the electrowetting helps to improve the accessibility of Ni-Nx active sites in the 

pores of the ANBC.73  Consequently, this distribution of active sites allows the Ni-N-ANBC 

catalyst to maintain a good FECO (> 90%) and jCO at more negative potentials. 

 

Figure 6.6 (a) The Ni content of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC quantified by XPS and 

ICP. (b) Schematic illustration of the distribution of actives of Ni-N-CB, Ni-N-CNT, and Ni-N-

ANBC. 

 

From the above discussions, we find that the CO2RR performances of the Ni-N-C 

catalysts are highly dependent on the applied carbon supports. The agglomeration of carbon 
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black nanospheres covers several Ni-Nx active sites, which causes Ni-N-CB to show a 

relatively poor CO2RR performance. Multi-walled carbon nanotubes display larger pore sizes 

than other carbon supports and the Ni-Nx active sites are mostly distributed on the surface 

of carbon nanotubes. This allows fast mass transfer of reactants to the active sites, thus 

enabling Ni-N-CNT to show excellent CO2RR performance even at low overpotential. On the 

contrary, N-doped biochar shows a hierarchical structure with a large number of micropores, 

where part of the Ni-Nx active sites are confined in deeper and smaller pores. This enables 

Ni-N-ANBC to exhibit a great CO2RR performance at more negative potentials. In general, 

we can therefore conclude that selecting a suitable carbon support is important to help Ni-

N-C catalysts exhibit better CO2RR performances. 

 

6.4 Conclusions 

We have successfully synthesized a group of Ni-N-C catalysts by using different carbon 

supports via a ligand-mediated method. We comprehensively studied the critical factors of 

carbon supports that govern the CO2RR performances of the prepared Ni-N-C catalysts, 

which include hydrophobicity, surface roughness, porosity, the abundance of defects, and 

the distribution of active sites. All of the Ni-N-C catalysts exhibit similar hydrophobicity and 

surface roughness and show high faradaic efficiencies toward CO (ca. 90%) over different 

potential windows. However, their current densities show significant differences. The 

morphology and porosity of different carbon supports influence the distribution and 

accessibility of the Ni-Nx active sites. As a result, Ni-N-CB shows poorer CO2RR performances 

that are attributed to the agglomeration of carbon black nanospheres which covers parts of 

Ni-Nx active sites. Ni-N-CNT displays a wider pore size and more Ni-Nx active sites on the 

carbon surface, which enables faster mass transfer of reactants to the Ni-Nx active sites, 

enabling the Ni-N-CNT to show a great FECO (>90%) and jCO at lower overpotentials. The 

micropore-dominated N-doped biochar with hierarchical structures exhibits a larger specific 

surface area and smaller pore size, with a part of the Ni-Nx active sites confined in deeper 

and narrower pores. This pore architecture enables Ni-N-ANBC to maintain a good FECO even 

at more negative potentials. This study reveals the role of carbon support of Ni-N-C catalysts 

and presents the importance of selecting suitable carbon supports for Ni-N-C catalysts to 

exhibit excellent CO2RR performance. 
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6.5 Supporting Information 

 

Figure S6.1 SEM images of (a) Ni-CB, (b) Ni-CNT, (c) ANBC, (d) Ni-ANBC and TEM images of 

(e) Ni-CB, (f) Ni-CNT, (g) ANBC, (h) Ni-ANBC. 
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Figure S6.2 XRD patterns of (a) Carbon black-derived samples, (b) Multi-walled carbon 

nanotube-derived samples, (c) Activated N-doped biochar-derived samples. 
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Figure S6.3 (a) XPS full survey, (b) High-resolution N1s spectra, (c) High-resolution Ni 2p 

spectra of carbon black-derived samples; (d) XPS full survey, (e) High-resolution N1s 

spectra, (f) High-resolution Ni 2p spectra of multi-walled carbon nanotube-derived 

samples; (g) XPS full survey, (h) High-resolution N1s spectra, (i) High-resolution Ni 2p 

spectra of activated N-doped biochar-derived samples. 
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Figure S6.4 LSV curves of (a) Ni-CB, (b) Ni-N-CB, (c) Ni-CNT, (d) Ni-N-CNT, (e) ANBC, (f) Ni-

ANBC, (g) Ni-N-ANBC, (h) carbon paper in CO2-saturated and Ar-saturated 0.1 M KHCO3 

electrolytes; and (i) Comparisons of all samples in CO2-saturated 0.1 M KHCO3 electrolyte; 

(j) Comparisons of all samples in Ar-saturated 0.1 M KHCO3 electrolyte. 
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Figure S6.5 (a) Faradaic efficiency of H2, (b) Partial current density of H2 of Ni-N-CB, Ni-N-

CNT, and Ni-N-ANBC. 
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Figure S6.6 Faradaic efficiency of CO ((a), (b), (c)); Faradaic efficiency of H2 ((d), (e), (f)) ; 

Total current density ((g), (h), (i)); Partial current density of CO ((j), (k), (l)); Partial current 

density of H2 ((m), (n), (o)) of Ni-CB, Ni-N-CB, Ni-CNT, Ni-N-CNT, ANBC, Ni-ANBC, and Ni-N-

ANBC. 
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Figure S6.7 CVs of (a) Ni-CB, (b) Ni-N-CB, (c) Ni-CNT, (d) Ni-N-CNT, (e) ANBC, (f) Ni-ANBC, 

(g) Ni-N-ANBC and (h) Carbon paper from 0.45 to 0.55 V vs. RHE at various scan rates. 
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Figure S6.8 The double layer capacitance of (a) Ni-CB, and Ni-N-CB; (b) Ni-CNT, and Ni-N-

CNT; (c) ANBC, Ni-ANBC, and Ni-N-ANBC. 

 

 

Figure S6.9 The Nyquist plots of (a) Ni-CB, and Ni-N-CB; (b) Ni-CNT, and Ni-N-CNT; (c) 

ANBC, Ni-ANBC, and Ni-N-ANBC. 
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Figure S6.10 The control experiment of carbon paper and different Ni-N-C catalysts in CO2-

saturated and Ar-saturated 0.1 M KHCO3 electrolyte at -0.9 V vs. RHE. 
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Figure S6.11 (a) Static contact angle, (b) Advancing and receding contact angle during the 

dynamic contact angle measurements, and (c) Drop base diameter during the dynamic 

contact angle measurements of Ni-N-CB, Ni-N-CNT, and Ni-N-ANBC. 

 

 

 

Figure S6.12 N2 adsorption-desorption isotherms of (a) Carbon black-derived samples, (b) 

Multi-walled carbon nanotube-derived samples, (c) Activated N-doped biochar-derived 

samples; and Pore size distributions of (d) Carbon black-derived samples, (e) Multi-walled 

carbon nanotube-derived samples, (f) Activated N-doped biochar-derived samples. 
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Figure S6.13 Raman spectra of (a) Carbon black-derived samples, (b) Multi-walled carbon 

nanotube-derived samples, (c) Activated N-doped biochar-derived samples. 
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Table S6.1 Surface elemental contents and N1s XPS data of different carbon catalysts 

Samples 
C 

(at.%) 

O 

(at.%) 

Ni 

(at.%) 

N 

(at.%) 

Pyridinic 

N(at.%) 

Ni-Nx 

(at.%) 

Pyrrolic 

N(at.%) 

Graphitic 

N(at.%) 

Oxidized 

N(at.%) 

~398.2eV ~399.2eV ~400.2eV ~401.8eV ~404.7eV 

CB 96.78 3.22 - - - - - - - 

Ni-CB 95.20 4.80 - - - - - - - 

Ni-N-CB 94.90 4.47 0.05 0.58 - 77.42 - 10.75 11.83 

CNT 99.63 0.37 - - - - - - - 

Ni-CNT 98.16 1.79 0.05 - - - - - - 

Ni-N-

CNT 
97.52 1.84 0.11 0.53 - 59.23 - 29.65 11.12 

ANBC 89.93 6.34 - 3.73 23.15 - 51.11 16.52 9.21 

Ni-ANBC 91.89 5.57 0.22 2.32 21.74 16.00 36.58 11.52 14.16 

Ni-N-

ANBC 
92.05 4.54 0.07 3.34 28.18 21.90 22.82 13.95 13.15 

 

 

Table S6.2 Static contact angle data for the Ni-N-C samples 

Sample 
Contact angle (o) 

Drop 1 Drop 2 Drop 3 Mean Standard Deviation 

Carbon paper 137.8 141.9 142.3 140.7 2.49 

Ni-N-CB 134.4 129.7 129.1 131.1 2.90 

Ni-N-CNT 132.7 129.7 131.6 131.3 1.52 

Ni-N-ANBC 133.4 128.7 129.5 130.5 2.51 
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Table S6.3 Textural properties of different carbon-based samples 

Samples 

 N2 adsorption/desorption 

SBET Vtotal(P/P0=0.99) Vmicro Vmeso Vmeso/Vt Davg 

m2/g cm3/g cm3/g cm3/g % nm 

CB 245.2 0.367 0.041 0.326 88.82 6.0 

Ni-CB 228.4 0.399 0.039 0.360 90.04 7.0 

Ni-N-CB 171.4 0.374 0.021 0.353 94.40 8.8 

CNT 186.4 1.023 0.010 1.013 99.00 21.9 

Ni-CNT 186.1 0.879 0.008 0.871 99.13 18.9 

Ni-N-CNT 173.3 0.821 0.008 0.813 99.03 18.9 

ANBC 1426.9 0.738 0.555 0.183 24.85 2.1 

Ni-ANBC 1420.1 0.821 0.617 0.204 24.88 2.3 

Ni-N-ANBC 1053.5 0.553 0.409 0.144 26.04 2.1 
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7.1 Conclusions 

In this dissertation, a series of biomass-derived N-doped carbon catalysts are 

synthesized for the electrochemical CO2 reduction to CO. Sugarcane bagasse is selected as 

the feedstock owing to its large availability and easy accessibility. The abundant natural 

vascular fiber bundles in bagasse make it a good precursor to prepare porous carbon 

materials. A facile one-step pyrolysis method that combines the carbonization, activation, 

and N-doping simultaneously, is used. The effects of activators, carbonization temperatures, 

and additions of dopant used in the synthesis of N-doped biochar catalysts on the 

electrocatalytic performance for CO2 reduction are systematically studied. The correlations 

between physicochemical properties and electrochemical CO2RR performances of N-doped 

biochar catalysts are also comprehensively investigated. Moreover, one of the best N-doped 

biochar catalysts is selected for further applications. Overall, N-doped biochar exhibits 

better performance (selectivity, activity, and stability) than a silver foil electrode for 

electrochemical CO2 reduction to CO, in the presence of 100 to 10000 ppm SO2 impurities. 

N-doped biochar is also used as a carbon support to synthesize nickel-nitrogen-carbon (Ni-

N-C) catalysts for CO2RR. The as-prepared Ni-N-C catalyst on N-doped biochar shows more 

competitive CO2RR performance than Ni-N-C catalysts on carbon black and carbon 

nanotubes. These studies provide new insights into the design, evaluation and utilization of 

N-doped biochar catalysts for electrochemical CO2 reduction. 

In Chapter 3, the influences of the type of activators used in the synthesis of N-doped 

biochar catalysts for the performance of electrochemical CO2RR have been discussed. Six 

different activators of NaHCO3, K2CO3, Mg5(OH)2(CO3)4, NaOH, KOH, and KHCO3 are applied 

for preparing N-doped biochar catalysts via a standard synthesis procedure. Depending on 

the diversity of activation mechanisms, such as oxidation, etching and templating, the 

textural properties and surface chemistry of as-prepared catalysts exhibit massive 

differences, thus further resulting in significant differences in the electrochemical CO2RR 

performance. The results demonstrate that the overall CO2RR performance of the 

synthesized N-doped biochar catalysts is not only determined by the content of total N or 

specific N-containing species, but rather by the synergistic effect of the overall surface 

chemistry, the porosity and the degree of graphitization. Among these N-doped biochar 

catalysts, the sample activated by NaOH exhibits a good CO2RR performance with 80% 

faradaic efficiency toward CO at -0.93 V vs. RHE, which is attributed to the proper N-doping 

content, large surface area and abundant pores with a relatively high mesoporosity and 

relatively high degree of graphitization. 

In Chapter 4, NaOH is used as activator, and a series of N-doped biochar catalysts with 

different physicochemical properties are synthesized by tuning the carbonization 

temperature and N-doping level and used for the CO2RR to analyze the structure-
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performance relationship. In general, the N-doped biochar synthesized at higher 

carbonization temperatures (800 to 900 oC) shows a better performance. However, 

increasing the N-doping content does not efficiently improve the CO2RR performance of N-

doped biochar catalyst. The observed results suggest that neither the N-doping level nor the 

specific surface area is positively correlated to the observed CO2RR performance of N-doped 

biochar catalysts, which is consistent with our previous results. A multivariate correlation 

analysis is established to evaluate the correlation between physicochemical properties and 

electrochemical CO2RR performances of N-doped biochar. The results demonstrate that 

improving the surface hydrophobicity, the abundance of defects, and optimizing the 

porosity distribution of N-doped carbon can significantly improve the overall catalytic 

performance for CO2 electrochemical reduction. Our data highlights the importance of a 

comprehensive analysis of the physicochemical properties of N-doped carbon catalysts for 

CO2RR performance and enables the rational design of high-performance N-doped carbon 

catalysts for the CO2RR in the future. 

In Chapter 5, one of the most efficient N-doped biochar catalysts is selected as a 

catalyst for electrochemical CO2 reduction to CO in the presence of varying concentrations 

of SO2 impurities. The overall CO2RR performance is co-dependent on the SO2 

concentrations and applied potential. The catalyst outperforms a silver foil electrode in the 

presence of SO2, displaying a better CO2RR performance, including a higher faradaic 

efficiency and current density to CO, stronger tolerance, stability and robustness to gaseous 

impurities. The presence of 10000 ppm SO2 in a CO2 stream significantly reduces the CO2RR 

performance of N-doped biochar catalyst as the SO2 reduction reaction becomes the 

dominant reaction. However, the changes in the CO2RR performances are almost negligible 

in the presence of 1000 and 100 ppm SO2 impurities. Additionally, it maintains over 90% 

faradaic efficiency toward CO during an 8-hour stability measurement at -1.0 V vs. RHE with 

100 ppm SO2 and shows a strong tolerance to the gas feed changes (the concentration of 

SO2 fluctuates from 0 to 100 ppm) with negligible changes of the faradaic efficiency and 

current density of CO. SEM and XPS results indicate the absence of sulfur-containing species 

resulting from SO2 reduction on the surface of N-doped biochar catalyst. These results 

suggest that N-doped carbon catalysts are feasible catalysts for CO2 reduction applications 

using SO2 contaminated CO2 feeds. 

In Chapter 6, a group of Ni-N-C catalysts are synthesized by using carbon black (CB), 

multi-walled carbon nanotubes (CNT), and activated nitrogen-doped biochar (ANBC) as 

carbon support via a ligand mediated method. The Ni-N-ANBC catalyst shows a maximum 

of 97% faradaic efficiency to CO at -0.93 V vs. RHE, which is better than Ni-N-CB catalyst 

(maximum 88% FECO at -0.8 V vs. RHE) and comparable to Ni-N-CNT catalyst (maximum 95% 

FECO at -0.7 V vs. RHE). In addition, the critical factors of carbon support that govern the 

CO2RR performances of the prepared Ni-N-C catalysts, which include hydrophobicity, surface 
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roughness, porosity, the abundance of defects, and the distribution of active sites, are 

comprehensively investigated. As a result, the porosity of carbon supports and the 

distribution of Ni-Nx active sites are confirmed as the main factors that influence the CO2RR 

performance of Ni-N-C catalysts. The micropore-dominated N-doped biochar with 

hierarchical structures exhibits a larger specific surface area and smaller pore size, with a 

part of the Ni-Nx active sites confined in deeper and narrower pores, enabling Ni-N-ANBC 

catalyst to maintain a good CO2RR performance even at more negative potentials. This study 

reveals the role of the carbon support of Ni-N-C catalysts for electrochemical CO2RR and 

presents the feasibility of using N-doped biochar as a more sustainable carbon support for 

the preparation of Ni-N-C catalysts. 

In summary, N-doped biochar catalysts show a great potential to substitute the 

unsustainable fossil-based carbon catalysts for electrochemical CO2 reduction to CO. It is 

possible to obtain an excellent catalyst with high selectivity, activity and stability by precisely 

modulating the porosity, surface wettability, abundance of defects, and other 

physicochemical properties of N-doped biochar material. Benefitting from the stability of 

carbon materials, N-doped biochar enables better performances than benchmarked metal 

catalysts even in harsh reaction conditions. Integrating the hierarchical structure of N-doped 

biochar with Ni-Nx active sites could further improve the catalytic performance of metal-

free carbon catalysts for CO2RR. 

 

7.2 Recommendations 

The unique properties of biomass-derived N-doped carbon catalysts, including large 

specific surface area, tunable porosity, abundant defects, and resistance to bases and acids, 

enable them to exhibit competitive performances for electrochemical CO2 reduction to CO. 

Additionally, the cost-effectiveness, sustainability, and environmental friendliness of N-

doped biochar catalysts make them viable alternatives to fossil-based carbon catalysts. 

However, the investigation on these N-doped biochar catalysts is still in its infancy. Many 

scientific and technological challenges have still to be addressed. The recommendations are 

listed below: 

➢ It is not advisable to develop novel catalysts with high selectivity and activity for 

CO2RR via screening of random combination of feedstocks, activators, dopants, and 

operation conditions, which is endless and meaningless. Efforts should be 

dedicated to reveal the synthesis-properties-performance correlations of N-doped 

biochar catalysts for CO2RR, instead of showing off their exquisite nanostructures 

and impressive performances. 
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➢ The mechanisms of N-doped biochar formation need further investigation. 

Understanding the migration principles of N-containing species in gas, solid, and 

liquid products by Time of Flight Mass Spectrometer (TOFMS), Two-Dimensional 

Infrared Spectroscopy (2D-IR), etc., during the carbonization and functionalization 

processes, will be helpful to optimize the conditions for N-doped biochar 

preparation and to more precisely control the N-doping content and speciation. 

➢ Chemical activators are widely used to enlarge the specific surface area and 

porosity of carbon materials. However, their corrosive effects during activation 

process on the equipment and the following acid wash processes exhibit negative 

impacts to the environment. Therefore, seeking green and eco-friendly activators 

for effective activation processes are highly desired, such as potassium acetate 

(CH3COOK), hydroxyapatite (Ca5(PO4)3(OH)), etc. 

➢ The chemical compositions of various biomass are significantly different. Therefore, 

improving the homogeneity of biomass-derived N-doped carbon materials through 

feedstock pretreatment (such as torrefaction, etc.), optimization of preparation 

conditions and other strategies (such as bio-refinery, etc.) is crucial to improve the 

reproducibility of catalyst performance. 

➢ The active sites and reaction mechanisms for CO2RR on N-doped carbon catalysts 

need to be further investigated. DFT is a powerful tool to reveal the active sites, 

while such often overly idealized models also make the results of DFT simulations 

controversial. The effects from micro environment around the active sites, such as 

ion concentration, surface wettability, should also be included into the simulation 

model.    

➢ In addition, the deconvolution of high resolution XPS spectra is highly subjective, 

these should be very careful assessed when comparing XPS results from different 

research groups. Providing the detail information about the fitting of XPS spectra 

are highly encouraged. 

➢ Integrating the N-doped biochar catalyst in a gas diffusion layer (GDL) or a gas 

diffusion electrode (GDE) will be an attractive topic. Using membrane electrode 

assembly (MEA) for high-throughput CO2 electrochemical reduction to improve the 

reaction activity of N-doped biochar catalyst is also attractive and meaningful for 

future applications. 

➢ Owing to the resistance to bases and acids of carbon materials, it is worthy to 

evaluate the performance of N-doped biochar catalysts for CO2RR in the presence 

of other gas impurities, such as hydrogen sulfide (H2S), carbonyl sulfide (COS), 
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nitrogen oxides (NOx), nitrogen (N2) and oxygen (O2), etc. In addition, performing 

N-doped biochar catalysts for CO2RR in acidic electrolytes is also attractive. 

➢ Techno-economic analyses and life cycle assessment (LCA) studies of using 

biomass-derived N-doped carbon catalysts to substitute the fossil-based carbon 

catalysts for electrochemical CO2 reduction to CO are highly desired. 
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