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Electrochemical Reduction of CO;
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Chapter 1

Abstract: Electrochemical CO; reduction holds great promise in reducing
atmospheric CO: concentration. However, several challenges hinder the
commercialization of this technology. Energy efficiency, CO. solubility in
aqueous phase, and electrode stability are among the current issues. In this
mini-review, we summarize and highlight the main advantages and
limitations that Metal-Organic Frameworks may offer to this field of
research, either when used directly as electrocatalysts or when used as

catalyst precursors.
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1.1. INTRODUCTION

The ever-increasing atmospheric CO> concentration is one of the critical
issues that require an urgent solution within this century. From a global
carbon cycle point of view, industrial activity is the major CO, contributor,
causing a rapid accumulation of this greenhouse gas in the atmosphere. To
counteract this unbalance, CO» capture and utilization technologies should
be implemented. In this spirit, several technologies have been proposed for
CO;, utilization, based on thermocatalysis, photocatalysis, and
electrocatalysis, efc. All the above-mentioned catalytic approaches have
their economic advantages under certain conditions, and they may all
contribute to reducing atmospheric CO: [1]. For example, thermocatalysis
would already be economically competitive if green H» (e.g. generated from
water splitting using renewable energy) was massively available [2].
Photocatalysis, on the other hand, would be more favourable in remote
locations with strong solar irradiation. Electrocatalytic reduction of CO»
(CO2ER) is the other technology that holds great promise if efficient
electrocatalysts can be developed for the direct transformation of CO: into
valuable products.

Initially, catalysts used for CO2ER were pure metal foils directly used as
electrodes [3]. With the advancement of nanotechnology, other
configurations have been used as catalysts in CO2ER, significantly
enhancing CO2ER efficiency [4]. In these nanostructured electrocatalysts,
the active phase is dispersed within a conductive support, such as carbon
cloth, carbon paper or glassy carbon. In the following context, the electrode
mainly refers to catalysts dispersed on a conductive support, and catalyst

engineering represents the engineering effort to improve CO2ER efficiencies
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(including Faradaic efficiencies towards valuable products, current densities,
and energy efficiencies) through the design of catalytic sites and/or the
optimization of the catalyst structure.

Metal-organic frameworks (MOFs) have recently emerged in the field of
catalysis because of their unique textural and topological properties [5]. On
the one hand, when MOFs are used directly as catalysts, not only the
atomically dispersed metal nodes can be engineered into active sites, but
also the organic linkers hold great potential as catalytic sites [6]. Besides,
the porous structure can be tuned to enhance mass transport. On the other
hand, MOFs can also be used as catalyst precursors, yielding MOF mediated
catalysts [7]. Following this approach, the MOF is decomposed under
controlled conditions to lead to the clustering of its metal component into
small nanoparticles or to the formation of single atom catalytic sites. At the
same time, the organic component (the linker) rearranges into a
carbonaceous matrix that may be conductive [8]. Xia ef al. reviewed the use
of MOFs for electrochemical energy storage, including catalytic electrodes
[9]. Herein, we summarize the recent works on electrochemical CO;
reduction using MOF and MOF derived catalysts.

Next to reviewing the work done so far on this interesting topic, we have
to realize that the commercialization of COER will not solely rely on
catalyst engineering. Indeed, the design of the electrochemical cell and the
optimization of reaction conditions (pressure, temperature, efc.) will play a
role as important as that of the catalyst itself.

In this mini-review, we first give a brief introduction to the challenges

faced by COzER, followed by a summary on MOF-related catalyst
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engineering and MOF derived electrocatalysts. We finalize with our

personal opinion on future developments.

1.2. MAIN CHALLENGES FOR CO:ER

CO; electrochemical reduction can be seen as a reversed process of fuel
cells, and a lot of similarities are shared between these two processes, such
as cell configuration, electrolyte, efc. COER with H-cell, one of the most
popular cell configurations so far, features cathode and anode compartments
filled with aqueous electrolyte and separated by a membrane. MOFs and
MOF-derived catalysts are mostly particles, and are used as supported
catalysts in CO2ER cells. CO> approaches the catalytic sites through
diffusion in aqueous phase, and several valuable products can be generated,
such as CO, C;Hs, HCOOH, oxalic acid, alcohols, efc. As proposed by
Koper and co-workers [10], the reduction of CO, starts with the formation
of a «COO intermediate. Subsequent reaction with a proton-electron pair
leads to the formation of HCOO-, while the absorption of only a proton
results in the formation of *COOH, which will be further reduced to <CO.
On the one hand, if the *CO intermediate is strongly bonded by the catalyst,
for example Cu, it will be reduced to additional products. On the other hand,
if the *CO intermediate is weakly bonded (i.e. in case of Ag, Au, or Zn) CO
will desorb and become the main product.

The challenges of CO2ER have been generally summarized and
discussed [1, 11], so we will only give a brief introduction to CO2ER here,

with specific emphasis on commercializing considerations.

n
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1.2.1. Overpotential (voltage efficiency)

One of the key drawbacks that hinder the commercialization of COER
is energy efficiency, which is primarily limited by the high overpotential of
COzER.

In electrochemistry, overpotential is the potential (voltage) difference
between a half-reaction's reduction potential at thermodynamic equilibrium
and the potential at which the redox reaction occurs. The existence of
overpotential implies that more energy is required than thermodynamically
needed to drive a given reaction, and this energy loss, usually in thermal
form, directly affects voltage efficiency.

It is widely accepted that the overpotential for CO; electrochemical
reduction originates from the sluggish kinetics to form a *«CO," intermediate
[11a, 11c]. This step has a standard potential of -1.9 V vs. SHE and is the
main reason for high overpotentials. This potential can be improved
(lowered) by stabilizing the intermediate, which is one of the primary

functions of catalysts.

1.2.2. Faradaic Efficiency (FE)

Faraday efficiency is described as energy losses in the current term.
Although all the current in CO:ER is consumed to form products, the
current directed towards undesirable reactions or products is usually
considered as energy loss.

One primary undesirable product is H», generated by the competing
hydrogen evolution reaction (HER) in the aqueous electrolyte. As a
consequence, catalysts with high hydrogen overpotentials typically give

favourable FE for COER.

6
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From a commercialization perspective, the potential market of COER
will be fuel and commodity chemicals, where oil derived products are now
dominating. Taking the competition between CO2ER derived chemicals and
petrochemicals into consideration, it is clear that some CO2ER products, for
example CHy, are economically unfavourable. Formation of these products
should be avoided since the electricity cost to produce them will not be paid
off [1].

A scenario of CO2ER commercialization would be the direct treatment
of post-combustion gas from power plants, avoiding in this case expensive
(and highly energy consuming) separation. These streams usually contain a
relatively high concentration of unreacted Oz. Thus, CO2ER catalyst for this
specific application should be inactive towards oxygen reduction reaction
(ORR) [12]. Moreover, the ORR products are reactive O2” and H2O> species

sometimes, which offer a harmful environment for CO,ER catalysts [13].

1.2.3. CO: Mass Transport

One of the key limiting factors in aqueous-phase CO, conversion is the
mass transfer of CO> to the cathode surface, especially given the low
solubility of CO2 in many electrolytes. In addition to catholyte CO; capacity,
product bubble formation can disrupt the reaction system as well. Although
the low solubility of CO» in aqueous phase can be overcome by using gas-
diffusion electrodes (GDE), the current density of cathode GDEs may also
be limited by the CO; flux to the catalyst. The CO; transport limit can be
seen as the critical issue that hinders the enhancement of current density
[14]. Configuration of electrochemical cells may largely influence the CO;

transportation, and in turn influences the current density, thus it should be
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noted that the comparison of current densities should take the cell

configuration into consideration [15].

1.2.4. Electrode Stability

Stability is an essential criterion for commercial catalysts. Excellent
stability can greatly reduce the operational costs [16]. In CO2ER, the
electrode stability requires not only the resistance to deactivation but also
the resistance to impurities [17]. The long-time running of CO2ER has been
reported in several articles [18]. However, the resistance to impurities has
not been widely covered. Again, taking the example of using the post-
combustion gas from power plant as CO; feedstock, the post-combustion
gas will contain a relatively high level of impurities, such as SOx and NOy,
even after a primary treatment, and S has been identified as a harmful
component to many electrocatalysts [19]. The electrolyte is another source
of impurities [11c, 20]. In this regard, more research into impurity-resistant
electrodes will be important. Additionally, electrode stability should be
separated from system stability. For instance, electrode clogging because of
the formation of bicarbonate crystals during CO2ER is not related to the
electrode itself but to the reactor system and such should be solved through

system engineering.

1.3. MOF-RELATED CATALYSTS FOR CO:ER
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Table 1.1. Summary of CO2ER performance with MOF-related materials.

. Peak Peak j Peak
Electro- Main Cak Jiotal :

FE[! 1l El 1
catalyst[a] product (%) (mA cm?) ?\(}t)entla ectrolyte
CR-MOF[21] Formicacid ~100 7.1 -0.78 0.5 M KHCOs
Cu-BTC[22]  Oxalicacid  ~51 19.22 ﬁgﬁ s 0.01 M TBATEB
ZIF-8[23] Co 65 -3 -1.14 0.5 M NaCl
ZIF-8[24] Co 81 8.5 1.1 0.25 M K2SO4
ZIF-108[24]  CO 52 24.6 1.3 0.25 M K2SO4
Cu-BTC[25]  ethanol 103 10 -0.28 0.5 M KHCO;3
%}%?‘8“[12'25’96‘1 co 90 10.1 12 0.1 M KHCO;

1.6 vs. 0.1 M TBAH in
Re-MOF[27]  CO 93 >2 NHE CH3;CN+5%TFE
ZIF-BTC[28] CH4 80 3.1 ﬁé Avg; BMIMBF,
Fe MOF- -1.3 vs. | M TBATFs in
523[29] co 30 ~6 NHE DMF
12)7?21\(1%@[30] co 91 12 0.6 0.5 M KHCOs

CH:CN with 1 M

Cuz(CuTCPP) ) N -1.55 vs.
e hee31]  HCOO 68.4 45 AgAg  HOnd0SM
Al(OH),TCP
P.Co ) Co 76 ~1 0.7 0.5M KHCO;
%ﬁ;ggﬁ‘yered co ~80 32 13 0.25 M K2SO4
lcgd(s)gﬁ{] NU-" peoo 28 12 -0.82 0.1 M NaClOs
g,[‘g%[ SC]“' CH. 632  -14 171 0.1 M KHCO3
OD-Cu/C[36] CH3;OH 432 ~89 0.3 0.1 M KHCOs

9
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MOF-derived

ZIF-8 derived

Fe-N active CO 93 5.2 -0.43 1M KHCOs3
sites[38]

Ni SA/N-

C[39] CcO 71.9 10.48 -1.0 0.5M KHCO3
N-coordinated

Fe[40] CcO 93 2.8 -0.58 0.1 M KHCO;
Low-CN Cu

clusters[41] CoHa 45 262 -1.07 1 M KOH
N-coordinated

Co[42] CO 94 18.1 -0.63 0.5 M KHCO:;
MOF-derived

In-Cu Co 92.1 112 0.8 0.5M KHCO
bimetallic : : . . 3
oxides[43]

ZIF-8 derived

NC[44] CcO 78 1.1 -0.93 0.1 M KHCO;3
ZIF-8 derived

NC[45] CcO 954 1 -0.5 0.5M KHCOs3
Pyrolyzed

[Z“Ig]/MWCNT CcO 100 7.7 -0.86 0.1 M NaHCO;

[a] The MOF-related catalysts mentioned in this table were used in a supporting manner. A list of
abbreviations is presented at the end of the text.

[b] Peak FE represents the FE of main products.

[c] Peak potential represents the potential where peak FE occurs, and is against RHE unless
specifically noted.

10
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1.3.1. MOF as Electrocatalysts

Figure 1.1. Representative electron micrograph of directly using MOF as
electrocatalyst. TEM image of (a) lower and (b) higher magnification, SAED
pattern (inset) of Cu-BTC;[22] SEM images at 25000x magnification of (a)
HKUST-1, (b) CuAdeAce, (¢c) CuDTA, and (d) CuZnDTA, not real colors;[25]
TEM images for ZIF-8-ZnSO4 (g), ZIF-8-Zn(NO3), (h), and ZIF-8-Zn(Ac): (i) [23].
Ac=acetate.

MOFs, combining the favourable characteristics of heterogeneous and
homogeneous catalysts, have been explored as a novel class of model
catalytic materials for understanding the electrochemical CO; reduction.

The application of MOF-related catalysts for CO. electrochemical
reduction started in 2012 [21], when a copper rubeanate metal-organic
framework (CR-MOF) was prepared by Hinogami et al to
electrochemically reduce CO: into valuable products. With an onset
potential of ~200 mV more positive than that of a Cu electrode in the

aqueous electrolyte, formic acid (HCOOH) was virtually the only CO:

11



Chapter 1

reduction product (FE = ~100%), whereas various products were generated
on a Cu electrode. The partial current of HCOOH by CR-MOF electrode
was ~7.1 mA cm, which was also higher than for the Cu electrode.

Kumar et al., also in 2012, reported cyclic voltammetry (CV) studies in
0.1 M KCI of Cu-BTC films on glassy carbon electrodes [22]. Well-defined
Cu(II)/Cu(I) and Cu(I)/Cu(0) reversible redox responses were observed. The
MOF film was then studied as electrocatalyst in N,N-dimethylformamide
(DMF). The production of oxalic acid was confirmed by GC-MS with a FE
of ~51% and a total current density of 19 mA cm™.

Following these pioneering works, additional MOF-based catalysts have
been investigated for COER. ZIF-8, an archetypical MOF material, was
synthesized with various zinc sources by Wang et al. and used as
electrocatalyst for CO; reduction to CO [23]. ZIF-8 prepared with ZnSO4
delivered the best catalytic activity towards COz electroreduction, with a FE
towards CO (FEco) of 65% and a total current density (jrows) of ~3 mA ¢cm2,
establishing a relation between the CO2ER performance and synthetic zinc
sources. The main catalytic active sites were claimed to be the discrete Zn
nodes in ZIF-8.

Jiang et al. further identified the imidazolate ligands coordinated with
the Zn(Il) centre in ZIFs as the catalytic sites of ZIFs for CO.ER with the
help of in-situ X-ray absorption spectroscopy (XAS) measurements and
density functional theory (DFT) calculations [24]. They investigated ZIFs
with the same sodalite topology and different organic ligands, including
ZIF-8, ZIF-108, ZIF-7, and SIM-1 for CO2ER in aqueous electrolyte. ZIF-8
showed the highest FEco of 81.0% at -1.1 V vs. RHE among all the ZIF

12
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catalysts, and the CO current density could reach as high as 12.8 mA c¢cm™ at
-1.3 V vs. RHE over ZIF-108.

The effect of the linker on CO2ER was also investigated by Albo et al.
[25] Four Cu-based MOFs, namely, 1) Cu-BTC (HKUST-1); 2) Copper(Il)
adeninate acetate (Cu-AdeAce); 3) Copper bisbidentate dithiooxamidate
(Cu-DTA) mesoporous metal-organic aerogel (MOA); and 4) CuZn-DTA
MOA, were synthesized and supported on gas diffusion electrodes. The
MOF-based electrodes showed electrocatalytic efficiency for the production
of methanol and ethanol in the liquid phase. The maximum cumulative FE
for CO; conversion was measured at Cu-BTC based electrodes, which was
15.9 % at a current density of 10 mA cm?. It was demonstrated that MOFs
with coordinately unsaturated metal sites were favourable for the
enhancement of the electrocatalytic reduction of CO: to alcohols.
Furthermore, Cu-BTC based electrodes showed stable electrocatalytic
performance for 17 h.

In addition to the structural effect, the linker of MOFs can also be
functionalized to boost the catalytic activity. The poor conductivity of
MOFs largely hinders their direct application as electrocatalysts, thus, Dou
et al. reported a general strategy of ligand doping to enhance charge
transfer, thereby improving the electrocatalytic activity [26]. A strong
electron-donating molecule, 1,10-phenanthroline, was introduced into ZIF-8
as CO; reduction electrocatalyst. Experimental and theoretical results
suggested that the electron-donating nature of phenanthroline enabled
charge transfer, which facilitated the generation of *COOH. As a
consequence, the ligand-doped ZIF-8 showed an FEco of 90% and a jrow of
10.1 mA cm?, both significantly improved compared with pristine ZIF-8.

13
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Ye et al. deposited a highly oriented monolithic Re-based MOF thin film
onto a conductive fluorine-doped tin oxide (FTO) electrode using liquid-
phase epitaxy [27]. The MOF film was grown exclusively along the [001]
direction, and exhibited a high FEco of ~93% when operated as an
electrocatalyst for the reduction of CO, with a current density exceeding 2
mA cm™,

As discussed above, the overpotential is one of the key issues which
needs to be addressed in CO2ER. A combination of ionic liquids (ILs) as the
electrolyte and Zn-BTC as the catalyst was applied by Kang et al. as a
strategy to lower overpotentials in CO,ER [28], which was the first work
combining a MOF electrode and pure IL electrolyte in this field. The Zn-
BTC electrode showed a higher selectivity to CHs (>80%) and higher
current density (3 mA cm™) at mild overpotentials (250 mV), than the

commonly used metal electrodes.

1.3.2. MOFs as Active Phase Supports

In addition to the direct application as electrocatalysts, the unique
textural properties of MOFs also offer a number of opportunities for their
application as active phase supports for CO2ER.

Porphyrin-based molecular catalysts have been widely used in COER
[47]. The significance of molecular catalyst immobilization was highlighted
by Hu et al by comparing the performance of cobalt meso-
tetraphenylporphyrin (CoTPP) in CO:ER wunder both supported and
unsupported conditions [48]. CoTPP performed poorly as a homogeneous
electrocatalyst giving low product selectivity at a high overpotential, while a
remarkable catalytic activity enhancement was seen with CO: selectively

forming CO (> 90%) at a low overpotential upon directly immobilizing

14
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€y,0 (111} 1
245A

Figure 1.2. Representative electron micrograph of using MOF as catalyst supports.
(a) SEM image and (b) TEM image of Cux(CuTCPP) nanosheets;[31] Top-view
SEM images (c) and cross-sectional SEM image (d) of the Cu-SIM NU-1000 thin
film;[34] SEM images of the MOF catalyst film before (e) and after electrolysis (f)
revealing the retention of the plate-like morphology;[32] (g) SEM and TEM (inset
in g) images of Cu;O spheres, (h) SEM image of Cu-MOF, (i) TEM and (j)
HRTEM images of Cu,O@Cu-MOF after reacting for 12 h [35].

CoTPP onto carbon nanotubes. Kramer ef al. demonstrated that the
immobilization agent had an effect on the molecular catalyst’s performance
by comparing the COER activity of cobalt phthalocyanine (CoPc)
supported on edge-plane graphite and poly-4-vinylpridine (P4VP) thin films
[49]. CoPc embedded in P4VP matrix displayed improved FEco and
turnover frequency, which was attributed to the chemical coordination
environment provided by the P4VP polymer matrix.

Hod et al. used Fe-porphyrin as CO:> reduction catalyst, which was
incorporated into MOF-525 as both a structural and functional element [29].
MOF-525 was first deposited onto a conductive indium tin oxide (ITO)
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substrate, and then Fe-porphyrin was formed via a post-metalation strategy.
The approach yielded a high surface coverage of electrochemically
addressable Fe-porphyrin sites (~1015 sites cm™), forming a mixture of CO
and H; in roughly equal amounts (FEco = ~50 %) as products with a j7om of
~6 mA cm. In spite of the low FE of CO2ER, these results demonstrated
that porphyrins can be electrochemically accessed when incorporated into a
MOF structure.

Electroactive porphyrins can also be used as ligands to form MOFs.
Dong et al. rationally introduced a Fe-TCPP porphyrin to form PCN-222(Fe)
as CO2ER catalyst [30]. After dip-coating onto carbon substrate, the
composite catalyst PCN-222(Fe)/C (mass ratio = 1:2) exhibited a maximum
91% FEco with 494 mV overpotential (where jroas = 1.2 mA ¢cm™2) in an
aqueous solution, achieving a TOF of 0.336 site™! s™!. The catalyst was
found to retain its crystallinity and stability after 10 h of electrolysis at
—0.60 V versus RHE (average FEco = 80.4%).

Wu et al. used porphyrinic MOF nanosheets for COER [31]. The
Cuz(CuTCPP) nanosheets were cathodized on FTO glasses, and exhibited
significant activity for formate production with a FE of 68.4% at -1.55 V vs.
Ag/Ag". Moreover, the C—C coupling product acetate was also generated
from the same catalyst at a voltage range of 1.40 - 1.65 V with the total
liquid product FE of 38.8 - 85.2%. Characterization results showed the
instability of Cux(CuTCPP), with Cu(Il) being transformed into CuO, Cu20
and CusO3, which significantly catalyzed CO, to formate and acetate.

Kornienko et al. employed an aluminium porphyrin-based MOF-55 [32],
comprising cobalt porphyrin active sites, for the electrocatalytic reduction of

CO: to CO. An aluminium oxide thin film was first deposited via atomic

16
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layer deposition (ALD) as metal precursor, followed by subsequent MOF
formation through the reaction of the coated aluminium oxide with the
linker under solvothermal conditions. The thickness of the precursor could
easily be controlled by the number of ALD cycles, thereby controlling the
thickness of catalyst layers. The performance of the resulting MOF catalyst
initially improved with increasing film thickness until reaching a maximum
of ~2.8 mA cm?, and the appearance of maximum performance possibly
indicated a trade-off between electron and mass transport. The optimized
catalyst thickness exhibited a F'Eco production of up to 76 % in a 7 h test.

In addition to molecular catalysts, MOFs have also been used for
supporting metal nanoparticles in CO:ER. Jiang et al. reported the
construction of AgrO/layered ZIF composite structure by mixing pre-
synthesized layered ZIF-7 with AgNOs aqueous solution, followed by
refluxing at 100 °C [33]. AgyO/layered ZIF composite showed much higher
FEco (~80 %) and jco (~32 mA cm?) than the layered ZIF or Ag/C alone.
The performance enhancement was attributed to the synergistic effect
between Ag>O nanoparticles and the layered ZIF, as well as the facilitated
mass transport by the high specific surface area of Ag,O/layered ZIF.

Kung et al. embedded copper nanoparticles into a thin film of NU-1000
[34], by first installing single-site Cu(Il) into the NU-1000 thin film
followed by electrochemical reduction of Cu(Il) to metallic Cu. The
obtained Cu nanoparticles were electrochemically addressable and exhibited
a moderate electrocatalytic activity with a maximum FE towards HCOO" of
28 % and -1.2 mA cm? at -0.82 V vs. RHE. Both the crystallinity and
morphology of the thin film remained unchanged after electrocatalysis. The

authors also found that the particle sizes were largely dependent on the pore
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size of the MOF, which might offer an opportunity to achieve tunable
catalyst sizes through this pore confinement effect of MOFs.

In a recent study, Tan ef al. reported a tailor-made Cu,O@Cu-MOF
electrocatalyst [35] by in-situ etching CuzO spheres with H3;BTC to form a
Cu-MOF shell. The as-prepared electrocatalyst resulted in an intriguing
performance towards the formation of hydrocarbons from CO,, with a high
FE towards CH4 and CoHs of 79.4%, particularly, the FE of CH4 as high as
63.2% at —1.71 V vs RHE.

1.3.3. MOF:s as Electrocatalyst Precursors

Although quite a few works using MOFs directly as catalysts claimed
that the MOF catalysts showed good stability during test, a lot of them
failed to conduct post-reaction analysis to confirm these statements [50].
Indeed, stability is a serious issue for MOFs, especially under the highly
negative potentials usually applied in CO2ER. These potentials are more
negative than the reduction potential of many metals used in MOF synthesis
(see Table 1.2). In this spirit, using a MOF as catalyst precursor can be a
favourable way to produce a stable and efficient catalyst.

The decomposition of MOFs under controlled conditions usually leads
to the clustering of its metal component into small nanoparticles. Zhao et al.
synthesized oxide-derived Cu/cartbon (OD Cu/C) catalysts by facile
carbonization of Cu-BTC MOF (HKUST-1) [36]. The resulting materials
exhibited highly selective CO> reduction to alcohols with total FE of 71.2%
at -0.7 V vs. RHE. High yields to methanol and ethanol were achieved on
OD Cu/C-1000 with the peak production rates of 12.4 mg L' h'! at -0.3V
and 13.4 mg L' h'! at -0.7V, respectively. Notably, the onset potential for
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Figure 1.3. Representative electron micrograph of using MOF as catalyst
precursors. TEM images of (a) ZIF-CNT-FA-p, and (b) ZIF-Fe—-CNT-FA-p;[46]
(c) SEM and (d) TEM images of N-coordinated Co. (e-f) Magnified high-angle
annular dark-field—scanning transmission electron microscopy (HAADF-STEM)
images of N-coordinated Co showing the atomic dispersion of Co atoms;[42] (g-i)
SEM images of the OD-Cu/C processed with different temperature;[36] The
HAADF-STEM images of (j-1) Fe-N-C;[40] Structural investigations of as-
fabricated HKUST-1 by (m) SEM, (n) TEM bright field image, (0) TEM HAADF,
and (p-r) TEM EDS [41].

C,Hs0OH formation was among the lowest overpotentials reported to date for
the CO; reduction to CoHsOH. The improvement in activity and selectivity
of the oxide-derived Cu/carbon were attributed to the synergistic effect
between the highly dispersed copper and the matrix of porous carbon.

Kim et al. used an electrochemical reduction strategy to decompose
MOFs [37], obtaining an efficient electrocatalyst for the synthesis of CHa.
Cu-based MOF-74 was chosen as the precursor, which was

electrochemically reduced to Cu nanoparticles (NPs). The porous structure
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Table 1.2. Standard electrode potentials of common metal nodes in MOFs [51].

Half reaction Potential (V vs. RHE)
Co*" + e = Co** 1.82
Agt + e = Ag 0.8
Fe3* + e = Fe?* 0.77
Cu* + e = Cu 0.52
02 +2H20 + 4e = 40H" 0.4
Cu** + 2e = Cu 0.34
Cu** + e = Cu' 0.15
2H* + 2e = H» 0
Fe’* + 3e = Fe -0.04
Niz* + 2e = Ni -0.25
Co*" + 2¢ = Co -0.29
Fe? + 2¢ = Fe -0.41
Cr’* + e = Cr** -0.42
Cr’* + 3e = Cr -0.74
Zn?** + 2¢ = Zn -0.76
Ti3* + 3¢ 2 Ti -1.37
Zr* + 4e = Zr -1.45
Ti? + 2e = Ti -1.63
AP + 3¢ = Al -1.66
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of the MOF serves as a template for the synthesis of isolated Cu NPs with
high current densities and high FE towards CHs in the electrochemical CO,
reduction reaction. The MOF-derived Cu NPs resulted in a FEcus >50% and
a 2.3-fold higher current density at -1.3 V vs. RHE than commercially
available Cu NPs.

Besides metal nanoparticles, MOF-mediated synthesis can also act as a
method to generate isolated metal-nitrogen sites with high exposure of
active sites for efficient catalysis. Ye et al. fabricated isolated iron-nitrogen
sites, located on the surface of carbon matrix, through the pyrolysis of
ammonium ferric citrate (AFC)/ZIF-8 composites [38]. The AFC/ZIF-8
composite was synthesized by reacting the Zn precursor solution, in which
the AFC was also dissolved, with 2-methylimidazole solution, followed by
cleaning, centrifuging, and drying. The highly exposed iron-nitrogen sites
demonstrated high selectivity to CO (peak FEco = 93 %) and high activity
(jco=9.5 mA cm?).

Zhao et al. adopted Ni ion exchanged ZIF-8 to assist the preparation of a
catalyst containing single Ni sites for efficient CO; electroreduction [39].
The synthesis was based on an inexpensive ionic exchange between Zn
nodes and adsorbed Ni ions within the cavities of the MOF, which was
followed by pyrolysis of the ion-exchanged MOF. This single-atom catalyst
exhibited an outstanding turnover frequency for CO; electroreduction (5273
h!), with a FEco of over 71.9% and a jrom of 10.48 mA cm-2 at an
overpotential of 890 mV.

Pan et al. studied the reactivity and structure of atomically dispersed M-
N4 (M = Fe and Co) single sites in CO2ER. Nitrogen coordinated Fe or Co

single site atomically dispersed into a carbon matrix (M-N-C) were prepared

21



Chapter 1

by using MOF precursors which were further studied as model catalysts [40].
Fe was intrinsically more active than Co in M-N4 for the reduction of CO,
to CO, in terms of a higher FEco (93% vs. 45%) and current density. First
principle computations elucidated that the M-N»+,-Cg moieties, which were
distributed at the edge of carbon matrix and bridged two adjacent armchair-
like graphitic layers, were the active sites for the CO2ER.

Selectivity is one of the key issues faced by CO:ER, especially when
Cu-based catalysts are used. Nam et al. reported a strategy involving MOF-
regulated Cu cluster formation that shifted CO: electroreduction with Cu
based catalysts towards multiple-carbon products [41]. The symmetric
paddle-wheel Cu dimer secondary building block of HKUST-1 was
distorted to an asymmetric motif by separating adjacent benzene
tricarboxylate moieties using thermal treatment. By varying materials
processing conditions, the asymmetric local atomic structure, oxidation state
and bonding strain of Cu dimers were modulated. The formation of Cu
clusters with low coordination numbers from distorted Cu dimers in
HKUST-1 was observed during CO: electroreduction, leading to a FE
towards CoHs of 45%. The enhanced performance was closely related to
maintaining a low Cu-Cu coordination number among the Cu clusters
during the reaction.

Another example of regulating coordination number to tune the
selectivity was reported by Wang et al. [42]. A series of atomically
dispersed Co catalysts with different nitrogen coordination numbers were
prepared for the CO2ER. The best catalyst, atomically dispersed Co with
two-coordinate nitrogen atoms, achieved both high selectivity (FEco = 94 %)

and superior activity (jrow = 18.1 mAcm2) at an overpotential of 520 mV.
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The CO formation turnover frequency reached a record value of 18200 h-'.
These results demonstrated that lower a coordination number facilitated
activation of COz to the *COO" intermediate and hence enhanced CO2ER
activity.

Very recently, Guo et al. introduced a new method to tune the COER
selectivity via MOF-derived bimetallic oxide catalyst [43]. MOF-derived In-
Cu bimetallic oxides were synthesized by pyrolysis of a Cu-In bimetallic
MOF. By controlling In-Cu ratios, the FEco could reach 92.1%, along with
a jrorar of 11.2 mA cm. The excellent performance was mainly attributed to
stronger CO» adsorption, higher electrochemical surface area and lower
charge transfer resistance by the bimetallic catalyst.

Besides metal-based catalysts, a carbon-rich organic linker, combined
with the low-boiling point of some metal nodes, such as Zn, make MOFs a
promising precursor to produce carbon-based electrocatalysts [52].
Following this strategy, Wang ef al. synthesized a nitrogen-doped carbon
(NC), through the pyrolysis of the well-known metal-organic framework
ZIF-8 [44]. The resulting NC-based CO:ER celectrode showed a FEco as
high as ~78%. It was also found that the pyrolysis temperature determined
the amount and the accessibility of N species in the carbon electrode, in
which pyridinic-N and quaternary-N species played key roles in the
selective formation of CO. Generally the materials derived from Zn-based
ZIFs are nothing less than nitrogen containing carbons and are active
without other metal addition. Therefore it should be kept in mind to
benchmark their performance against those materials prepared via other

routes [53].
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The pyrolysis temperature effect and the mechanism in the ZIF-8-
derived NC was further studied by Zheng ef al. [45]. NC catalysts were
prepared by decomposing ZIF-8 at different temperatures in argon. The
catalytic performances showed that the higher pyrolysis temperature
resulted in a better COER activity. The NC catalyst with the best
performance achieved high selectivity with 95.4 % FEco at —0.5 V vs. RHE.
The catalyst also maintained stability during 20 h operation, after which the
FEco was still greater than 90%. The experiments showed that a higher
pyrolysis temperature reduced the total nitrogen contents but changed the
nature and density of N-species. DFT calculations revealed that higher
pyrolysis temperature led to enhanced activity by promoting the formation
of pyridinic N, which provided more efficient active sites.

To relieve the electron transportation limit with MOF-mediated
approach, Guo et al. synthesized a composite material by co-pyrolysis of in-
situ grown ZIF-8 on multi-walled carbon nanotubes (MWCNTs) substrate
[46]. This composite could selectively catalyze the -electrochemical
reduction of CO: to CO in aqueous solution with ~100 % FE and a current
density up to 7.7 mA c¢m? at an overpotential of 740 mV. By comparison,
the pyrolyzed ZIF-8 without MWCNT only showed a FEco of ~50%.
Addition of Fe to the ZIF could lower the overpotential, but also changed
the selectivity. The MWCNT support was crucial to achieving superior
efficiency, by enhancing electron transport through the MWCNT network
and simultaneously expediting the CO: transport in the mesoporous

structure constructed by the MWCNTs.
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1.4. CONCLUDING REMARKS

CO:ER is widely regarded as one of the most promising technologies to
solve the CO; emission issue, though it is still faced by several challenges
on the path towards commercialization. In this work, we have summarized
recent works on CO: electroreduction with MOFs and MOF mediated
catalysts. Generally speaking, the main advantages of MOFs in CO2ER
originate from their unique textural and structural properties. When MOFs
are used directly as catalysts for CO;ER, the atomically dispersed metal
nodes can offer highly active sites, and the organic linkers can also be
modified into catalytic sites or charge transfer agents. The porous structure,
put up by the metal nodes and organic linkers, makes catalytic sites more
accessible to CO> either if catalysis takes place on the MOF itself or on
supported species. Moreover, the compatibility of MOFs with ILs facilitates
their application in this medium. The use of MOFs as catalyst precursors
usually leads to highly dispersed metal particles or carbon-based catalysts,
maximizing catalyst utilization. The homogeneously dispersed metal sites
can be inherited by the MOF-derived catalysts to form efficient single-site
catalysts with unprecedented TOFs. And the highly tunable building blocks
of MOFs enable the formation of bi-metallic structures, providing a facile
route to the synthesis of metal alloys, opening the door to breaking scaling
relationships in CO2ER [10].

Although remarkable results have been reported with MOF-related
catalysts, there are still issues that need to be carefully addressed in future
research. Stability is one of the most concerning issues for CO2ER. While
most authors have claimed that pristine MOFs based on easily reducible

metals are stable under reaction conditions, the catalyst stability has only




Chapter 1

been confirmed in a few cases by post-analysis characterization [30, 32, 34-
35]. Here, we would like to clarify that stability of the crystalline MOF does
not necessarily need to be an issue. Indeed, from an application point of
view, electrochemical reduction of MOFs to form small metal nanoparticles
may render very interesting catalytic systems. However, as scientists, we
should make sure that we do not jump into wrong conclusions by attributing
the observed catalytic performance to the MOF scaffold.

As it is the case in thermal catalysis, probably the most exciting results
in terms of performance have been reported for MOF-derived catalysts [7a,
54]. We believe that this route offers great possibilities for the further
engineering of CO2ER catalysts and for the optimization of metal use in
catalysis, an aspect that may become critical if CO: electrolyzers are
massively applied.

Last but not least, it is fair to admit that so far most catalytic results have
been reported using aqueous electrolytes and semi-batch experiments, where
only low current densities can be achieved due to the low solubility of CO>
in the aqueous phase. We are sure that, as it is already happening for
“traditional” electrocatalysts, MOF-derived systems will soon be tested
under commercially more relevant conditions by making use of gas-
diffusion electrochemical cells in which high current densities (>100 mA
cm2) have been achieved [55]. Through carbon capture technologies from
point sources liquid CO; will become available at pressures exceeding 100
bar and solubility may not be limiting any more. Also aspects of molecular

and electron transport require careful attention, as shown by Guo et al. [46].
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Overall, we are confident that MOF-related catalysts engineering when
combined with system integration of CO:ER, will mark a substantial

contribution to the field of electrocatalytic CO: reduction.

1.5. ABBREVIATIONS

BMIM 1-butyl-3-methylimidazolium

BTC Benzene-1,3,5-Tricarboxylate

CN Coordination Number

CR-MOF Copper Rubeanate Metal-Organic Framework
EMIM 1-ethyl-3-methylimidazolium

FE Faradaic Efficiency

HER Hydrogen Evolution Reaction

MWCNT Multi-walled Carbon Nanotube

NC Nitrogen-doped Carbon

ORR Oxygen Reduction Reaction

Pc Phthalocynine

P4VP Poly-4-vinylpridine

PCN Porous Coordination Network

RHE Reversible Hydrogen Electrode

SHE Standard Hydrogen Electrode

SIM Substituted Imidazolate Material

TBAH Tetrabutylammonium Hydroxide

TBATFs Tetrabutylammonium Hexafluorophosphate
TBATFB Tetrabutylammonium Tetrafluoroborate
TCPP Tetrakis(4-carboxyphenyl)porphyrin
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TFE Trifluoroethanol
TOF Turnover Frequency
ZIF Zeolitic Imidazolate Framework
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Chapter 1

OBJECTIVE AND OUTLINE OF THIS THESIS

Among the various CO: utilization methods, electrochemical CO-
reduction shows promising potential to counteract the anthropogenic
CO; emissions, because of its mild operation conditions and its ability to
promptly reach steady operation, ideal for transient operation under
fluctuating renewable electricity supply. The commercialization of this
process still awaits efficient and stable catalysts. Meanwhile, metal-
organic frameworks have recently emerged as precusors for catalyst
synthesis. MOF-mediated synthesized catalysts usually have a higly
porous structure and uniformly dispersed active sites, which both favour
catalysis. This thesis serves to explore the potential of MOF-mediated
approaches in electrochemical CO; reduction, by expanding the toolkit
of MOF-mediated synthesis (MOFMS), designing and optimizing active
sites by MOF-mediated synthesis.

This thesis consists of three parts.

Part I (Chapter 1) gives an introduction to the progress made in the
application of MOF-related electrocatalysts in the electrochemical
reduction of COa.

Part II (Chapter 2 and 3) focuses on the utilization of the metal
content of MOFs to fabricate CO2ER electrodes. In Chapter 2, we use
an innovative method of -electro-decomposing a Ag-coordination
polymer to construct a gas-diffusion electrode for high-rate COzER. In
Chapter 3, this method is extended to the production of a Ag-Cu
composite electrode to tune the selectivity of CO2ER towardsethylene

production.

38



Engineering Metal-Organic Frameworks for the Electrochemical Reduction of CO:

Part III (Chapter 4 and 5) focuses on the utilization of the organic
constituent of MOFs to prepare carbon-based electrocatalysts for CO2ER.
In Chapter 4, ZIF-8 is used as sacrificial template to synthesize
Nitrogen-doped carbon electrocatalysts. In Chapter 5, to introduce a
mesoporous structure in the carbon matrix of the pyrolyzed ZIF-8
(Chapter 4) a silica template-assisted approach is applied. At the same
time, the silica template can stabilize single atom Fe-sites, which is
reported to facilitate CO2ER.

Overall, this thesis highlights the potential of MOF-mediated catalyst
engineering in CO2ER. This MOF-mediated approach can offer
inexpensive and facile routes for designing CO2ER catalyst structures.

The chapters in the thesis are written as independent papers, so some

introductory overlap may exist.
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Chapter 2

Abstract: We report the preparation and electrocatalytic performance of
silver-containing gas diffusion electrodes (GDE) derived from a silver
coordination polymer (Ag-CP). Layer-by-layer growth of the Ag-CP onto
porous supports was applied to control Ag loading. Subsequent electro-
decomposition of the Ag-CP resulted in highly selective and efficient CO»-
to-CO GDE in aqueous CO: electroreduction. Afterwards, the MOF-
mediated approach was transferred to a gas-fed flow electrolyzer for high-
current density tests. The in-situ formed GDE, with a low silver loading of
0.2 mg cm 2, showed a peak performance of jco = 385 mA cm™2 at around
—1.0 V vs. RHE and stable operation with high FEco (> 95%) at jrom = 300
mA cm 2 over a 4 h run. These results demonstrate that the MOF-mediated
approach offers a facile route to manufacture uniformly dispersed Ag
catalysts for COER by eliminating ill-defined deposition steps (drop-
casting etc.), while allowing control of the catalyst structure through self-

assembly.

42



Maximizing Ag Utilization in High Rate CO: Electrochemical Reduction

2.1. INTRODUCTION

Atmospheric CO; concentration has been increasing drastically since the
industrial revolution, this has spurred different initiatives into reducing
emissions and directly utilizing CO2 [1]. Among the various methods
proposed, CO: electrochemical reduction (CO2ER) is one of the most
promising technologies due to the relatively mild operating conditions and
the increasing sources of green electricity [2]. Moreover, the
electrochemical reduction of CO; can be driven towards one single product,
avoiding expensive purification and separation steps. In this sense, the
selective electrochemical conversion of CO; to CO constitutes an excellent
perspective technology. Au [3], Ag [4], and Zn [5] have been identified as
the most efficient catalysts for this process. The high price of Au and the
low stability of Zn place Ag as the most attractive option [4b, 6]. As it is the
case in classical heterogeneous catalysis, optimization of the final catalyst
composition and metal loading are critical to the commercialization of
COzER. Most studies to date have focused on the application of metal plates
[4b, 7] or supported nanoparticles [3-4, 5, 8]. In the former case, the high
metal content per electrode area results in such high Capital Expenditures
(CAPEX) that these technologies become non-viable. Therefore, the use of
supported metal catalysts seems more realistic. Catalyst layer morphology
has an effect on cathode performance: a more uniform active phase
distribution and lower particle agglomeration lead to better catalytic
performance [9]. However, the fabrication of uniformly dispersed catalysts
remains a significant challenge. Herein, we propose the MOF-mediated
synthesis as a facile and scalable method to manufacture highly dispersed

supported Ag catalysts with very low metal loadings for CO2ER.
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The use of metal-organic frameworks as catalyst precursors has gained
significant attention in the last few years [10]. Following this approach, a
pre-synthesized MOF is treated at high temperature in a controlled
atmosphere and transformed into a supported metal nanoparticle catalyst
[11]. The high activities per metal atom exhibited by the resulting catalysts,
even when the total metal content can be as high as a 50 wt% [10a],
demonstrate the enormous potential of this approach. In this work, we
demonstrate that MOF mediated synthesis (MOFMS) can also be realized
through electro-decomposition.

Here, an Ag coordination polymer (Ag-CP) is grown directly onto
carbon based microporous layer (MPL) gas diffusion electrodes by a layer-
by-layer (LBL) method, followed by the electro-decomposition of the
coordination polymer to achieve a well-defined carbon supported Ag
structure (denoted as Ag/MPL). The in-situ formed carbon cloth supported
Ag gas diffusion electrodes exhibit high CO2ER efficiency in both, the
traditional aqueous three-electrode system and a gas-fed flow electrolyzer.
Overcoming CO; transport limitations in the latter resulted in a peak
performance of jco = 385 mA c¢cm 2 CO partial current density and 1864 mA
mg ! mass activity due to the extremely low Ag loading. The work opens up
the possibility for the direct manufacture of CO2ER electrodes with

optimum catalyst utilization using the MOF-mediated approach.

2.2. RESULTS AND DISCUSSION

The self-assembly between 2,5-pyridinedicarboxylic (pydc) acid and
AgNOs3 in several common solvents at room temperature leads to the
formation of an Ag-CP microcrystalline powder (Table S2.1-2.2 and Figure
S2.1) [12]. The crystal structure of Ag-CP was elucidated from powder X-
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Figure 2.1. (a) Representation of the lamellar crystal packing and the unit cell of
Ag-CP viewed along the a-axis. (b) Coordination mode of 2,5-pyridinedicarboxylic
acid (us-bridging through O3 atom). (c) Hexagonal arrangement of Ag in the
polymeric layer. Color scheme of the atoms: silver — green, carbon — grey, oxygen
— red, nitrogen — blue. Hydrogen atoms are omitted for clarity. (d) Low-, and (e)
high-magnification TEM images of Ag-CP (inset in e is a magnified image of the
red box area). (f) XPS Ag3d regional spectrum of Ag-CP, and (g) TGA curve of
Ag-CP in air.

ray diffraction (PXRD) data by means of simulated annealing procedure
followed by Rietveld refinement [13]. The Ag-CP crystallizes in
orthorhombic Pbn2; space group (Figure S2.2-2.3, Table S2.3) and reveals a
layered arrangement of silver atoms coordinated to 2,5-pydc ligands (Figure
S2.4, Table S2.4). The linker moieties lie on both sides of the Ag ion double
layer: one carboxylic group is bonded to three -crystallographically
equivalent silver atoms exhibiting a ps-bridging mode; another one is
protonated and participates in the formation of hydrogen bonds between two
Ag-CP 2D networks (Figure 2.1a-c and Figure S2.5).

Characterization results of Ag-CP are displayed in Figure 2.1d-g. The
Ag-CP particles have a particle size ranging from 25 nm to 35 nm (Figure
2.1d). The high-magnification TEM image (inset of Figure 2.le) shows
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well-defined d-spacing with a distance of ~ 0.27 nm. Ag3d XPS spectrum of
Ag-CP (Figure 2.1f) exhibits two highly symmetric peaks with binding
energies of 367.4 eV and 373.4 eV, corresponding to Ag3ds» and Ag3dsp»
photoelectron lines, respectively. Photoelectron shift of Ag3d line reveals
that only oxidized Ag is present in the sample, which agrees with the Ag-O
interaction in the crystal structure. Survey XPS spectrum of Ag-CP (Figure
S2.6) proves the presence of Ag, C, N and O in the sample, and the atomic
content of each element is summarized in Table S5. The TGA curve of Ag-
CP (Figure 2.1g) exhibits a total weight loss of ~64.1%. Since Ag:0O is
thermodynamically unfavourable at high temperature [14], the final product
is metallic Ag with a silver content of ~35.9%. The formation of metallic
Ag after the high-temperature calcination of Ag-CP in air can also be
confirmed by XRD (Figure S2.7). N2 physisorption of Ag-CP (Figure S2.8)
shows a type II isotherm and absence of microporosity.

Ag-CP was deposited onto the support by the subsequent adsorption of
pydc and Ag" from their DMF solutions (Figure 2.2a). The Ag-CP loading
increases strictly linearly from the 2. deposition step (LBL cycle) up to 12
or 20 cycles, as it is seen in Figure 2.2b for bare carbon fibre and MPL
containing carbon cloth alike. Utilizing the top part of the microporous layer,
however, helps to achieve good surface coverage at lower Ag-CP loading
(0.144 - 0.375 mg cm 2 step !). Taking the theoretical density of the unit cell
(2.557 g cm™®) from Table S3 into consideration, a 0.563 pm thick Ag-CP
layer - and since the longest cell parameter is around 3.2 nm, practically
150-200 unit cell thickness is deposited in each cycle onto the MPL support.
The higher-than-linear deposition in the 1. LBL cycle (Figure 2.2b inset) is

due to the high surface area of the carbon grains in the MPL,
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Figure 2.2. (a) Scheme of the preparation of Ag/MPL catalysts; the sequential
deposition of Ag-CP via the alternating adsorption of the dicarboxylic linker and
the metal node, and the cross-sectional elemental maps of C, F, Ag and Al
Fluorine can be found on the PTFE-treated carbon fabric, while Al signal comes
from the sample holder. (b) Increasing surface loading in subsequent deposition
steps on bare carbon fibre and MPL/carbon cloth. The error bar at the 3 LBL point
was determined from 8 parallel samples.
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as first the Ag-CP is built up directly onto the carbon surface (see EDS
elemental maps of a 20 LBL sample in Figure 2.2a and S2.9). The actual
COzER catalyst is then formed by the in-situ electrochemical reduction of
the supported coordination polymer (Figure 2.2a). The final Ag loading also
changes linearly with the number of deposition steps as it is seen in the bare
carbon fibre based samples (Ag/CF-nC, n = 3,6,9,12) in Figure S2.10. The
difference between the Ag-CP and Ag loading was ~35.2 wt%, which is in
good agreement with the Ag content in the crystallographically determined
formula (39.4 wt%) and with the previous TGA analysis (~35.9 wt%).
Although several MOF-derived electrocatalysts have been reported in
the literature lately, to the best of our knowledge, no detailed mechanistic
description of the electrochemical reduction and transformation of MOFs
into the resulting NPs exists. We propose, that as the reducing potential is
applied to the electrode and the metal node is reduced back to zero valence

silver, the linker molecules are not able to coordinate and hence maintaining
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the continuous polymeric structure anymore. The collapsing structure
releases silver atoms at the surface of the support, and nanoparticles and —
with increasing Ag-CP coverage — agglomerated silver network are formed
through conventional aggregation.

According to the SEM images (Figure 2.3 and Figure S2.11-2.14), Ag-
CP fully covers the MPL of the gas diffusion electrode after at least 2 LBL
cycles (Figure 2.3a-d). A spot of Ag-CP on the 1 LBL sample is clearly seen
in Figure S11a, whereas in Figure S12a-14a the CP coverage is continuous.
The subsequent electro-decomposition of Ag-CP resulted in well-dispersed
of Ag nanoparticles (Figure 2.3e-h) due to the homogeneous distribution of
the Ag-CP precursor. The Ag/MPL-1C electrode (Figure 2.3e) has a
relatively sparse distribution of Ag particles, while Ag/MPL-6C shows an
agglomerated network of silver structures. Well-dispersed individual Ag
particles were obtained by using 2 and 3 LBL cycles (Figure 2.3f-g).
Although the thick carbon fabric supported Ag NPs are not suitable for
TEM investigation, we removed the MPL grains by ultra-sonication and the
Ag particle size distributions were determined (Figure S2.15). Since no
significant differences in the PSDs were found, we propose that there is no
direct connection between variation of activity and particle size in our
system.

After the L-B-L growth process, the PXRD pattern of the carbon cloth-
supported Ag-CP is compared with the simulated pattern of the pure Ag-CP
in Figure S2.16a. The sharp reflections demonstrate good crystallinity of
Ag-CP. The position of the Ag-CP/CF reflections corresponds well to those
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Figure 2.3. SEM images of electrodes prepared with (a, e) 1, (b, f) 2, (c, g) 3, and
(d, h) 6 LBL cycles before and after electro-decomposition.

metallic Ag is formed (Figure S2.16b), with three major reflections centered
at 44.6°, 52.5°, and 77.2° corresponding to the (111), (200), and (220)
crystal facets of metallic Ag. The broad peak centered at ~27° is likely to be
generated by the amorphous carbon in the carbon support. And after CO2ER,
the metallic Ag pattern is maintained, demonstrating the stability of the
electrode.

Evolution of Ag chemical states in the sample before and after in-situ
catalyst formation (i.e., in CO: electrolysis) were determined by XPS
(Figure S2.17). After deconvolution, two doublets can be distinguished in
the Ag3d line, corresponding to metallic Ag (red peaks in Figure S2.17
centered at 374.2 eV and 368.2 eV) and Ag>O (blue peaks centered at 373.6
eV and 367.6 eV) [4b, 15]. The ratio of metallic Ag: oxidized Ag increases
from 2.4 to 6 after one CO2ER performance test, indicating the reduction of
Ag>0 during this process.

In order to demonstrate the advantage of the LBL method over drop-
casting, a carbon fiber (CF) supported Ag-CP electrode was prepared via the
L-B-L method and the widely-used drop-casting (DC) method (Scheme
S2.1). When drop-casted, the Ag-CP particles spread around the carbon
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fibres, filling the space in between them (Figure S2.18a,b). After electro-
decomposition, large flower-like Ag particles grow onto the fibres, leaving a
large part of the carbon support uncoated (Figure S2.18c,d). By comparison,
the L-B-L method with 9 cycles produced uniformly dispersed Ag-CP
(Figure S2.18e,f) and Ag particles (Figure S2.18g,h) fully covering the
surface of carbon fibers.

Chronoamperometric (i.e., controlled-potential) electrochemical CO;

reduction tests were carried out in a traditional two-compartment aqueous
cell in 0.1 M KHCO; electrolyte using a Pt counter electrode. The CO»
electroreduction performance of Ag/MPL-nC electrodes is presented in
Figure 2.4. Only CO and H> were detected as products by gas and liquid
chromatography (GC and UPLC), and all the catalysts show stable CO2ER
performance after an initial 15 min period, where the in-situ formation of
the Ag/MPL takes place via electro-decomposition (Figure S2.19).
As shown in Figure 2.4a, the total geometrical current density increases with
increasing cathode potential (jrorws, max = 43-44 mA cm? at around —1.05 V
vs. RHE for Ag/MPL-3,6C) along with the steady increase in the FEco
(Figure 2.4b), reaching a maximum FEco of 90-95% (FEw> = 10-5%)
between —0.6 and —1.1 V vs RHE for the Ag/MPL-1,2,3C electrodes. The
number of LBL cycles also plays an important role in electrode performance
with 3 cycles showing the optimal compromise between the wide potential
window for high FEco and the high jco (~30 mA cm ™2 at —1.0 V vs. RHE) at
a minimum Ag loading (Figure 2.4c and Table S2.6).

In order to investigate if the presence of linker molecules and Ag in the
electrolyte solution affects CO2ER performance, electrolysis were carried

out at —2.0 and —1.6 V vs SCE using fresh electrolyte right after the in-situ
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Figure 2.4. CO; electrochemical reduction performance of Ag/MPL-nC electrodes.
(a) Total current density, (b) FE for CO, and (c) their LBL cycle dependency at
—1.0 V vs RHE. (d) Variation of jrm and jco with the electrochemical active
surface area (EASA) at the same potential.

formation of the Ag/MPL-3C catalyst from the Ag-CP/MPL-3C precursor
(Figure S2.20). No significant change in the product distribution was seen,
however, the total current density drops by 15-25% after the change of the
solution. We speculate that this is due to the loss of Ag from the surface
rinsing the electrode. The long-term stability of the CO2ER performance
was also tested using the Ag/MPL-3C sample in a refreshed electrolyte
solution, and stable CO»-to-CO activity was attained in a 5-hour electrolysis
(Figure S2.21). The CO2ER performance of the Ag/MPL-3C electrode was
compared to similar Ag catalysts reported in the literature (Table S2.7) [4b,
6, 16].
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To address the increased jr..s and jco, the electrochemical active surface
area (EASA) of the Ag-CP and Ag/MPL-nC samples was determined by the
monolayer silver oxide method in 0.1 M KOH [16-17]. The charge for
monolayer oxide formation was calculated in Figure S2.22. EASA almost
linearly increases with ongoing LBL cycles (Figure S2.23), which then does
not accompanied by the same increase in the total and CO current density.
The latter levels off at 3 deposition cycles (Figure 2.4d). Even though the
total amount of silver in Ag/MPL-6C increased considerably compared to
Ag/MPL-3C (twice as many LBL cycles), it is not accompanied by the
increase in the number of accessible active sites. The effect of electro-
decomposition, i.e., the formation of Ag particles can be followed in Figure
S2.23. The EASA saturates after 2 LBL cycles at a lower level, as the
increase in Ag loading (in the form of Ag-CP) is not followed by an
increase of the number of active sites, demonstrating that only Ag in the
outer surface acts as a CO»-to-CO electrocatalyst.

CO; mass transport limitation is one of the bottlenecks that prevent
achieving high current densities in aqueous phase CO:; electrolysis [18].
Therefore, we turned to a gas-fed flow electrolyzer to perform high current
density chronopotentiometric CO: electrolysis on the Ag/MPL-3C electrode
[19]. The cathode side was fed by a humidified CO; stream without using
any liquid catholyte, and a nickel mesh was used as an oxygen evolution
catalyst in recirculated 1 M KOH anolyte at the anode side. The two
compartments were separated by Sustainion S-50 polyimidazolium-based
anion exchange membrane. The catalytically active Ag particles were in-situ

formed from the pre-synthesized Ag-CP via an initial chronoamperometric
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Figure 2.5. CO2ER performance of the Ag/MPL-3C electrode in a gas-fed zero gap
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the bar diagram represents the FE (left y-axis) of CO (red) and H» (blue), and the
black line represents the cathode potential (right y-axis).

run at constant —2 V vs Hg/HgO potential under CO: electroreduction
conditions (Figure S2.24). CO was formed with high selectivity right from
the beginning of the activation step, and jco levels off after about 20 min at
typically around 200-300 mA cm 2.

Immediately after the initial CA run, chronopotentiometric CO;
electrolysis was done at different current densities. A moderately high
current density of —25 mA c¢m™2 was achieved at a cathode potential of

around —0.36 V vs RHE (Figure 2.5a). Towards higher current densities the
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cathode potential climbed to —1.04 V vs. RHE, which corresponds to a cell
voltage of 3.78 V, at jrow = —400 mA cm™2 High FEco (> 96%) was
achieved in the whole tested current density range, peaking at FEco = 99.5%
at jrorr = =200 mA cm 2 (Ecamode = —0.84 V vs. RHE). The flow cell COER
performance of the Ag/MPL-3C catalyst are summarized in Table S2.8, and
compared to literature data on high current density flow cell CO»-to-CO
electrolysis (Table S2.9, Figure S2.25a) [6c, 20].

Active phase dispersion and accessibility plays a crucial role in catalytic
performance. To this end, the MOF mediated synthesis, combined with
electro-decomposition, offers a straightforward approach to achieving high
mass activity of the catalyst. In Ag/MPL-3C the Ag-CP and Ag loadings are
0.55 mg cm 2 and 0.20-0.21 mg cm 2, respectively, which in turn results in a
mass activity of 1864-1926 mA mga, ' (Figure 2.5b), one of the highest
values ever reported (Table S2.9, Figure S2.25b) [6¢c, 20]. The energy
efficiency of CO formation remains above 50% at moderate current
densities (< 100 mA cm™2), and drops to the 32-42% range during high
current density operation due to the elevated cell potential (Figure 2.5b).
The main source of the low energy efficiencies is either the high overvoltage
(energy wasted as dissipated heat) and/or low CO selectivity (energy wasted
as undesired products) [18a].

Ag/MPL-3C showed stable high current density performance at —300
mA cm 2 for 4 h (Figure 2.5¢). The estimated average potential was —0.94 V
vs RHE in the first 3.5 h. The fluctuation in the potential reading is due to
the intensive bubble formation at the nickel mesh anode catalyst, as the
counter electrode potential was directly determined in this setup. The cell

potential oscillated at around 3.2 V in the first 3 h, then it shifted to higher
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voltages (Figure S2.26). Moreover, gas flow fluctuation due to carbonate
precipitation in the cathode flow channels is a further issue to be solved in
industrial scale high rate operations in alkaline environment CO>
electrolysis [18a, 20e]. Images of a crystalline precipitate is seen after a
long-term electrolysis in Figure S2.27 without (a) and with (b) reactant
stream humidification, its XRD pattern (Figure S2.28) shows that mainly
KHCOs3 was formed in the flow channels and on the macroporous side of
the carbon cloth GDE. The temporary increase in FEx; at around 1.5 h is
most probably the result of the building-up of the KHCO; layer on the
cathode side of the cell. This on one hand, partly blocks the CO> flow, but
on the other hand provides a suitable environment for CO2ER as HCO3™ ion
layer at the cathode is known for stabilizing the CO2ER performance in flow

electrolyzers [18a, 20e].

2.3. CONCLUSIONS

In summary, the MOF-mediated approach, i.e., LBL deposition of Ag-
CP followed by electro-decomposition, offers a facile route to manufacture
uniformly dispersed Ag catalysts for CO2ER. In spite of the small amount of
Ag in the final electrodes (0.2 mg cm™?), gas diffusion electrodes show
excellent CO2ER performance in traditional aqueous cells (FEco = 90-95%
and jco, max = 38.8 mA c¢cm™? at —1.07 V vs RHE) and in a gas-fed
electrolyzer (jco, max = 385 mA c¢cm2 at —1.04 V vs. RHE). The enhanced
catalyst dispersion and utilization resulted in one of the highest silver mass
activities (1864 mA mgag ') in the literature to date. The direct synthesis of
metal electrocatalyst eliminates the need for ill-defined deposition steps
(drop-casting etc.), while allowing tight control of the catalyst structure

through self-assembly.

n
n



Chapter 2

2.4. REFERENCES

1.

(a) Kondratenko, E. V.; Mul, G.; Baltrusaitis, J.; Larrazabal, G. O.; Perez-Ramirez, J.,
Status and perspectives of CO; conversion into fuels and chemicals by catalytic,
photocatalytic and electrocatalytic processes. Energ Environ Sci 2013, 6 (11), 3112-
3135; (b) Saeidi, S.; Amin, N. A. S.; Rahimpour, M. R., Hydrogenation of CO> to
value-added products-A review and potential future developments. Journal of COz
Utilization 2014, 5, 66-81; (c) Sharma, S.; Hu, Z. P.; Zhang, P.; McFarland, E. W_;
Metiu, H., CO; methanation on Ru-doped ceria. Journal of Catalysis 2011, 278 (2),
297-309; (d) Thampi, K. R.; Kiwi, J.; Gratzel, M., Methanation and Photo-
Methanation of Carbon-Dioxide at Room-Temperature and Atmospheric-Pressure.
Nature 1987, 327 (6122), 506-508; (e) Wang, W.; Wang, S.; Ma, X.; Gong, J., Recent
advances in catalytic hydrogenation of carbon dioxide. Chem Soc Rev 2011, 40 (7),
3703-27.

(a) Whipple, D. T.; Kenis, P. J. A., Prospects of CO> Utilization via Direct
Heterogeneous Electrochemical Reduction. J Phys Chem Lett 2010, 1 (24), 3451-3458;
(b) Lu, Q.; Jiao, F., Electrochemical CO, reduction: Electrocatalyst, reaction
mechanism, and process engineering. Nano Energy 2016, 29, 439-456; (c¢) Ganesh, 1.,
Electrochemical conversion of carbon dioxide into renewable fuel chemicals - The
role of nanomaterials and the commercialization. Renew Sust Energ Rev 2016, 59,
1269-1297.

(a) Zhu, W.; Michalsky, R.; Metin, O.; Lv, H.; Guo, S.; Wright, C. J.; Sun, X;
Peterson, A. A.; Sun, S., Monodisperse Au nanoparticles for selective electrocatalytic
reduction of CO2 to CO. J Am Chem Soc 2013, 135 (45), 16833-6; (b) Mistry, H.;
Reske, R.; Zeng, Z.; Zhao, Z. J.; Greeley, J.; Strasser, P.; Cuenya, B. R., Exceptional
size-dependent activity enhancement in the electroreduction of CO2 over Au
nanoparticles. ] Am Chem Soc 2014, 136 (47), 16473-6.

(a) Sastre, F.; Munoz-Batista, M. J.; Kubacka, A.; Fernandez-Garcia, M.; Smith, W. A.;
Kapteijn, F.; Makkee, M.; Gascon, J., Efficient Electrochemical Production of Syngas
from CO: and H>O by using a Nanostructured Ag/g-C3N4 Catalyst. Chemelectrochem
2016, 3 (9), 1497-1502; (b) Ma, M.; Trzesniewski, B. J.; Xie, J.; Smith, W. A.,

Selective and Efficient Reduction of Carbon Dioxide to Carbon Monoxide on Oxide-




Maximizing Ag Utilization in High Rate CO: Electrochemical Reduction

Derived Nanostructured Silver Electrocatalysts. Angewandte Chemie 2016, 55 (33),
9748-52.

Won da, H.; Shin, H.; Koh, J.; Chung, J.; Lee, H. S.; Kim, H.; Woo, S. L., Highly
Efficient, Selective, and Stable CO: Electroreduction on a Hexagonal Zn Catalyst.
Angewandte Chemie 2016, 55 (32), 9297-300.

(a) Daiyan, R.; Lu, X. Y.; Ng, Y. H.; Amal, R., Highly Selective Conversion of CO; to
CO Achieved by a Three-Dimensional Porous Silver Electrocatalyst. Chemistryselect
2017, 2 (3), 879-884; (b) Liu, S.; Tao, H.; Zeng, L.; Liu, Q.; Xu, Z.; Liu, Q.; Luo, J. L.,
Shape-Dependent Electrocatalytic Reduction of CO2 to CO on Triangular Silver
Nanoplates. ] Am Chem Soc 2017, 139 (6), 2160-2163; (c) Lu, Q.; Rosen, J.; Zhou, Y;
Hutchings, G. S.; Kimmel, Y. C.; Chen, J. G.; Jiao, F., A selective and efficient
electrocatalyst for carbon dioxide reduction. Nat Commun 2014, 5, 3242; (d) Mistry,
H.; Choi, Y. W.; Bagger, A.; Scholten, F.; Bonifacio, C. S.; Sinev, 1.; Divins, N. J.;
Zegkinoglou, 1.; Jeon, H. S.; Kisslinger, K.; Stach, E. A.; Yang, J. C.; Rossmeisl, J.;
Roldan Cuenya, B., Enhanced Carbon Dioxide Electroreduction to Carbon Monoxide
over Defect-Rich Plasma-Activated Silver Catalysts. Angewandte Chemie 2017, 56
(38), 11394-11398; (e) Peng, X.; Karakalos, S. G.; Mustain, W. E., Preferentially
Oriented Ag Nanocrystals with Extremely High Activity and Faradaic Efficiency for
CO2 Electrochemical Reduction to CO. ACS Appl Mater Interfaces 2018, 10 (2),
1734-1742; (f) Rosen, B. A.; Salehi-Khojin, A.; Thorson, M. R.; Zhu, W.; Whipple, D.
T.; Kenis, P. J.; Masel, R. 1., Ionic liquid-mediated selective conversion of CO(2) to
CO at low overpotentials. Science 2011, 334 (6056), 643-4.

Hori, Y.; Kikuchi, K.; Suzuki, S., Production of CO and CH4 in Electrochemical
Reduction of CO, at Metal-Electrodes in Aqueous Hydrogen carbonate Solution.
Chem Lett 1985, (11), 1695-1698.

Wang, R.; Sun, X.; Ould-Chikh, S.; Osadchii, D.; Bai, F.; Kapteijn, F.; Gascon, J.,
Metal-Organic-Framework-Mediated Nitrogen-Doped Carbon for CO2
Electrochemical Reduction. ACS Appl Mater Interfaces 2018, 10 (17), 14751-14758.
Jhong, H.-R. M.; Brushett, F. R.; Kenis, P. J. A., The Effects of Catalyst Layer
Deposition Methodology on Electrode Performance. Advanced Energy Materials 2013,
3 (5), 589-599.




Chapter 2

10.

11.

12.

13.

14.

(a) Sun, X.; Suarez, A. I. O.; Meijerink, M.; van Deelen, T.; Ould-Chikh, S.; Zecevic,
J.; de Jong, K. P.; Kapteijn, F.; Gascon, J., Manufacture of highly loaded silica-
supported cobalt Fischer-Tropsch catalysts from a metal organic framework. Nat
Commun 2017, 8 (1), 1680; (b) Sun, X.; Olivos-Suarez, A. I.; Osadchii, D.; Romero,
M. J. V; Kapteijn, F.; Gascon, J., Single cobalt sites in mesoporous N-doped carbon
matrix for selective catalytic hydrogenation of nitroarenes. Journal of Catalysis 2018,
357, 20-28; (¢) Sun, X.; Olivos-Suarez, A. 1.; Oar-Arteta, L.; Rozhko, E.; Osadchii, D.;
Bavykina, A.; Kapteijn, F.; Gascon, J., Metal-Organic Framework Mediated
Cobalt/Nitrogen-Doped Carbon Hybrids as Efficient and Chemoselective Catalysts for
the Hydrogenation of Nitroarenes. Chemcatchem 2017, 9 (10), 1854-1862; (d) Santos,
V. P.; Wezendonk, T. A.; Jaen, J. J.; Dugulan, A. I.; Nasalevich, M. A.; Islam, H. U.;
Chojecki, A.; Sartipi, S.; Sun, X.; Hakeem, A. A.; Koeken, A. C.; Ruitenbeek, M.;
Davidian, T.; Meima, G. R.; Sankar, G.; Kapteijn, F.; Makkee, M.; Gascon, J., Metal
organic framework-mediated synthesis of highly active and stable Fischer-Tropsch
catalysts. Nat Commun 2015, 6, 6451; (e) Oar-Arteta, L.; Wezendonk, T.; Sun, X. H.;
Kapteijn, F.; Gascon, J., Metal organic frameworks as precursors for the manufacture
of advanced catalytic materials. Materials Chemistry Frontiers 2017, 1 (9), 1709-1745.

Wang, R.; Kapteijn, F.; Gascon, J., Engineering Metal-Organic Frameworks for the
Electrochemical Reduction of CO2: A Minireview. Chemistry — An Asian Journal
doi:10.1002/asia.201900710

Lu, X;; Ye, J.; Zhang, D.; Xie, R.; Bogale, R. F.; Sun, Y.; Zhao, L.; Zhao, Q.; Ning, G.,
Silver carboxylate metal-organic frameworks with highly antibacterial activity and
biocompatibility. J Inorg Biochem 2014, 138, 114-121.

(a) Pawley, G. S., Unit-Cell Refinement from Powder Diffraction Scans. J Appl
Crystallogr 1981, 14 (Dec), 357-361; (b) Boultif, A.; Louer, D., Powder pattern
indexing with the dichotomy method. J Appl Crystallogr 2004, 37, 724-731; (c)
Altomare, A.; Corriero, N.; Cuocci, C.; Falcicchio, A.; Moliterni, A.; Rizzi, R., EXPO
software for solving crystal structures by powder diffraction data: methods and
application. Cryst Res Technol 2015, 50 (9-10), 737-742.

L'vov, B. V., Kinetics and mechanism of thermal decomposition of silver oxide.

Thermochim Acta 1999, 333 (1), 13-19.




Maximizing Ag Utilization in High Rate CO: Electrochemical Reduction

15.

16.

17.

18.

19.

20.

Gao, X. Y.; Wang, S. Y.; Li, J.; Zheng, Y. X.; Zhang, R. J.; Zhou, P.; Yang, Y. M.;
Chen, L. Y., Study of structure and optical properties of silver oxide films by
ellipsometry, XRD and XPS methods. Thin Solid Films 2004, 455, 438-442.

Ma, M.; Liu, K.; Shen, J.; Kas, R.; Smith, W. A., In Situ Fabrication and Reactivation
of Highly Selective and Stable Ag Catalysts for Electrochemical CO; Conversion.
ACS Energy Letters 2018, 3 (6), 1301-1306.

Rosen, J.; Hutchings, G. S.; Lu, Q.; Rivera, S.; Zhou, Y.; Vlachos, D. G.; Jiao, F.,
Mechanistic Insights into the Electrochemical Reduction of CO: to CO on
Nanostructured Ag Surfaces. Acs Catal 2015, 5 (7), 4293-4299.

(a) Martin, A. J.; Larrazabal, G. O.; Pérez-Ramirez, J., Towards sustainable fuels and
chemicals through the electrochemical reduction of COj: lessons from water
electrolysis. Green Chemistry 2015, 17 (12), 5114-5130; (b) Schwarz, H. A.; Dodson,
R. W., Reduction potentials of CO- and the alcohol radicals. The Journal of Physical
Chemistry 1989, 93 (1), 409-414.

(a) Han, L.; Zhou, W.; Xiang, C., High-Rate Electrochemical Reduction of Carbon
Monoxide to Ethylene Using Cu-Nanoparticle-Based Gas Diffusion Electrodes. ACS
Energy Letters 2018, 3 (4), 855-860; (b) Burdyny, T.; Smith, W. A., CO> reduction on
gas-diffusion electrodes and why catalytic performance must be assessed at
commercially-relevant conditions. Energ Environ Sci 2019; (c¢) Higgins, D.; Hahn, C.;
Xiang, C.; Jaramillo, T. F.; Weber, A. Z., Gas-Diffusion Electrodes for Carbon
Dioxide Reduction: A New Paradigm. ACS Energy Letters 2019, 4 (1), 317-324; (d)
Wu, J.; Risalvato, F. G.; Sharma, P. P.; Pellechia, P. J.; Ke, F.-S.; Zhou, X.-D.,
Electrochemical Reduction of Carbon Dioxide. J Electrochem Soc 2013, 160 (9),
F953-F957; (e) Merino-Garcia, I.; Alvarez-Guerra, E.; Albo, J.; Irabien, A.,
Electrochemical membrane reactors for the utilisation of carbon dioxide. Chem Eng J
2016, 305, 104-120; (f) Endrddi, B.; Bencsik, G.; Darvas, F.; Jones, R.; Rajeshwar, K.;
Janaky, C., Continuous-flow electroreduction of carbon dioxide. Progress in Energy
and Combustion Science 2017, 62, 133-154; (g) Weekes, D. M.; Salvatore, D. A.;
Reyes, A.; Huang, A.; Berlinguette, C. P., Electrolytic CO2 Reduction in a Flow Cell.
Accounts Chem Res 2018, 51 (4), 910-918.

(a) Ma, S.; Luo, R.; Gold, J. L; Yu, A. Z.; Kim, B.; Kenis, P. J. A., Carbon nanotube

containing Ag catalyst layers for efficient and selective reduction of carbon dioxide. J




Chapter 2

Mater Chem A 2016, 4 (22), 8573-8578; (b) Ma, S.; Luo, R.; Moniri, S.; Lan, Y.;
Kenis, P. J. A., Efficient Electrochemical Flow System with Improved Anode for the
Conversion of COz to CO. J Electrochem Soc 2014, 161 (10), F1124-F1131; (c) Ma,
S.; Lan, Y.; Perez, G. M. J.; Moniri, S.; Kenis, P. J. A., Silver Supported on Titania as
an Active Catalyst for Electrochemical Carbon Dioxide Reduction. ChemSusChem
2014, 7 (3), 866-874; (d) Tornow, C. E.; Thorson, M. R.; Ma, S.; Gewirth, A. A.;
Kenis, P. J. A., Nitrogen-Based Catalysts for the Electrochemical Reduction of CO> to
CO. Journal of the American Chemical Society 2012, 134 (48), 19520-19523; (e)
Verma, S.; Hamasaki, Y.; Kim, C.; Huang, W.; Lu, S.; Jhong, H.-R. M.; Gewirth, A.
A.; Fujigaya, T.; Nakashima, N.; Kenis, P. J. A., Insights into the Low Overpotential
Electroreduction of CO; to CO on a Supported Gold Catalyst in an Alkaline Flow
Electrolyzer. ACS Energy Letters 2018, 3 (1), 193-198; (f) Verma, S.; Lu, X.; Ma, S.;
Masel, R. I.; Kenis, P. J. A., The effect of electrolyte composition on the
electroreduction of CO; to CO on Ag based gas diffusion electrodes. Physical
Chemistry Chemical Physics 2016, 18 (10), 7075-7084; (g) Dinh, C.-T.; Garcia de
Arquer, F. P.; Sinton, D.; Sargent, E. H., High Rate, Selective, and Stable
Electroreduction of CO; to CO in Basic and Neutral Media. ACS Energy Letters 2018,
3 (11), 2835-2840; (h) Haas, T.; Krause, R.; Weber, R.; Demler, M.; Schmid, G.,
Technical photosynthesis involving CO: electrolysis and fermentation. Nature
Catalysis 2018, 1 (1), 32-39; (i) Jhong, H.-R. M.; Tornow, C. E.; Kim, C.; Verma, S.;
Oberst, J. L.; Anderson, P. S.; Gewirth, A. A.; Fujigaya, T.; Nakashima, N.; Kenis, P.
J. A., Gold Nanoparticles on Polymer-Wrapped Carbon Nanotubes: An Efficient and
Selective Catalyst for the Electroreduction of CO>. Chemphyschem 2017, 18 (22),
3274-3279; (j) Jhong, H.-R. M.; Tornow, C. E.; Smid, B.; Gewirth, A. A.; Lyth, S. M_;
Kenis, P. J. A., A Nitrogen-Doped Carbon Catalyst for Electrochemical CO,
Conversion to CO with High Selectivity and Current Density. ChemSusChem 2017,
10 (6), 1094-1099; (k) Kim, B.; Hillman, F.; Ariyoshi, M.; Fujikawa, S.; Kenis, P. J.
A., Effects of composition of the micro porous layer and the substrate on performance
in the electrochemical reduction of CO; to CO. J Power Sources 2016, 312, 192-198;
(1) Ma, S.; Liu, J.; Sasaki, K.; Lyth, S. M.; Kenis, P. J. A., Carbon Foam Decorated
with Silver Nanoparticles for Electrochemical CO> Conversion. Energy Technology

2017, 5 (6), 861-863; (m) Moller, T.; Ju, W.; Bagger, A.; Wang, X.; Luo, F.; Ngo

60



Maximizing Ag Utilization in High Rate CO. Electrochemical Reduction

Thanh, T.; Varela, A. S.; Rossmeisl, J.; Strasser, P., Efficient CO; to CO electrolysis
on solid Ni-N—C catalysts at industrial current densities. Energ Environ Sci 2019, 12

(2), 640-647.

61



Chapter 2

2.5. Supporting Information for Chapter 2

2.5.1. Optimization of the synthetic conditions for Ag-CP

In Ag-CP synthesis, the resulting coordination polymer is precipitated
from the DMF solution forming a gel-like product. In order to optimize the
crystallization conditions, a series of screening experiments have been
performed varying solvent and Ag : 2,5-pydc molar ratio, which are
presented in Table S2.1. The screening results suggest that the appearance
of the Ag coordination polymer is solvent driven. The use of DMF as a
solvent media results in the formation of gel-like precipitation which can be
separated from mother liquor by several centrifugation runs, while DMSO
and aqueous solutions yield the microcrystalline precipitates.

Since the Ag : pydc molar ratio did not show to be a very influential
parameter to increase the crystal size of Ag-CP, another set of screening
experiments were performed varying solvents and temperatures. Due to the
low solubility of the 2,5-pyridine dicarboxylic acid (2,5-pydc) in water, the
experiment involving aqueous medium was performed by partial
neutralization of the corresponding organic acid with 0.5 equivalent of
Na;COs. In all experiments the amounts of the reacting components were
kept unchanged at Ag : 2,5-pydc molar ratio of 1:1. Table S2.2 represents
the appearance of distinct chemical phases as a function of solvent and
temperature, indicating that the Ag-CP appears as a predominant crystal
phase from DMF, DMSO and H;O solvents only at room temperature.
Increasing the synthesis temperature for DMF and DMSO resulted in a
mixture of Ag-CP and Ag>O, whereas the same thermal effect in case of an

aqueous solution gives Ag>0O as the main reaction product.
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Table S2.1. Summary of the optimization experiments at room temperature
representing the appearance of Ag-CP as function of Ag: 2,5-pydc molar ratio and
solvent.

Ag : 2,5-pydc

Solvent

DMEF* gel gel gel gel gel
DMSO** solid solid solid solid solid
HoO*** solid solid solid solid solid

*DMF: N,N’-dimethylformamide.

**DMSO: dimethyl sulfoxide.

**% Clear reaction mixture was prepared by partially deprotonating 2,5-pyridine dicarboxylic acid
(2,5-pydc) with 0.5 equivalent of Na,CO; in deionized water and adding the former one to AgNO3
aqueous solution.

H,O / Hpydc™

S

JL_..A DMSO

5 10 15 20 25 30 35 40 45 50 55 60
20/°
Figure S2.1. Experimental powder X-ray diffraction patterns of the solid products

resulting from the reaction between equimolar amounts of AgNOs and 2,5-
pyridinedicarboxylic acid in different solvent media at room temperature.
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Table S2.2. The resulting products in solvent screening and products observed
during the optimization of the synthetic conditions for Ag-CP.

Solvent

Temperature

RT

80 °C

90 °C

100 °C

110 °C

120 °C

130 °C

140 °C

Color scheme for identifications of phases appeared as a solid product:

42:0 Ag-CP

* Clear reaction mixture was prepared by partially deprotonating 2,5-pyridine dicarboxylic acid (2,5-
pydc) with 0.5 equivalent of NaxCOs in deionized water and adding the former one to AgNO3
aqueous solution.

2.5.2. Crystal structure of silver 2,5-pyridinedicarboxylate coordination
polymer (Ag-CP): determination and details

In order to optimize the count statistics and peak shape profiles, data
collection was carried out in the 26range of 4-80° with a step size of 0.02°
and a scan speed of 15 s/step. The indexing procedure was performed by
DICVOL [1] followed by intensity extraction and unit cell refinement
applying a Pawley fitting procedure (Figure S2.2) [2]. The lattice type and
space group were assigned based on the evaluation of systematic absences.

Foregoing analyses suggest that the Ag-CP crystallized in the orthorhombic
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Pbn21 space group with the lattice parameters listed in Table S2.3. The
structure solution proceeded by simulated annealing procedure using
EXPO2014 software[3] yielding the trial models comprised of silver and
2,5-pyridinedicarboxylate fragments. The chemically rational model was
chosen as a final structure model and, subsequently, has been subjected to
Rietveld refinement involving silver coordinates, scale factor, zero-point,
cell parameters, four background parameters, peak asymmetry and preferred
orientation corrections. Details of structure refinement are summarized in
Table S2.3 and the final Rietveld plot is shown in Figure S2.3. Atomic

coordinates, the principal bond distances and angles are given in Table S2.4.
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Figure S2.2. Representation of Pawley fit made on Ag-CP experimental data and
indexed in orthorhombic Pbn21 space group with the unit cell parameters: a =
6.0320(5) A, b = 32.1632(6) A, ¢ = 3.6147(8) A, a=B=y=90°. Experimental
pattern is plotted as black line, Pawley fit — red dots, difference as solid blue line
and observed reflections are green sticks. Obtained figures of merit are Rp = 3.99
and Rwp = 5.51.
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Figure S2.3. Rietveld refinement plot made on Ag-CP experimental data using the
model obtained by simulated annealing. Experimental pattern is plotted as black
line, Pawley fit — red dots, difference as solid blue line and observed reflections are
green sticks. Obtained figures of merit are Rp = 10.76 and Rwp = 16.60.
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Table S2.3. Crystal structure parameters and refinement details for Ag-CP.

Compound

Ag-CP

Empirical formula
Formula weight / g-mol!
Temperature / K
Wavelength / A

Crystal system

Space group

alA

b/ A

c/A

a pyl°

VA3

Z

Calculated density / g-cm™
Data collection

Data collection range 26/ °

R factors

AgC-HNO,
273.95

293

1.5406

orthorhombic
Pbn2,
6.0320(5)
32.1632(6)
3.6147(8)

90, 90, 90
701.3

4

2.557
powder X-ray diffraction
4-280

Ry =10.74, Rup = 16.60, Rprage = 5.69
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Table S2.4. Final atomic coordinates, selected bond distances (A) and bond angles
(°) for Ag-CP.

Degree,
o
Agl 0.20610 0.23075 0.40667 Agl-03 * 2.293 03-Agl-03* 92.18
Cl1 0.22810 0.10860 0.39081 Agl-03* 2708 03-Agl-03? 134.81
C2 0.34625 0.07112 0.38480 Agl-03°* 2297 03%-Agl-03? 115.46
C3 0.54564 0.06962 0.18899 Agl-N1 * 2.982 Agl-03-C6 124.19
C4 0.62333 0.10484 1.00502 01-C7 1.270 Agl-03-Agl 92.18
Cs 0.50082 0.14180 0.01696 02-C7¢ 1.271 Agl-03-Agl® 95.99
Cé6 0.58368 0.17933 0.82084 03-C6 1.273 Agl-03-C6 124.19
C7 0.26244 0.03402 0.58057 04-Co 1.272 Agl—-03-Co6 111.25
N1 0.30630 0.14270 0.20969 C5-Co6° 1.486 Agl“-03-Agle  95.26
01 0.14349 0.03795 0.86824 C2-C7 1.476
02 0.30829 0.99775 0.46366
03 0.47505 0.21328 0.82727
04 0.76552 0.17805 0.64266

Translation of symmetry code to equivalent position: (a) x,y,l+z; (b) -1/2+x,1/2-y,-
1/2+z; (c) x,1+y,z ; (d) x,y,1+z; (e) 1/2+x,1/2-y,1/2+z.
* The values agree with those reported for silver (I) pyridinecarboxylate fragments

found in the Cambridge Structural Database (CSD)[4] with the MOGUL software [5].

02 C3 C4 04

C7 C6

C2
C5 03

01 cCt N P

"
Ag1 @y

Figure S2.4. Representation of asymmetric unit for Ag-CP with the corresponding
atomic labelling scheme. Hydrogen atoms are omitted for clarity.
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'KW'\‘\

Figure S2.5. Network of hydrogen bonds formed in Ag-CP by protonated
carboxylic group in 5-position viewed along c-axis. Hydrogen bonding formed by
02...02a (2.739 A), O1...02a (2.747 A) and O1...01b (2.944 A): a 1-x, -y, -
1/2+z and b -x, -y, -1/2+z.

2.5.3. Experimental details

Materials. Silver nitrate (>99% purity), 2,5-pyridinedicarboxylic acid
(2,5-pydc, 98% purity), potassium hydroxide (99.99% purity), potassium
bicarbonate (99.99% purity) and N,N-dimethylformamide (DMF, 99.8%
purity) were purchased from Sigma-Aldrich and were used without further
purification. Both, bare macroporous woven carbon cloth (SPUN Carbon
Fibres Technology Quintech) and microporous layer containing gas
diffusion layer (ELAT LT1400 from Fuel Cell Store) was used throughout
the study. The woven nickel mesh anode (300 pum thickness) and the

titanium plate (250 pum thickness) were acquired from Nilaco Corporation,
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while the anion-exchange membrane (Sustainion S-50) and the reference
electrodes, Ag/AgCl (Sat’d KCl), Standard Calomel Electrode, Hg/HgO (1
M NaOH), were purchased from Dioxide Materials and BAS Corporation,
respectively. High-purity CO2 (99.9999%) gas was used in the CO;
electroreduction tests, obtained from AHG Industrial Gases.

Synthesis of Ag coordination polymer. This method was inspired by a
report on the synthesis of a silver carboxylate metal-organic framework [6].
In a typical synthesis, 3.84 g AgNO; (22.6 mmol) and 1.2 g 2,5-pydc (7.2
mmol) were separately dissolved in 200 mL DMF under vigorous stirring,
forming clear solutions. Then these two solutions were mixed and kept
under stirring for 24 h. After that, the slurry was centrifuged and the
collected precipitate was washed twice, first with methanol and then with
distilled water. The solid was finally dried in a vacuum oven at 80 °C. The
synthesis yielded microcrystalline powder composed of tiny crystallites not
suitable for single crystal structural analysis. Thus, in order to grow bigger
crystals and improve the crystallinity of the compound, an extensive
screening study was performed to optimize the synthetic conditions for Ag-
CP (see section 1).

Preparation of Ag/carbon fiber (Ag/CF) electrodes. Ag/CF electrodes
were prepared by layer-by-layer growth of Ag-CP onto the carbon fibres
(green box in Scheme S1la) followed by electro-decomposition (orange box
in Scheme Sla). A carbon cloth electrode, composed of weaved carbon
fibres, was immersed into 0.1 M KOH for 1 hour and dried in air to activate
the surface of the carbon fibres [7]. 0.3 g 2,5-pydc (1.8 mmol) was dissolved
in 50 mL DMF (36 mM) as organic linker solution, and 0.96 g AgNOs3 (5.64

mmol) was dissolved in 50 mL DMF (113 mM) as metal precursor solution.
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Another 50 mL DMF was used as cleaning agent in between the immersion
in the organic linker and the metal precursor solutions. The successive
immersion of the carbon cloth electrode in the organic linker solution, pure
DMF, and metal precursor solution is denoted as one growth cycle. Each
immersion lasted for 2 min. The resulting electrodes were denoted as Ag-
CP/CF-9C (9 being the number of LBL growth cycles). After the layer-by-
layer growth of Ag-CP, the electrode was fitted into a 3-electrode
electrochemical cell with the Ag-CP/CF acting as the working electrode,
and 0.1 M KHCO; was used as electrolyte. A potential of —1.8 V vs
Ag/AgCl was applied by an Autolab PGSTAT302N potentiostat for 2 h to
reduce the Ag-CP and obtain the final Ag/CF-9C samples.

Preparation of drop-casted Ag/carbon fiber (Ag/CF-DC) electrode.
Ag/CF-DC electrodes were prepared from the powdered coordination
polymer via drop-casting (DC) of Ag-CP onto the bare woven carbon cloth
(red box in Scheme S1b) from a suspension of 50 mg Ag-CP in 5 mL
ethanol and 0.2 mL Nafion solution, followed by electro-decomposition
(orange box in Scheme S1b). The resulting electrode was denoted as Ag-
CP/CF-DC, and it underwent the same electro-decomposition process as
described above to obtain the final Ag/CF-DC e electrode. The Ag-CP and
Ag loadings on the carbon cloth are determined by weighing the electrodes
after each preparation step, and summarized in Table S2.6.

Preparation of Ag/microporous layer (Ag/MPL) electrodes. For the CO»
electroreduction experiments (both in a traditional 3-electrode liquid cell
and in the flow cell electrolyzer) Ag/CF electrodes were prepared in a
similar way described above. The major difference was, that only the
microporous layer (MPL) of the carbon cloth substrate was (pre-)treated

during the synthesis (surface version of the Scheme Sla method). We took
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advantage of the high PTFE content, and thus, the hydrophobicity of the
cloth, as it floats on top of the aqueous solution. The MPL side got in
contact with the KOH solution and was etched to make it more hydrophilic
due to the formation of OH-containing functional groups. The same two-
step synthesis was applied using 2,5-pydc linker and AgNOs silver source in
DMF at the same concentration (36 and 113 mM, respectively). The carbon
cloth was floating on top of the DMF-based solution as well, depositing the
silver containing coordination polymer (Ag/CP) only on top of the MPL.
This further reduces the silver loading needed for high performance CO2ER
with decreasing the thickness of the active area and facilitating the
dispersion of the metal on the support. Furthermore, this catalytically active
top layer becomes important in flow cell CO. electrolysis performed in a
zero gap cell, meaning the MPL side (along with the catalyst layer) of the
porous carbon substrate was pressed against an anion exchange membrane.
This leaves the macroporous structure intact for gas diffusion, while
utilizing the top skin of the substrate. The resulting electrodes were denoted
as Ag-CP/MPL-nC (n being the number of LBL growth cycles, n = 1, 2, 3,
6). A potential of —1.8 V vs Ag/AgCl was applied by a potentiostat to
reduce Ag-CP/MPL-nC into the final Ag/MPL-nC electrodes.
Characterization techniques. X-ray diffraction (XRD) patterns of Ag-CP,
Ag particles supported on carbon fibres were collected using a Bruker D8
Advance X-ray diffractometer, and the radiation source was a Co-Ka
radiation (4 = 0.179026 nm). The Ag content in Ag-CP was determined by
thermogravimetric (TG) analysis. TG analysis was conducted on a Mettler
Toledo TGA/SDTAS851¢ instrument. The temperature was increased from

room temperature to 1000 °C with a ramp of 5 °C-min-1 in air, at a flow rate
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of 100 mL min"'. N2 adsorption-desorption isotherms were recorded to
determine the porous structure of Ag-CP. A Micromeritics Tristar 3020
apparatus was used to collect Nz isotherms at 77 K. The sample was
degassed beforehand at 120 °C under N> atmosphere. Scanning electron
microscopy (SEM) analysis was performed on either a Nova Nano 630 or a
Teneo scanning electron microscope from FEI Company. A FEI TEM
(model Titan 80-300 ST) operated at 300 kV was used for transmission
electron microscopy (TEM) analysis. A K-alpha Thermo Fisher Scientific
spectrometer was used for the XPS investigation using monochromatic Al-
Ko radiation at ambient temperature and a chamber pressure of about 10-8
mbar. All spectra measured were corrected by setting the reference binding
energy of carbon (1s) at 284.8 eV. Spectra were analyzed using the Thermo
Avantage software package. The deconvolution of spectra was performed
using a mixed Gauss-Lorentzian function, the quantification was done by
using the Scoffield sensitivity factors. Difference in depth of analysis for
different photoelectron lines was accounted using the TPP-2M method.

Low- and high current density electrochemical CO: reduction. Screening
of the Ag/MPL-nC (n =1, 2, 3, 6) samples in CO2ER was conducted in a
custom-made airtight, two-compartment, three-electrode cell, Ag/MPL-nC
samples were used as working electrode and Pt as counter electrode
separated from the cathode part by a glass frit. A standard calomel electrode
was used (SCE) was used as the reference electrode. The CO;
electroreduction was carried out using in COs-saturated 0.1 M KHCO
solution (pH = 6.8) under stirring at a CO; flow rate of 10 mL min™! in all
experiments. All potentials for CO; reduction are reported with respect to

the reversible hydrogen electrode (RHE).
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The high current density continuous-flow CO, electrolysis was
performed in a custom-built zero-gap electrochemical cell. The flow
electrolyzer was modified from a Fuel Cell Technologies 5 cm2 PEM single
cell to fit to the specific task of COER. A membrane electrode assembly
(MEA) is a sandwich-like structure of an ion-exchange membrane and a
cathode and anode side catalyst layer on gas diffusion electrodes pressed
against it. MEAs first found widespread use in polymer electrolyte fuel cells,
and water electrolyzers, and recently it is being spread in flow CO>
electrolysis using zero-gap flow cells [8]. We constructed our MEAs with a
catalyst active area of 1.9 cm? of the Ag/ microporous layer covered carbon
cloth (ELAT LT1400) cathode and 5.0 cm? of a woven nickel mesh anode.
An imidazolium-functionalized anion-exchange membrane (Sustainion S-50)
separated the two compartments. The MEA was sandwiched between two
flow-field blocks of stainless steel (Type 316L) and PTFE as cathode and
anode, respectively. Since PTFE is an insulator, a patterned titanium plate
used as anode charge collector. Silicone gaskets (15 mil, Fuel Cell Store)
were used to make the cell gas tight, and the aluminium end plates were
screwed together using a torque wrench at 20-30 in-lbs (~2.3-3.4 N m). | M
KOH aqueous anolyte solution was recirculated in the anode compartment
by a Watson Marlow 323 peristaltic pump at 10 mL min~'. The cathode side
was fed with humidified CO: stream with ~1-5 vol% N> as internal standard
at 40 ml min™! total flow rate, controlled by a calibrated Brooks Delta Smart
II mass flow controller. CO: electrolysis was conducted under constant
current conditions (CP, chronopotentiometry) using a potentiostat (BioLogic
SP-150). The potential of the counter electrode was continuously monitored

via a Hg/HgO (1 M NaOH) reference electrode inserted into the anolyte
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chamber right behind the Ti anode current collector. The product
distribution in CO» electroreduction experiments was determined by gas
chromatography in the gas phase. Gas products were analyzed every 5 min
via a SRI Instruments T-3000 micro gas chromatograph equipped with
MolSieve 5A and Poraplot Q columns and a micro TCD detector. The
reported Faradaic efficiencies are averages over the time of the electrolysis.
No liquid products were obtained in the experiments reported herein.

In a typical experiment, the Ag-CP layer on the microporous side of the
carbon cloth was first transformed into an Ag/carbon cloth catalyst via a 30-
min-long chronoamperometric (CA) run at a constant potential of =2 V (vs.
Hg/HgO). The in-situ formed catalysts were then tested via
chronopotentiometry at constant current densities of —25, =50, —100, —200,
—300, and —400 mA cm? for 30 min. Since we used a GDL based
electrolyzer, fluctuations in the potential readings were observed due to the
intensive bubble formation. The reported cell and cathode potentials are
averages over the respective electrolysis run. Since it is a zero-gap cell
without using a liquid catholyte, the working electrode potential could be
approximated from the directly determined counter electrode potential and
the full cell voltage. The raw cathode potential readings were manually
corrected to the RHE scale via eq. (1) taking the membrane resistance into
account as an iR drop. The uncorrected Ru resistance between the counter
and reference electrode was determined via EIS connecting the originally
counter electrode nickel mesh as working electrode. Due to the small
distance between the CE and RE and the high conductivity of the electrolyte
solution, the resulting iRu was negligible even at the highest applied current

density =400 mA c¢cm2.
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The parameters characterizing the electrochemical performance of the
catalysts were calculated according to the following equations.

RHE correction:

The measured potentials vs. Ag/AgCl (sat’d KCI) and Hg/HgO (1 M
NaOH) in the H-cell and the flow cell, respectively, were converted to the
reversible hydrogen electrode (RHE) scale according to the following
equation:

E (vs.RHE) = E(vs.RE) + E;E(vs. SHE) + 0.059V - pH (1)

E(vs. RE): the experimentally measured potential vs. the respective
reference electrode;

E°Ag/AgCl(sat’d KCI) =0.197 (V vs. SHE) at 23 °C;

E°Hg/HgO(1 M NaOH) = 0.118 (V vs. SHE) at 23 °C;

SHE: Standard hydrogen electrode;

pH: The pH of the used electrolyte solution: 13.5 for I M KOH, and 6.8
for CO; saturated 0.1 M KHCOg;

Faradaic efficiency (FE):

The fraction of the total charge consumed to form product ‘x’ was
calculated according to

n-F-v,-f
T V)
FE,: the Faradaic efficiency of product ‘x’;

FE, (2)

n: the number of electrons consumed to produce one molecule of
product, n = 2 for both CO and Hy;

vx: the volume fraction of a certain gas product;

f: the overall gas flow rate at ambient pressure and temperature (m? s!);

F: Faraday constant (F=96 485.3329 C mol);
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Vam: the molar volume constant at ambient pressure and temperature
(Vw=24.465 L mol);
J: steady-state cell total current at each applied potential (mA).

Partial current density:

;o FEx 'jTotal
Jx 100

3)

Jjx: partial current density of product x (mA cm?);

FE,: Faraday efficiency of product x (%);

JTotwr: total current density all product combined (mA cm2);

Energy efficiency:

The ratio of between the stored energy in product ‘x’ and the electrical
energy applied to the system was determined according to eq. (4):

EO
EE, = -FE, 4)
Uceu

EE,: energy efficiency of product x (%);

E°: equilibrium cell potential (E°= E°cathode — E°anode = —0.10 V —
1.23 V=-1.33 V for CO; to CO);[9]

Ucen: overall cell potential (V).

Electrochemical active surface area (EASA) experiment. The
electrochemical active surface areas of Ag electrodes were compared using
the monolayer oxidation method in a traditional three-electrode aqueous
electrochemical cell with platinum and Ag/AgCl (Sat’d KCl) counter and

reference electrodes, respectively [10]. The current density peak at about
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1.15-1.20 V vs. RHE corresponds to the formation of monolayer silver
oxide or AgOH (Figure S2.22a).

The measurement was carried out in 0.1 M KOH with bubbling N>. The
electrodes were reduced at —0.4 V vs RHE for 10 min in order to reduce the
already existing silver oxide layer, and then immediately oxidized by a
constant potential of 1.15 V vs RHE to form monolayer silver oxide. By
measuring the charge used during oxidation, the relative active surface area
of a Ag catalyst can be calculated. The reported values are averages of four
consecutive measurements (Figure S22b). Both, the Ag-CP/MPL-nC and
the Ag/MPL-nC electrodes (Figure S22c¢-f) were tested.

2.5.4. Supplementary experimental results

Intensity (-)

T T T T
1200 1000 800 600 400 200
Binding Energy (eV)

Figure S2.6. XPS survey spectrum of Ag-CP.
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Table S2.5. Atomic (surface) content of elements in Ag-CP determined by XPS.

Element Atomic content (%)
C 68.8
Ag 3.5
N 32
0] 24.5

—— Ag-CP-calcined
—— Ag-simulated
2>
‘B
c
]
£
| | 1 | 1
20 40

60 80
2-Theta (degrees)

Figure S2.7. XRD pattern of Ag-CP after calcination at 600 °C in air (black) and
the simulated XRD pattern of metallic Ag (red).
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Figure S2.8. N; isotherm of Ag-CP at 77 K.
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Scheme S2.1. Schematic synthesis route of (a) Ag/CF-nC electrode and (b) Ag/CF-
DC electrode. Green, orange, and red boxes represent LBL growth of Ag-CP,
electro-decomposition of Ag-CP, and drop-casting of Ag-CP on carbon cloth,
respectively.
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Figure S2.9. Cross-sectional SEM image (a) and the corresponding EDS elemental
map (b) of the 20 LBL cycle sample (Ag-CP/MPL-20C). The component maps of
(c) carbon, (d) silver, (e) fluorine and (f) Al are also shown. The fluorine signal
comes from the PTFE treated carbon fabric, while Al is the sample holder.

4.5

m Ag-CP/CF
491 & AgCF

3.5 1
3.0—-
2.5—-
2.0—-
1,5—-
1.0—-

0.5 4

Ag-CP surface loading / mg cm?

0.0 +

LBL cycles /-

Figure S2.10. Variation of the Ag-CP and Ag (before and after in-situ electro-
decomposition) loading with the number of sequential deposition steps (LBL
cycles) on bare carbon fibre support.
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Before CO,RR

Figure S2.11. SEM images of the 1 LBL cycle sample (Ag/MPL-1C) before (a-b)
and after (c-d) in-situ electro-decomposition.

£ | ftr O,RR s

Figure S2.12. SEM images of the 2 LBL cycle sample (Ag/MPL-2C) before (a-b)
and after (c-d) in-situ electro-decomposition.
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Figure S2.13. SEM images of the 3 LBL cycle sample (Ag/MPL-3C) before (a-b)
and after (c-d) in-situ electro-decomposition.

Figure S2.14. SEM images of the 6 LBL cycle sample (Ag/MPL-6C) before (a-b)
and after (c-d) in-situ electro-decomposition.
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.

Figure S2.15. TEM images of the microporous layer supported Ag nanoparticles
and the corresponding particle size distributions of the n = (a) 1, (b) 2, (c) 3, (d) 6
Ag/MPL-nC samples.
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Figure S2.16. XRD patterns of the (a) carbon supported Ag-CP (black) and the

simulated pattern of Ag-CP (red); (b) as-prepared carbon supported Ag electrode

before (black) and after (blue) one CO2ER test and simulated pattern of metallic
Ag (red).
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Figure S2.17. Ag 3d region XPS spectra of the Ag powders collected from carbon
supported Ag electrode before (a) and after (b) one CO2ER test with blue, red, and
green peaks representing Ag>0, metallic Ag and K, respectively.
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Figure S2.18. SEM images of an electrode prepared onto bare woven carbon fibers
by conventional drop casting (a-b) before and (c-d) after electro-decomposition.
SEM images of an electrode prepared onto bare woven carbon fibers by L-B-L
method (e-f) before and (g-h) after electro-decomposition.
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Figure S2.19. Typical chronoamperometric in-situ reduction of the Ag-CP/MPL-
3C sample in the liquid cell at —1.8 V vs SCE (—0.88 V vs. RHE). Stable CO»
reduction performance was achieved from 15 min of the reaction.
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Figure S2.20. Chronoamperometric CO. electroreduction using the Ag/MPL-3C
sample in the liquid cell at 2.0 V and —1.6 V vs SCE (—0.94-0.98 and —0.78-0.81
V vs. RHE). In (a) and (c) the CO:ER tests were conducted in the original
electrolyte solutions, where the catalysts were in-situ reduced, while in (b) and (d)
the previously reduced samples were re-measured in fresh electrolyte.
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Figure S2.21. Chronoamperometric CO2ER stability test using the Ag/MPL-3C
sample in the liquid cell at —1.6 V vs SCE (-0.83 V vs. RHE). Stable CO»

reduction performance was achieved in the 5-hour electrolysis.
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Figure S2.22. (a) Cyclic voltammetry of Ag-CP/MPL-3C in 0.1 M KOH at 20 mV
s”! scan rate. Current density as a function of time at around 1.18 V vs RHE for the
determination of EASA in Ag/MPL-3C (4 parallel measurements), and the first
monolayer reduction curves for Ag/MPL-nC, where n = (c) 1, (d) 2, (e) 3, and (f) 6.
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Figure S2.23. Variation of the electrochemical active area (EASA) of the Ag-
CP/MPL-3C and Ag/MPL-3C with ongoing LBL cycles.

Table S2.6. Loading amount of Ag-CP and Ag on carbon cloth electrodes.

— Ag-CP Ag loaded Ag loading density
loaded (mg) (mg cm?)
Dropcasted 46.5 19.4 3.10
Ag/CF-3C 7.1 3 0.48
Ag/CF -6C 13.8 5.1 0.82
Ag/CF -9C 224 7.6 1.22
Ag/CF -12C 27.3 9.5 1.52
Ag/MPL-3C 0.55 0.38-0.4 0.20-0.21
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Table S2.7. Summary of recently reported Ag-based electrodes in H-type CO:

electrolyzers.
FE jco Mass
Catalyst Loading Electrolyte o «o (z mA/em activity Ref.
(%) 2) (mA/mg)
: Bulk
Polycrystalline : 0.1 M N N
Ag glilscllgllgis KHCO; 85 2.1 0.008 [11]
. : Bulk
Oxide-derived : 0.1 M
Ag 8%1%;11;?? KHCO; ~95 ~2.7 ~0.011 [12]
Bl 0.1 M
3-D porous Ag 81;15]1;;1;‘,88 KHCO; 94.7 ~10.0 ~0.020 [13]
Triangular Ag ~0.637 mg
nanoplate cm-2 - 90 3.0 4.710 [14]
Nanoporous 2 0.5 M _
Ag 10 mg cm KHCO; 92 8.0 2.000 [15]
Bulk
Plasma- : 0.1 M
activated Ag 8}(1)1818(3&818) KHCO:;3 >90 225 ~0.280 [16]
. Bulk
Preferentially : 0.5 M
oriented Ag 8111;;]1;;1;385 KHCO; 96.7 ~9.0 ~0.090 [17]
Ag 2
nanoparticle 10 mg/cm EMIM-BF;  >96 ~0.92 0.137 [18]
Anodic-etched  BUIK 0.1 M
A (thickness KHCO 92% 1.50 ~0.006 [10a]
g 0.25mm) :
0.205 0.1 M This

Ag/MPL-3C 93.0%  30.2 147.15

mg/cm? KHCO:s work
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-2V vs. Hg/HgO (1 M NaOH)
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Figure S2.24. Typical chronoamperometric curve of the in-situ reduction of a
Ag/CP-3C/carbon cloth sample into a Ag/carbon cloth catalyst in the zero gap flow
cell during the first half hour of the CO» electrolysis. The catalyst was selective to
CO right from the beginning of the reaction, and reaches stable high current
between 20 and 30 min of the run.

Table S2.8. COz to CO electroreduction performance in a gas-fed flow electrolyzer
in terms of cell (Ucer) and cathode potentials (Ecamode), Faradaic efficiency (FEco),
mass activity, and energetic efficiency (EEco) on the Ag/MPL electrode.

JTotal Ucen Ecutode Mass activity for EEco
(mA em?) (V) (Vs CO (mA mgag) (%)
1234 10))
-25 207  -0.36 96.9 117.3 62.4
-50 235 055 97.9 237.0 55.5
~100 307  —0.70 98.5 476.7 42.7
~200 337  —0.84 99.5 962.9 39.3
-300 359 094 98.8 1435.1 36.6
~400 -378  -1.02 96.3 1864.3 33.8
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Table S2.9. A comparison of CO»-to-CO electroreduction literature data achieved
with flow cell in terms of maximum CO current density (jco), cell voltage (Ucen),
cathode potential (Ecumode), CO Faradaic efficiency (FEco) and CO energy
efficiency (EEco).

Catalyst g{:;gl ?,f)m 2glisvsity

) (mA/mg)
AgDAT 35 090 [93.0 [1093]1267.8 [354 |19
AgPz 35 ~077  |904 [768 |1780.9 |[34.4 |[19]
AgPe 35 ~098 [75.7 [107.6 | 17210 [ 288 |[19]
Ag NP -3.0 ~091 | 947 |2484|2760 |420 |[20]
Nanoporous Ag - —0.80 93.1 347 | 0.9 - [15]
AgNP/MWNT | -3.0 ~0.80 | 102.1 [ 356.6 | 17829 | 453 |[21]
AgNP/XC-2R | -3.0 -085 |989 [1162]1129 [439 |22
e %igoz 3.0 ~0.81 [933 |1006 | 2576 414 |[22]
e l%igoz 3.0 —0.84 |92.6 |1024 [5332 411 | [22]
%iv(v)t;% AgNP/P25 | 5 —0.79 | 456 |456 |26957 |239 |[22]
Ag NP 3.0 -1.08 |912 |436.4 | 2182 40.4 | [23]
Ag NP -3.0 121|975 |[2809 |351.1 432 | [24]
AwPyPBUMWNT | - 118|621 |159.9 | 9403 - [25]
g-CNy/MWNT | —3.0 -1.01 | 981 [902 |377 435 | 126]
Ag/carbon foam | 3.0 107|650 |121.6 2118 325 | [27]
AwPyPBUMWNT | 2.5 -0.65 |63.6 [203.0|11275 |333 |[9]
Covestro Ag ODC | —4.7 - 73.5 | 2324 | ~09-1.7 | 335 | 28]
Sputtered Ag/ - ~0.67 | 89.7 | 180.0 | - ; [29]
CD-Ag/PTFE ; -081  |906 |157.7]- ; [29]
Ag/PTFE -5.9 ~0.84 |843 |[2529 1265 19.1 | [30]
Ag NP/carbon felt | - - 60.4 108.7 | 72.4 - [31]
Ni-N-C - “1.11 | 735 | 2208|2208 - [32]
Porous Zn GDE | - ~068 |73.0 |2189 337 ; [33]
Ag/MPL-3C 3.8 -1.02 963 |[3852 | 18643 |[33.8 | This
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