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A B S T R A C T

The rational design of functional materials through targeted element-selection strategies offers a promising route 
for developing next-generation catalysts. Here, we employ this strategy to tackle critical challenges in the 
Reverse Water Gas Shift (RWGS) reaction, including catalyst deactivation, low CO selectivity, and the high cost 
of conventional transition-metal catalysts. Through this approach, we designed and synthesized a novel class of 
metal-free boron-oxy-carbide (BO) catalysts. The catalyst exhibited 100 % CO selectivity and maintained equi
librium CO₂ conversion without deactivation for over 250 h at 600 ◦C. Advanced characterization techniques, 
combined with density functional theory (DFT) calculations suggested that the ‘B-O-C triad’ within the BO lattice 
is responsible for the RWGS activity. These findings demonstrate the potential of BO catalysts as robust, scalable, 
and sustainable alternatives to state-of-the-art transition-metal-based catalysts for CO₂ valorization. We antici
pate that these findings will provide a foundation for the design and activity of metal-free catalysts applicable to 
a diverse range of chemical transformations.

1. Introduction

Designing efficient metal-free heterogeneous catalysts demands an 
integrated understanding of surface chemistry, electronic structure, re
action thermodynamics, stability, and selectivity. We employed a 
rational element-selection strategý to tailor catalyst composition for the 
Reverse Water-Gas Shift (RWGS) reaction, due to the scarcity of data on 
metal-free RWGS catalysts that limited traditional machine learning 
approaches [1]. RWGS catalysts typically consist of active metals or 
metal oxides supported on carriers [2,3]. While noble metals offer 
excellent hydrogenation activity, their high cost and limited availability 
hinder industrial use [4]. Alternatives like Cu, Ni, and Fe are more 
affordable but suffer from issues such as poor CO selectivity and metal 
particle aggregation leading to catalyst deactivation [5]. These issues 

severely limit their long-term operational stability, scalability, and 
economic viability for industrial CO2 valorization. Additionally, 
vulnerability to gas poisoning and adverse environmental impacts 
associated with metals are at odds with the objectives of sustainability 
and renewability. Therefore, the goal is to develop stable metal-free 
catalysts by incorporating key components that enhance catalytic ac
tivity and CO selectivity while ensuring high stability.

For this, we identified boron as the core element of the catalyst lat
tice for its unconventional bonding behavior, electron deficiency, and 
strong Lewis acidity. All these properties are crucial for CO2 adsorption 
and activation in RWGS reaction. To support these properties in a stable 
framework, we chose boron nano-sheets as the foundation of the catalyst 
design [6]. The intrinsic metallic character, polymorphism and high CO2 
adsorption efficiency of boron nano sheets further qualified it as a base 
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material for RWGS catalyst [7–9]. Furthermore, we planned to introduce 
carbon to the boron nano sheets, as carbon doping can enhance the 
lattice stability and generate charge-deficient boron sites (adjacent to 
carbon), to promote the catalytic activity [10]. Additionally, tuning the 
degree of oxidation in the boron sheet is believed to impact its catalytic 
efficiency by promoting CO2 dissociation. Finally, to ensure CO selec
tivity, suppressing further hydrogenation to methane, we decided to 
include an alkali metal (potassium in our case) on the lattice [11,12]. 
With this hypothesis, we attempted to synthesize and investigate the 
potential of doped boron sheets in catalyzing the RWGS reaction.

Herein, we report an effective and cost-efficient strategy for the 
synthesis of stable free-standing derivatives of boron nanosheets 
achieving good yields. Additionally, for the first time, we demonstrate 
their application as catalysts in the RWGS reaction. The synthesis in
volves stepwise heating of borohydride precursors, (ABH4; A = Na, K) to 
600 ◦C in the presence of potassium /sodium salt of formate in different 
ratios. In 2020, Tai et al. showed that reduced two-dimensional boron 
sheets (BH) can be prepared by heating NaBH4 in a hydrogen rich 
environment [13]. Inspired by this, we investigated the preparation of 
boron nanosheets using NaBH₄ and HCOOK as precursors, hypothesizing 
that HCOOK would act as an in situ hydrogen donor thereby eliminating 
the need for costly H₂ gas and providing a safer, more economical 
reducing atmosphere [14–17]. We further anticipated that the process 
would yield a lattice modified by carbon and potassium; which was 
certainly chosen for the increased efficiency of the RWGS catalyst 
[10–12].

2. Experimental section

2.1. Chemicals and reagents

Sodium borohydride (≥ 98 %), Potassium formate (99 %), and so
dium formate (≥ 99 %), used for the synthesis were purchased from 
Merck. Potassium borohydride (98 %) was purchased from Thermo 
Scientific Chemicals. All the chemicals were used as received without 
further purification.

2.2. Synthesis of boron nanosheet derivatives (BHs and BOs)

To synthesise BHs, ABH4 (A = Na, K) was thoroughly mixed with 
HCOOA (A = Na, K) using mortar and pestle in molar ratios 3:1 or 2:1. 
Subsequently, the resulting mixture was transferred to a quartz boat and 
placed in a tubular furnace. Further, the mixture was subjected to 
heating, to 600 ◦C under a nitrogen flow of 50 mL/minute; following the 
heating profile illustrated in Scheme S1a. Upon cooling, the resultant 
material was cautiously exposed to air and allowed to remain under 
atmospheric conditions for a duration of 3–4 h. During this time, alkali 
metals/alkali metal clusters formed during the reaction developed a 
tarnished appearance due to the formation of an oxide or hydroxide 
layer. Subsequently, the material was finely ground and subjected to 
sonication for 10 min after the addition of 30 mL of water. This addition 
was executed gradually, to prevent any vigorous reactions. The mixture 
was filtered and washed three times each with cold water and hot water 
to remove any oxalate or carbonate salts that may have formed, followed 
by drying in an oven at 120 ◦C for 3 h. The possible chemical reactions 
are shown in Scheme S1a and equations (1− 3), see supporting 
information).

For the preparation of oxidised boron nanosheets (BO), ABH4 and 
HCOOA were combined in a 1:1 molar ratio and treated under identical 
synthesis and work-up conditions (Scheme S1b and Equations (4− 8), see 
supporting information). The active species (B-O-C) is formed when the 
BOs (BO_KK and BO_NaK) are heated to 450 ◦C under inert conditions.

2.3. Characterization

The XRD measurements were performed at TU Delft to determine the 

atomic arrangement in crystalline or amorphous materials by analysing 
the diffraction pattern of X-rays. A Bruker D8 Advance-ECO with Bragg- 
Brentano geometry was used, with CuKα1 and Kα2 radiation as the X-ray 
source. The XPS measurements were performed at Tata Steel IJmuiden, 
The Netherlands. Al-monochromated X-ray source was used at 15 mA 
and 15 kV to generate the X-ray photons and the emitted photoelectrons 
were collected from an area of 0.7 × 0.3 mm2. The acquired XPS spectra 
were processed in CASA XPS software to determine the surface 
composition. TEM images were recorded at TU Delft on TEM 
JEOL11400 plus machine. Images were captured using a 4 K camera 
after fine-tuning the optics. HR-TEM images are recorded either on a 
JEM 2100 F or FEI Tecnai F30 microscope, operating at an accelerating 
voltage of 200 kV. The FEI Tecnai F30 microscope is equipped with a 
field emission gun (FEG) and a SuperTwin® objective lens, allowing a 
point-to-point resolution of 0.19 nm. The samples were prepared by 
dispersing the material in ethanol, followed by sonication and deposi
tion onto carbon-coated copper grids, which were then air-dried. STEM- 
EDS measurements were recorded on a Titan aberration-corrected 
Transmission Electron Microscope. Samples were prepared by 
dispersing the materials in isopropyl alcohol, followed by deposition 
onto carbon-coated copper grids, which were then air-dried. Atomic 
Force Microscopy (AFM) was performed at TU Delft on an NT-MDT 
Ntegra Aura AFM system in semi contact mode using Nano sensors 
PPP-NCHR cantilevers with a resonance frequency of 350 kHz, with only 
a linear line-by-line flattening applied for post-processing; or with 
Bruker Dimension Icon from School of Chemical Engineering and 
Technology, Hebei University of Technology, Tianjin, China. Trans
mission infrared (IR) spectra were recorded at University of Amsterdam, 
using an Invenio R Fourier-transform infrared (FTIR) spectrometer 
(Bruker Optics, Ettlingen, Germany) equipped with a DLa-TGS detector. 
Spectra were collected in the range of 4000–600 cm− 1 with a resolution 
of 4 cm− 1. For all measurements, KBr pellets were prepared with a total 
mass of 100 mg, containing 1 wt% of the sample. In-situ Diffuse 
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was 
carried out at TU Delft on a Nicolet 8700 spectrometer (Thermo Scien
tific) equipped with a TRS-detector (LN-MCT) and a high-temperature 
DRIFT cell with CaF₂ windows (HVC Praying Mantis, Harrick). The 
catalyst was diluted with neutral alumina to optimize the detector 
signal, and sample spectra were recorded by accumulating 128 scans at a 
resolution of 4 cm− 1 under different gas flows, including helium for 
purging/flushing. CO2 Temperature-Programmed Desorption (CO2- 
TPD) experiments were carried out using a Micromeritics AutoChem II 
2920 apparatus. Initially, the sample was pretreated under a helium 
flow (25 mL/min) at 140 ◦C for 30 min to remove moisture. Then, CO₂ 
adsorption was carried out at 30 ◦C for 90 min under a 10 % CO2 
(30 mL/min) until saturation. Afterwards, physisorbed CO2 was 
removed by flushing with helium (25 mL/min) for 30 min. Finally, a 
TPD ramp was applied up to 700 ◦C at 5 ◦C/min under helium to monitor 
the desorption process. H2 Temperature Programmed Desorption (H2- 
TPD) experiments were performed with the help of the Micromeritics 
Autochem II 2920 apparatus. Initially, the sample was pretreated under 
argon flow (25 mL/min) at 140 ◦C for 30 min to remove moisture. Then, 
H2 adsorption was carried out at 150 ◦C for 60 min under a pure H2 flow 
(30 mL/min) until saturation. Afterwards, physisorbed H2 was removed 
by purging with argon (25 mL/min) for 30 min. Finally, a TPD ramp was 
applied up to 700 ◦C at 5 ◦C/min under argon to monitor the desorption 
process. ICP measurement was performed on a ICP-OES Shimadzu ICPE- 
9820 plasma atomic emission spectrometer with a mini torch peristaltic 
pump (radio frequency power 1.2 KW, plasma gas 8 L/min, auxillary gas 
0.6 L/min, carrier gas 0.7 L/min). Raman measurements were per
formed at Vrije Universiteit Amsterdam with an InVia Reflex Renishaw 
system. A frequency doubled Nd:YAG laser of 532 nm with a grating of 
1200 l/mm was used (range between 450 and 2975 cm− 1 or between 
100 and 2715 cm− 1). The system is operated with Renishaw WIRE™ 
software. Particles of interest were measured with a 50x objective, with 
an exposure time of 1 s, accumulations between 10 and 20 and varying 
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laser power of between 5 % and 10 % (depending on the intensity of the 
signal). The spectra were slightly smoothed, background-corrected, and 
normalized using MATLAB (version R2024a, 24.1.0.2603908). 
Smoothing was performed using the ’Smooth Data’ task with a Savitzky- 
Golay polynomial filter, applying a moving window with a centre value 
of 5. Background correction was achieved by subtracting a baseline 
estimated using the ’backcor’ function. A second-order polynomial with 
an asymmetric truncated quadratic cost function and a threshold of 0.1 
was used for all spectra, except for measurements on carbon black, 
which required a third-order polynomial due to more intense fluores
cence. In some cases, the constant term in the polynomial was adjusted 
to shift the polynomial up or down before subtraction to preserve peak 
integrity. Finally, the spectra were normalized by rescaling them to a 
0–100 range using MATLAB’s ’rescale’ function.

2.4. Catalyst evaluation for RWGS reaction

The catalysts were tested in the RWGS reaction in a vertical fixed bed 
reactor. A total of 70 mg of the catalyst was placed on quartz wool in the 
middle of the reactor of 7 mm inner diameter. The catalytic tests were 
then performed at atmospheric pressure and at a H2:CO2 ratio of 2:1. The 
stability tests were performed at atmospheric pressure and at a H2:CO2 
ratio of 3:1.We performed temperature screening tests between 100 ◦C 
and 600 ◦C using 100 mL/min total flow (84,714 mL/g/h) and stability 
tests for 250 h at 600 ◦C with the same total flow. The reactants and 
products were analysed using an online ABB AO2020 advanced optima 
process gas analyser, equipped with thermal conductivity and infrared 
detectors. The conversion and selectivity values were calculated using 
the following equations:

CO2conversion(%) =
[CO2 ]in − [CO2 ]out

[CO2 ]in
x100

CO selectivity(%) =
[CO]out

[CO2 ]in − [CO2 ]out
x100

2.5. Computational calculations

The Density functional Theory (DFT) calculations were performed in 
Indian Institute of Technology Roorkee using Quantum Espresso 7.2 
software. The electronic structures were visualized using a plane wave 
basis set and the Perdew-Burke-Ernzerhof (PBE) exchange correlation 
with Projector-Augmented-Wave (PAW) Pseudopotentials. NEB calcu
lations were performed to find the energy barrier and the activation for 
the RWGS reaction over the catalyst. The creation and visualization of 
the structures and the calculation of angles and bond length of the 
optimized structure were performed using VESTA, Burai, and Xcrysden. 
The free energy change for each step was separately calculated using 
computational hydrogen electrode model. Details are given in the sup
porting information.

3. Results and discussion

Boron nano sheets were synthesized by reacting NaBH4 and HCOOK 
at molar ratios ranging from 1:1–3:1, followed by stepwise heating to 
600 ◦C under inert atmosphere (Fig. 1). At 3:1 and 2:1 ratio, reduced 
boron nanosheets (BH) were obtained, designated as BH_NaK_3:1 and 
BH_NaK_2:1, respectively (Fig. 1-Route a, Scheme S1). Conversely, it 
was surprising to find that a 1:1 ratio resulted in the formation of 
oxidized boron nanosheet (BO) designated as BO_NaK. (Please note that 
the materials are designated in the following manner: Lattice type_Alkali 
metals of borohydride and of formate_ratio of borohydride to formate. 
Since BO is produced exclusively with 1:1 ratio, ratio is omitted from its 
designation). Further, the materials were characterized by using 
different techniques such as Powder X-ray diffraction (PXRD), X-ray 
Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spec
troscopy (FTIR), Raman spectroscopy, Atomic Force Microscopy (AFM), 
and High-Resolution Transmission Electron Microscopy (HRTEM), 
Scanning Transmission Electron Microscopy-Energy-Dispersive X-ray 

Fig. 1. Schematic representation for the formation of (a) BHs and (b) BOs; and their catalytic performance towards the RWGS reaction. The formation of final lattice 
depends on the relative abundance of oxalate ions, produced from the decomposition of formate, at the initial synthesis stage (i). The abundant presence of oxalate 
ions at 1:1 ratio (route b) results in a chelating effect with the unstable boron intermediates generated from the decomposition of borohydride, leading to oxalo
borates in stage (ii). At temperatures above 320 ◦C, oxaloborates decompose into borate anions (BO2

- ), stage (iii). Further rapid increase in temperature to 600 ◦C 
converts borate species into BO sheets (iv). However, lack of sufficient oxalate ions (route a) at higher ABH4:HCOOA ratios led to oxygen deficient and hydrogen rich 
BH lattices.
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Spectroscopy (STEM-EDS). Density Functional Theory (DFT) calcula
tions were also performed to gain a better insight into the structure and 
catalytic activity.

The reduced BH lattice is formed via alkali-metal-assisted self-cata
lyzed growth (Fig. 1a, Fig. S1a) [13]. During this process, HCOOK 
decomposition generates a reducing environment that stabilizes reactive 
boron intermediates formed from the thermal decomposition of NaBH4; 
enabling BH lattice formation. On the other hand, the unprecedented 
formation of a B-O rich lattice upon changing the molar ratio of NaBH4 
and HCOOK to 1 is accounted for by the following rationale: At a ratio of 
1, the concentration of oxalate ions (C2O4

2-) in the reaction (stage (i), 
Fig. 1), produced from the decomposition of HCOOK, surpasses that 
observed at ratios of 2 and 3. These oxalate ions serve as excellent 
chelating agents [18,19]. Therefore, the reaction is likely to be driven by 
the abundant presence and chelating characteristics of oxalate ions [19]. 
It is assumed that the oxalate ions further interact with the unstable 
boron intermediates generated by the decomposition of borohydride, 
resulting in the formation of oxaloborates (stage (ii), Fig. 1b) [20]. 
Subsequently, oxaloborates, when subject to temperatures above 320 
◦C, decompose into borate anions (BO2

- ) as shown in stage (iii), Fig. 1b, 
[21]. A further rapid increase in temperature to 600 ◦C facilitates the 
transformation of BO2

- species into BO sheets (Fig. 1b, Scheme S1b) [22, 
23]. DFT calculations validated the feasibility BO synthesis from stage 
(iii) via the proposed mechanism. The four different base structures with 
h p k values of (100), (110), (101), and (111) were optimized (Fig. S15), 
followed by the optimization of parameters such as kinetic energy 
cut-off for wavefunctions (ecutwfc), the kinetic energy cut-off for charge 
density and potential (ecutrho), thresholds of force and energy, and 
convergence criteria. The results revealed that the formation of the BO 
lattice from borate anions requires a minimal 1.87 eV energy whereas 
the dissociation of B-O bond from the lattice of BO demands 3.41 eV 
energy. This suggested that, while high temperatures are essential dur
ing the synthesis process, the resulting BO lattice exhibits stability 
afterwards.

After washing and subsequent workup, the materials were tested for 
the RWGS reaction in a vertically fixed bed reactor. We began by testing 
the catalytic activity of the materials across temperatures between 100 
◦C and 600 ◦C, at atmospheric pressure and at a H2/CO2 ratio of 2. The 
results demonstrated that BO_NaK catalyzes the RWGS reaction effi
ciently whereas BH sheets do not (Fig. 2a). Surprisingly, the BH sheets 
remained inactive in the RWGS reaction, even with the H2/CO2 ratio 
raised to 4. We also tested the catalytic activity of BH samples synthe
sized at a slow heating rate (1–10 ◦C/min), to determine whether there 
is a correlation between the material’s crystallinity and their catalytic 
performance [13]. However, no BH sheets exhibited any catalytic ac
tivity. BO_NaK, on the other hand, initiated its catalytic activity at 500 
◦C and demonstrated equilibrium conversion at 600 ◦C, achieved under 
a high space velocity of 85714 mL/g/h and H2/CO2 ratio of 2.

To gain deeper understanding of this unprecedented activity, we 
opted to conduct a comprehensive study of the BO system. Therefore, we 
pursued the synthesis of BO_KK (by reacting KBH4 and HCOOK) and 
BO_NaNa (by reacting NaBH4 and HCOONa) (Fig. 1 and Scheme S1). The 
reactants were utilized in a 1:1 molar ratio and underwent the same 
sequential heating procedure as mentioned in Scheme S1b to produce 
BO_KK and BO_NaNa. Further, both BO_KK and BO_NaNa were tested in 
RWGS reaction, under similar conditions and feed gas flow with a H2/ 
CO2 ratio of 2. The results revealed that BO_KK acts as a superior catalyst 
compared to BO_NaK, whereas BO_NaNa exhibited no activity in the 
RWGS reaction (Fig. 2a). The catalytic activity of BO_KK began at 500 
◦C, demonstrating a significantly higher CO2 conversion of 16 % 
compared to BO_NaK (5 %) and attained equilibrium conversion at a 
lower temperature (550 ◦C) than BO_NaK. Both BO_NaK and BO_KK 
exhibited 100 % CO selectivity throughout the entire temperature range 
in which it was operational, even at a high H2/CO2 ratio of 4, where 
methanation is highly favored (Fig. 2b). The long-term stability of the 
active catalysts was examined at a space velocity of 85714 mL/g/h and 

H2/CO2 ratio of 3. The BO catalysts exhibited excellent long-term sta
bility and 100 % CO selectivity at 600 ◦C making it an excellent candi
date for moderate-high temperature RWGS catalyst (Fig. 2c). 
Comparison of stability, CO selectivity and kinetic performance of BOs 
with existing renowned catalysts are shown in Fig. 3a,b. To the best of 
our knowledge, the only metal-free (no metal is present either as an active 
species or in support) RWGS catalyst reported in literature is nitrogen 
doped graphene quantum dots [24]. However, they exhibited much 
lower CO selectivity and CO productivity compared to our BO catalysts 
at a comparatively high pressure (10 bar). Notably, the widely used 
Cu-Zn-Al catalyst suffers a 70 % activity loss within 15 h, while BO_KK 
showed no deactivation after 250 h at 600 ◦C (Fig. 2c, Fig. 3a, Table S1). 
Additionally, the kinetic performance of BO_KK and BO_NaK is superior 
or equivalent to most of the noble/transition metal/metal oxide-based 
catalysts (Fig. 3b, Table S2); although it is not as high as that of cubic 
α-Mo2C and β-Mo2C catalysts [11,25–42].

The overall outcome of the RWGS reaction was not entirely antici
pated, especially the complete inactivity of BHs and BO_NaNa. To fully 

Fig. 2. Catalyst performance of BHs and BOs in RWGS reaction. (a) %CO2 
conversion at space velocity 85714 mL/g/h, when H2/CO2 ratio is 2, at 1 bar 
pressure, in the temperature range between 500 ◦C and 600 ◦C; (b) CO selec
tivity of BO_KK at a space velocity of 85714 mL/g/h, with different H2/CO2 
ratios, at 1 bar pressure, in the temperature range between 500 ◦C and 600 ◦C; 
(c) The 250 h stability test of BO_KK (orange) and BO_NaK (black) at a space 
velocity of 85714 mL/g/h, with a H2/CO2 ratio 3, at 1 bar pressure and 600 ◦C.

R.S. Anju et al.                                                                                                                                                                                                                                  Applied Catalysis B: Environment and Energy 384 (2026) 126153 

4 



comprehend the differences in catalytic activity, detailed structural 
characterization was conducted on both pristine and spent BHs and BOs. 
FTIR, Raman, and XPS analyses unambiguously revealed that BH sheets 
consist of a hydrogenated B-B lattice with both terminal and bridgind 
hydrogens (B-H and B-H-B), along with B-C and B-O bonds (Fig. S1a-d) 
[13,43]. Further, the TEM and AFM analyses illustrated ultrathin BH 
sheets with a thickness of ~4 nm, while both XRD and TEM confirmed 
their amorphous nature (Fig. S1e, f, Fig. S3). It is probable that the 
amorphous nature of BH sheets arose from the accelerated rate of 
heating (25 ◦C/min) employed during its synthesis. A comprehensive 
characterization of all the BH sheets and starting materials is provided in 
the supporting information (Fig. S1- S3).

On the other hand, the spectral (FTIR, XPS and Raman) features of 
thin BO sheets (with lateral size between 1.5 and 3.5 µm for BO_NaK and 
0.3–1.0 µm for BO_KK; and thickness as low as 0.94 nm for BO_NaK and 
2.0 nm for BO_KK; Fig. S4, S5) differed greatly from those of BH sheets 
indicative of a lattice enriched with B-O bonds, oxygen containing or
ganics and hydroxyl functionalities (Fig. 4a, Fig. S6-S8) [44–47]. 
Analysis of the Raman spectra (Fig. S6a) for BOs revealed the presence of 

pentaborate groups in the lattice, characterized by a prominent peak at 
770 cm− 1, alongside various B-O deformations that have been previ
ously reported in the literature (Fig. S6a) [44,48]. The bands at 
1343 cm− 1 and 1571 cm− 1 in the Raman spectrum of both BOs and BHs 
(Fig. S6b) belong to the carbonaceous material formed during the 
synthesis.

The spectral analysis of the ‘spent BO’ samples recorded after the 
RWGS reaction revealed valuable insights into the discrepancies in ac
tivity. The FTIR spectra of spent BO_KK and BO_NaK revealed a new 
sharp band at 1425 cm− 1 together with additional bands of small- 
medium intensity in the 800–1450 cm− 1 region (Fig. 4e). Additionally, 
the C––O, C-O, B-O, and O-H bands showed shifts and reduced intensity 
relative to the corresponding pristine samples. These spectral changes 
are consistent with the formation of boron-oxy-carbon linkages (B-O-C) 
on the surface of BO_KK and BO_NaK during the reaction [47]. However, 
BO_NaNa_spent showed no 1425 cm⁻¹ band characteristic of B-O-C 
linkages, with spectral features in this region remaining unchanged from 
pristine BO_NaNa. Their XPS analysis provided further validation for 
this observation (Fig. 4, Fig. S7, S8) [49,50]. For instance, the B 1s 

Fig. 3. Comparison of the RWGS performance by BO sheets with state-of-the-art catalysts. (a) %CO2 conversion retention (% of the original CO2 conversion remained 
after a given time on stream) of BO catalysts (this work) and reported catalysts at 600 ◦C when H2:CO2 is 3:1; (b) CO productivity of BO catalysts (this work) and state 
of the art catalysts.
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Fig. 4. Spectral characterization of BOs. (a) FTIR of pristine BOs; (b-d) XPS of BO_KK; (e) FTIR of spent BOs; (f-h) XPS of BO_KK_spent.

Fig. 5. (a) Front and side views of optimized structure of BO_KK@450 (Boron in green, Oxygen in red, Carbon in brown and Potassium in purple); (b, c) HRTEM 
images of BOKK@450; (d, e) HRTEM image of BO_KK_spent; (f) STEM-EDS analysis of BO_KK@450.
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spectrum of spent BO_KK and BO_NaK deconvoluted into B-O-B and 
B-O-C components, in contrast to the single sharp B 1s peak of the 
pristine catalysts. Comparison of the O 1s and C 1s spectra of pristine 
and spent catalysts further confirmed ‘B-O-C’ formation, accompanied 
by the loss of oxygenated organics and surface hydroxyl groups. C 1s XPS 
indicated the presence of an ultrathin CHx adsorbate layer on the pris
tine BOs, which was below the detection limit of FTIR. Upon reaction, 
this layer was removed, as evidenced by a shift in the C 1s peak from 
284.8 to 284.4 eV, revealing the underlying C––C framework (Fig. 4c). 
Notably, the XPS spectra of spent BO_NaNa showed no evidence of the 
B-O-C component (Fig. S8). This was intriguing and implied that the 
stable surface ‘B-O-C triad’ could potentially be the active species for the 
RWGS reaction.

We initially hypothesized that the formation of ‘B-O-C triad’ occurs 
when the catalyst is subjected to the feed gases (CO2 and or H2). How
ever, it was found to generate abundantly when the pristine BO catalysts 
were subjected to temperatures above 450 ◦C (BO@450) in an inert 
atmosphere (Fig. S9). FTIR spectra of BO_KK@450 and BO_NaK@450 
closely matched those of the corresponding spent samples, confirming 
the formation of stable B-O-C species under these conditions; whereas 
that of BO_NaNa@450 remained unchanged. These observations sug
gested that potassium (K) present in the catalyst plays a crucial role in 
promoting the formation of the active ‘B-O-C triad’, which subsequently 
catalyzes the RWGS reaction (500 ℃ onwards); thereby explaining the 
inactivity of BO_NaNa. BO_NaCs (synthesised via the thermal decom
position of NaBH4 and CsCO3) was inactive in the RWGS reaction, which 
further proved that the active species forms only when K is present. The 
concentration potassium in BO_KK@450 determined by ICP-OES was 
found to be 6 µg/L.

DFT calculations provided further insight into the structure of the 
active species in BO catalysts. Out of the four lattice structures simulated 
with h p k values (1 0 0), (1 1 0), (1 0 1) and (1 1 1), the optimum 
structure of BO_KK@450 (active BO_KK) revealed that the (1 0 0) 
configuration represents the optimal structure (Fig. 5a, Fig. S15, S16a- 
d). The calculated lattice spacing of 2.75 Å (Fig. S17), obtained from 
DFT calculations aligned well with the observed ones (2.74 Å) in the HR- 
TEM image of BO_KK@450 (Fig. 5b,c, Fig. S10). Both the HRTEM and 
STEM-EDS images of BO_KK@450 and the BO_KK_spent after long term 
reaction clearly showed that the catalyst retained its structural integrity 
after long term reaction (Fig. 5b-f, Fig. S10-S12). Further, EDS analysis 
confirmed the absence of any metallic impurities in BO_KK@450, that 
could contribute to the observed RWGS activity (Fig. S11b).

After successfully characterizing the catalyst and studying its activity 
towards the RWGS reaction, combined experimental and theoretical 
efforts were undertaken to unravel the role of each element (B, O, C and 
K) in the observed activity/inactivity and selectivity of the materials. It 
is already evident that K has a significant role in the formation of the 
active ‘B-O-C triad’. Additionally, K is also recognized for its role as a 
promoter that enhances CO2 adsorption. The electron-donating effect of 
K can elevate the number of basic sites present on the catalyst surface, 
which in turn boosts catalytic activity [11,12]. Simultaneously it limits 
the hydrogen adsorption and prevents the methanation of CO2 and in
creases the CO-selectivity. Both the CO2-TPD and H2-TPD results agreed 
with this argument (Fig. S13). The CO2-TPD profile of BOKK@450 dis
played a higher density of moderate basic sites than BONaK@450, 
which are ideal for CO2 chemisorption. Overall, the synergy of stronger 
CO2 adsorption and better H2 activation makes BOKK@450 more 
effective for promoting the RWGS reaction under the studied conditions.

Once we had established the function of K in the catalytic process, 
the next step was to confirm that the proposed B-O-C triad is the true 
active species. Considering this, the first step was to exclude the possi
bility that carbonaceous material formed from the thermal decomposi
tion of HCOOK could serve as the active species. To do so, HCOOK was 
thermally treated at 600 ◦C using the same program and workup 
(Scheme S1). Raman spectra identified the resulting black solid as 
graphitic carbon (Figure S6b). The material was inactive towards the 

RWGS reaction, indicating that carbon alone or in combination with K is 
insufficient to drive the reaction. These findings exclude the presence of 
catalytically relevant K2CO3 in the material (which could have formed 
from the decomposition of HCOOK) and therefore rule out a carbonate 
mediated RWGS pathway [51,52]. Given that dispersed Na2CO3 is also 
known to catalyze the RWGS reaction, the lack of activity observed for 
BO_NaNa further undermines alkali-metal carbonate-driven activity in 
the BO system [51].

We further ruled out boron as the sole active species by verifying that 
materials obtained from the thermal decomposition of NaBH4 or KBH4 
alone demonstrate no RWGS activity. Additionally, the inactivity of BHs, 
despite containing the same elements (B, C, K and O) indicates that an 
‘oxygen-enriched lattice’ is required to generate the active sites and 
achieve catalytic performance. Consistent with this, introducing C and K 
into boron nitride (BN) or boron carbide (BC) by decomposing HCOOK 
in their presence produced materials that were also inactive in RWGS 
reaction. Together, these results demonstrated that an oxygen-enriched 
boron lattice is essential for RWGS activity in the BO catalysts. This 
further distinguishes the BO catalysts from alkali metal carbonate cat
alysts that can function even on non-oxide supports such as granular 
activated carbon [51]. Based on these distinctions, we propose that 
oxidized boron frameworks represent a new class of RWGS catalysts, 
mechanistically distinct from seemingly similar systems reported in the 
literature.

We further probed the adsorption of CO2 and H2 over BO_KK@450, 
via projected density of states (PDOS) calculations (Fig. S18-S22). The 
adsorption of only CO2 did not produce any significant change in PDOS 
values (Fig. S19), whereas the adsorption of H2 did change the PDOS 
values (Fig. S20). Maximum PDOS values of B, C and O increased by 
10 %, whereas that of K decreased by 15 %, which showed that the 
adsorption of H2 is greatly affected by the presence of K in the catalyst 
lattice. The interaction of adsorbed CO2 and H2 changed the maximum 
PDOS values of B, C, O and K atoms by 20 %. The net 20 % change in 
maximum PDOS values signified the change in electronic properties of 
CO2 and H2 in adsorbed state as compared to the molecular phase. The 
overlapping curves of B, C, O and K in Fig. S22 confirmed adsorption of 
CO2 and H2 over catalyst surface. The electropositive nature of K 
increased the adsorption tendency of CO2 and H2 over the active BO_KK 
surface, in agreement with the TPD results.

The RWGS mechanism over BO_KK@450 was investigated using 
diffuse reflectance infrared Fourier transform (DRIFTS) spectroscopy. 
Utilizing an in-situ DRIFT set up, we observed the formation of CO with 
the band at 2143 cm− 1 implying the dissociation of CO2 to CO(g) 
(Fig. S14). However, despite repeated attempts, we were unable to 
detect any additional surface species [53]. Likewise, there was no 
indication of an alkali metal carbonate-catalyzed mechanism, which 
would be expected to procced via a formate intermediate [51–53]. These 
results suggest a reaction pathway involving the dissociative adsorption 
of CO2 on the surface of BO-based catalysts [53]. Therefore, further 
insights into the reaction mechanism were obtained through DFT cal
culations. The configuration and energy profiles of each step and reac
tion mechanism are shown in Fig. 6a,b and Fig. S23. The adsorption 
energies of − 0.090 eV and − 0.019 eV respectively for CO2 and H2 
revealed the energetic favorability of the adsorption over BO_KK@450. 
The relative free energy change (ΔG) of adsorption of reactants (CO2* 
and H2*) was observed to be − 1.31 eV. Both reactants adsorb over the 
nearest B atoms associated with the ‘B-O-C triad’ on the active BO_KK 
lattice. O and H atoms present towards molecular phase (ΔG =
− 0.12 eV) interact to form a carboxyl intermediate (HOCO*). Subse
quently, HOCO* dissociated into CO* and O* with a ΔG of − 0.18 eV. 
The process of CO desorption encountered an energy barrier of 1.11 eV, 
along with an additional 0.28 eV necessary for the formation of H* and 
OH*. This intermediate step is followed by the released CO (in molecular 
phase) and adsorbed H2O (H2O*), with ΔG equal to 0.78 eV. Finally, 
H2O undergoes spontaneous desorption characterized with a ΔG of 
− 0.51 eV.
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Different mechanisms were examined to confirm that the above 
represents the most plausible pathway. The calculations performed via 
the Langmuir-Hinshelwood mechanism, considering adsorption on the 
boron atoms that do not belong to the B-O-C triad, presented an acti
vation energy of 8.27 eV for the RWGS reaction. Similarly, the reaction 
mechanism in which the adsorption of H2 took place over C atom of 
active surface, followed by interaction with neighboring adsorbed CO2 
molecule over B atom, a high activation energy of 13.007 eV was 
observed. This indicates that while the B-O-C triad is essential for acti
vation, direct H2-C interaction suppresses activity, highlighting the need 
to limit C content in the catalyst lattice. In comparison, the Mars-van 
Krevelen mechanism yielded an activation energy of 8.48 eV for the 
same interaction. The high activation energies suggested that these 
mechanisms are not feasible for the RWGS process over the BO_KK@450 
catalyst. It is also important to note that the energy of adsorption for CO2 
and H2 on the BH sheet was found to be high (7.34 eV and 5.62 eV 
respectively), indicating that additional energy is necessary for the 
adsorption. On a broader perspective, this study highlights the impor
tance of tailored active sites and controlled surface chemistry for CO2 
conversion reactions, aligning with previous studies [54–56].

4. Conclusion

In summary, we report a facile, cost-effective, and scalable synthesis 
strategy based on rational element selection, yielding metal-free boron- 
oxy-carbide catalysts for the RWGS reaction. This approach is broadly 
applicable and enables the design of tunable catalysts for diverse re
actions. To the best of our knowledge, this work presents the first truly 
metal-free RWGS catalyst achieving high performance under ambient 
pressure. ’B-O-C triad’ present within the catalyst’s lattice enabled 
effective activation of both CO2 and H2 via dissociative HOCO pathway. 
The catalysts exhibited remarkable thermal stability, resistance to 
coking, complete CO selectivity and long-term stability. This provides 

significant benefits compared to traditional metal-based catalysts, 
making them ideal candidates for future industrial applications. 
Although the boron-oxy-carbide catalysts did not exhibit state-of-the-art 
performance at low temperatures, they reveal a paradigm shift in het
erogeneous catalysis, where activity arises from tunable molecular and 
electronic design rather than metal centres. This offers substantial op
portunities for enhancing the catalyst efficiency, with detailed mecha
nistic and performance investigations currently underway.
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