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Computational Discovery of New C—C Coupling
Electrocatalysts for CO, Electroreduction

Roham Dorakhan, Tiago J. Goncalves, Jehad Abed, Pooya Talebi, Claude Coppex,
Mohammadreza Karamad, Ehsan Nikbin, Ali Shayesteh Zeraati, Edward H. Sargent,*

and Samira Siahrostami*

Catalyst development is key in advancing low-temperature CO, electroredu
ction systems on the path to energy-efficient and low-carbon intensity

fuels and chemicals. Much focus lies today on transition metals and their
modification, yet a promising avenue remains unexplored—perovskite oxides.
Owing to perovskite oxides’ distinct electronic structures and reactivity
patterns, the systematic screening of these materials can enable identification
of new activity regimes and point to mechanisms and active sites distinct from
those in traditional transition metal catalysts. Herein, a data-driven search

is applied to evaluate the stability of a large library of ~1500 ABO; perovskites
at the relevant pH and electrode potentials of CO, electroreduction. This
study identifies 31 stable candidates and chooses the ATaO, family of
perovskites to synthesize and investigate for its electrochemical

performance. Strikingly, C—C coupling is observed with a C, Faradaic
Efficiency (FE) of 10% at 100 mAcm~2 with KTaO;. This study finds the size

of the A element in ATaO; to be critical in C—C coupling, and computational
reaction pathway analysis shows a CO*—"CHO coupling-driven mechanism
for C, production. The findings in this study suggest routes to materials
design for electrocatalytic C—C coupling on non-copper surfaces.

1. Introduction

The electrochemical CO, reduction reaction (CO,RR) under
ambient conditions is a promising approach to produce high-
value chemicals and utilize captured CO,. Copper has been

predominantly used as the catalyst enabling
production of C,, products, with copper
(Cu) alloys having the ability to selectively
produce C, hydrocarbons.'®! The elec-
tronic structure of copper allows for optimal
CO” binding, the intermediate necessary
for C—C coupling and C,, production, and
exhibits suboptimal H”* binding to supress
the hydrogen evolution reaction (HER).>~]

Copper-based catalysts have seen sig-
nificant performance improvements since
their early use in CO,RR in 1989; how-
ever, stability challenges arising from cop-
per reconstruction, as well as the chal-
lenge of tuning its selectivity, remain even
30 years later. The search for new materi-
als that facilitate C—C coupling in CO,RR
is of scientific interest, and indeed re-
cent works!!213] explore new non-Cu mate-
rials capable of C—C coupling, contribut-
ing to a growing set of catalytic options
as well as mechanistic understanding!'*131.

There are a host of Cu-free catalysts
that enable production of C,; hydrocarbons
from CO,. Oxide-derived lead exhibits a
near 100% selectivity toward formate, RuO, selectively produces
methanol, SnOy has been shown to have a promising Faradaic
efficiency (FE) toward formic acid and many catalysts such as
TiO, supported MoS, and Ag selectively produce CO.[781417]
In contrast, there has been little progress in discovery of
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Cu-free catalysts producing C—C coupled products. Ag has
shown some degree of C—C coupling at elevated pressures, albeit
at <100 mAcm~? current densities, while MoS, nanoclusters and
Ni-based phosphides and oxides have been shown to produce C;,
in low current density regimes (<100 mAcm=2).[18201 Perovskites
offer a large library of chemical compositions as potential electro-
catalysts for CO,RR that have yet to be systematically screened.
The potential of perovskites for producing synthetic fuels and
oxygenates was revealed for the first time in 1993, where a copper-
containing perovskite (La, 4Sr,,Cu0O,) was examined for CO,RR
and showed 80 % FE to methanol, ethanol, and n-propanol at a
current density of 180 mAcm~2.[2!] Since then, there have been
limited reports on examining perovskites for CO,RR. La,CuO,
was reported to produce methane, Sr,Fe; :Mo,;O, to produce
CO with an FE of 98%, and LaInO, to produce formate with an
FE of 92%.[22-24] Computational studies on Fe, Co, and Mn per-
ovskites have shown that GdCoO, and LaCoOj; exhibit similar be-
haviour in adsorbing CO* and H" on Cu, and therefore are sug-
gested to yield similar reaction products.!’]

This study intends to highlight the power of a purely computa-
tional screening of a large family of materials for CO, electrore-
duction, that would otherwise be physically exhaustive and un-
feasible. We set out to investigate cubic ABO, perovskite oxide
chemical space (with Pm-3m spacegroup) for suitable catalysts
that both enable stable operation under CO,RR conditions and al-
low for C—C coupling without the presence of Cu in the catalyst.
We implement a computational mega-library search of theory-
derived Pourbaix diagrams for perovskites and screen candidates
based on their stability under pH/potential regimes relevant to
CO,RR conditions. Through a descriptor-based analysis of activ-
ity and selectivity trends, we identify various tantalum-based per-
ovskites (ATaO;) as promising candidates for CO,RR, where A is
Na, K, Rb and Ag. We then conduct mechanistic studies on the
alkali metal perovskites NaTaO;, KTaO; and RbTaO; as candi-
dates. Next, we synthesize the tantalum-based perovskite mate-
rials and conduct CO,RR experiments under standard reaction
conditions. Strikingly, the KTaO, achieves a 10% FE for C, prod-
ucts, with a relative product distribution similar to that obeserved
for Cu (ethylene, ethanol, and acetate), as well as >10% methane
at industrially relevant current densities (>100 mAcm=2). To the
best of our knowledge, this represents the first report of Cu-
free ABO, perovskite catalysts capable of facilitaing C—C cou-
pling (Table S1, Supporting Information). Through various tran-
sition state energy computational searches, we show that out
of the three candidates, KTaO; exhibits favourable kinetics for
C—C coupling, along with an exergonic pathway for methane
production.

2. Results and Discussion

2.1. Computational Search of the Perovskite Material Space for
Stable CO,RR Catalyst Candidates

We start off by searching the perovskite chemical space for mate-
rials that are thermodynamically stable under CO,RR conditions.
We select 1500 cubic ABO; bulk structures (Figure 1) reported in
Materials Project databasel?®! and set the thermodynamic stabil-
ity to E above Hull (E_Hull) < 0.15 eV to only include structures
that are stable with respect to decomposition at the same, fixed
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composition. This cutoff reflects a balance between stability and
the tolerance to small thermodynamic energy fluctuations in bulk
perovskites. Of note, surface properties may differ from those
of the bulk phase, and that kinetic barriers could prevent the
phase transitions of surface structures, as highlighted in previ-
ous literature.[26?7] This narrows down the search to ~500 ABO,
perovskite.

Next, we identify perovskites stable at pH 8 and 13 (corre-
sponding to —0.47 and —0.77 V versus SHE) to identify alterna-
tives more active than Cu (2—0.7 V versus SHE overpotential for
CO2RR on Cu (211)), excluding those stable only at more nega-
tive potentials. For this step, Pourbaix diagram analyzer, Python
Material Genome (Pymatgen!?®]), and Materials Project!?] were
used cooperatively. The potentials of —0.47 and —0.77 V were cho-
sen as thresholds up to which the electrocatalyst should remain
stable to survive CO,RR operating conditions. A reducing poten-
tial greater than —0.77 V was deemed inefficient for CO,RR and
would not be desirable when searching for catalysts with supe-
rior catalytic activity to copper. The decomposition energy stabil-
ity threshold was set at 0.25 eV, which is half of the recommended
threshold by Persson et al. This value represents a practical cut-
off beyond which materials are considered prone to degradation,
and it is defined as the difference between the Gibbs free ener-
gies of perovskites and the most stable product they decompose
to in aqueous media.*") The most stable decomposition prod-
ucts were determined based on thermodynamic data from ref-
erence databases, Materials Project, which adapts DFT calcula-
tions, and experimental phase diagrams. Specifically, for the per-
ovskites studied, the decomposition pathways are identified by
considering stable hydroxides, oxides, or other competing phases
that form under aqueous conditions at pH 8 and 13. This analysis
yielded 31 stable perovskites for CO,RR, of which we shortlisted
several candidates for more detailed studies.

Our decision to focus on specific perovskites was driven by
a combination of synthesizability and descriptor-based analyses
aimed at identifying materials with sufficiently high activity and
stability. For example, perovskite materials containing elements
such as Sm, Eu, Pr, and Tb were excluded from further inves-
tigation due to their rarity, cost, toxicity, and complex synthesis
requirements.

Using commonly known CHO" and CO” binding energies
(BE) as CO,RR descriptors (Figure 1b) on the ATaO, family
of perovskites, similar characteristics to that of Cu can be ob-
served. Moreover, comparing the CHO" and CO” BE to that of H
(Figure 1c,d), a descriptor for the competing HER reaction, we
find a similar propensity toward CO,RR versus HER, position-
ing these materials as promising candidates for studying C—C
coupling. We selected NaTaO;, KTaO;, and RbTaO;, where the A
cation belongs to the alkali metal group in the periodic table, to
further investigate their potential for making C, products.

We first investigated the stability of these three perovskites
against OH" poisoning. Figure 1le shows the binding energies of
CO" versus OH" for the examined perovskites, indicating that the
ATaO; family binds OH" more strongly than Cu does. This find-
ing suggests that while these perovskites may be promising for
C—C coupling, OH" coverage under reaction conditions need fur-
ther examination. Therefore, we conducted coverage analysis un-
der various pH and potential conditions and identified 0.5 mono
layer (ML) OH" coverage as the most stable. We applied this
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Figure 1. Selection workflow of perovskite material space screening for CO,RR. a) Selection criteria for the material screening process and the final list
of candidate perovskites. b) CHO™ and CO*, ¢) CHO* and H*, d) CO* and H*, ) CO* and OH" binding energy plots of candidate perovskites and
Cu. The ATaO; family of perovskites, particularly NaTaOs3, KTaO3, and RbTaO; show similar binding characteristics to copper and a higher propensity

toward CO,RR versus HER.
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Figure 2. Characterization of synthesized KTaO; and its electrochemical CO, electroreduction. a) XRD diffraction of the as-synthesized KTaO3; samples
(black line). The diffraction pattern is compared to standard KTaO; (red line) taken from database cards #181 838 of the Rigaku NIST ICSD database,
b) L;-edge X-ray absorption near edge structure (XANES) spectra of Ta for KTaO3, TaCls and Ta,O5 where the Ta,O5 spectra has been taken from
literature.[>"] ¢) Ta Fourier-transform magnitude of the extended X-ray absorption fine structure (EXAFS) of KTaO5 and its associated fitting. d) Faradaic
efficiency of CO,RR products measured in a flow-cell and 1 M KOH as catholyte e, partial current densities of H,, CO, CH, and C, products. f) linear
sweep voltammetry (LSV) of the KTaOj; catalyst in a 3 electrode flow-cell using 1 M KOH electrolyte using fresh catalyst and catalyst pretreated under a

reductive current of 50 and 150 mA cm~2 respectively.

coverage in the computational analysis of ATaO, perovskites and
the mechanistic study of CO,RR. In our studies, we investi-
gate synthesizable ATaO, perovskites, (KTaO; and NaTaO;) ex-
perimentally and computationally. In our mechanistic computa-
tional investigation, we also studied RbTaO, and TITaO; to in-
vestigate the role of the A-site in ATaO, family of perovskites on
CO,RR activity. Of note is that TITaO, did not appear in the most
stable shortlisted candidate, due to having a decomposition en-
ergy of ~0.5 eV (still within the threshold suggested by Persson
et al.})

2.2. Experimental Results

KTaO, (and NaTaO,, Supporting Information) nanoparticles
were synthesized using a one-step hydrothermal process through
the reaction of Ta,O5 and concentrated KOH.['?] The crystal
structure of as-synthesized KTaO, was determined using X-ray
Diffraction (XRD) (Figure 2a). The XRD pattern confirmed the
presence of KTaO, phase (100 wt.%) (Pm-3m, space group 221)
with a perovskite structure. X-ray absorption spectroscopy (XAS)
experiments were performed to confirm the structure of the syn-
thesized NPs (Figure 2b and c). L;-edge XAS spectra indicate the
presence of the KTaO, phase (Figure 2c) and a Ta oxidation state
of V+ (Figure 2b). The Fourier- transform of the EXAFS spectra
show a first-shell interaction peak at ~#1.6A° assigned to the Ta—O
bond, with second shell-Ta-Ta interactions visible in the 3.8—4A°
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range. Transmission electron microscopy (TEM) imaging shows
both nanoparticles in the 200-400 nm range (Figure S1, Support-
ing Information).

Figure 2d shows the CO,RR Faradaic efficiency (FE) distri-
bution of the KTaO; catalyst. Under CO, electroreduction con-
ditions, the catalyst shows 9% FE toward CO,RR with 1 mg
cm~ loading at 100 mA cm™ and This value increases to ~#14%
when the loading is increased to 5 mg cm™? (Figure S2, Sup-
porting Information). Using the same optimized loading but un-
der CORR conditions, the catalyst can provide 15.5% FE toward
CORR products (Figure S3, Supporting Information). While the
predominant CO,RR product was CH,, a consistent amount of
C, products were also observed at all current densities studied.
The observed C—C coupling products were ethylene, ethanol
and acetate, a similar product distribution to that found on Cu.
Looking at the partial current densities of the CO,RR products
(Figure 2e), the CH, and C, exhibit a positive Tafel slope in the
lower potential regime (—0.9 to —1.1 versus RHE), indicative of
an electron-transfer rate-determining step (ET-rds). The poten-
tial dependence of C, products becomes negative at higher po-
tential, while that of CH, is nearly zero, both indicating that the
ET-rds is no longer plausible. The CO partial current density how-
ever, has a negative potential dependence in all potential regimes.
We conclude that the CO* coverage on the KTaO, is very limited,
where an increase in current density allows for a proton-coupled
electron transfer (PCET) to occur on the CO*, producing CHO*.
If the CO* coverage is sufficiently high, the CHO* can undergo
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C—C coupling with the CO*, producing the C, products, or if the
CO* is too low, e.g., <—1.1 V versus RHE, it will undergo com-
plete protonation and produce CH,.

To further investigate the mechanism of C—C coupling in
these perovskite systems, we measured the activity of NaTaO,
nanoparticles synthesized using the same method (Figure S4,
Supporting Information). No detectable amount of C, products
were measured under any potential, signifying the importance
of the potassium element (A element in KTaO;) in enabling the
C—C coupling step.

We also investigated the effect of reductive pre-treatment on
the performance of the catalyst. Figure 2f shows the linear sweep
voltammetry (LSV) for the fresh KTaO, sample, along with sam-
ples pre-treated under reductive currents of 50 and 150 mA cm—2
during reaction conditions. Higher reductive current treatments
lower the activity of the catalyst, presumably due to changes in the
oxide structure under highly reductive potential (Figure S5, Sup-
porting Information). This confirms the active sites to be oxide
in nature. Isotope labelling experiments using *CO showed CO
to be the reacting carbon species (Figure S6, Supporting Infor-
mation). Stable operation was achieved in a flowcell electrolyzer,
with little to no drop in ethylene FE (Figure S7, Supporting In-
formation). X-ray photoelectron spectroscopy (XPS) revealed no
change in the Ta electronic structure of KTaO, catalyst following
CO, electroreduction (Figure S8, Supporting Information). The
XPS also revealed Ta*>* as the sole Ta species before and after the
reaction, pointing to the stability of the catalyst throughout the
reaction.

KTaO, presents (to our extent of knowledge) the first copper-
free perovskite oxide to facilitate C—C in both CO, and CO elec-
troreduction conditions, having both favorable electronics to al-
low CO* and CHO" adsorption, and favorable interatomic ad-
sorbent distance to allow for C—C coupling. To elucidate the
C—C coupling mechanism on KTaO,, DFT calculations were
performed to investigate various CO,RR pathways leading to
methane, methanol, ethylene and ethanol.

2.3. Computationally Derived Mechanistic Results

The propensity of perovskites toward partial reduction at nega-
tive potentials was evaluated prior to performing the mechanis-
tic study. To assess this, the stability of KTaO; (as an example)
was tested against surface oxygen reduction and oxygen vacancy
formation under CO,RR conditions (see supplementary note 1
for more details). Table S2 (Supporting Information) shows the
potential required to reduce surface oxygen atoms to water on
A and B-terminated KTaO, (100) surface at pH 8 and 13 as ex-
amples. KTaO, catalyst remains stable against partial reduction
only if the CO,RR occurs at more positive potentials than the
potential required to reduce surface oxygen atoms. This anal-
ysis shows that surface oxygen reduction on A-termination of
KTaO;(100) readily occurs at relevant CO,RR potentials, while
for B-termination of KTaO,(100), very large negative potentials,
e.g., close to —2.5 V and —5.8 at pH 8 and 13, respectively, are
required to reduce surface oxygen atoms. Thus, we only focus on
the B-terminated KTaO,(100), which shows high stability against
partial reduction under CO,RR conditions and fully evaluate its
catalytic activity using DFT calculations. Moreover, since the rela-
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tive stability of different CO,RR intermediates at the surface can
drastically change the surface chemistry, we calculated the equi-
librium coverages (Figure S9, Supporting Information) for a wide
range of intermediates under CO,RR conditions. Based on these
findings, KTaO, has the highest stability for 0.5 ML of "OH (il-
lustration in the bottom-right corner of Figure 3a) for potential
windows of —0.5 V and above at pH 8 and 13, which was used as
the equilibrium surface coverage for the mechanistic study.

Figure 3a displays different CO,RR pathways to form
methane, methanol, ethylene, and ethanol, and Figure 3b shows
the minimum energy pathways. The conversion of CO, (shown
in Figure 3a—c) starts with its reduction to COOH". The reduction
through proton-coupled electron transfer (PCET) may either hap-
pen by reducing the OH tail of COOH", promoting the splitting
of the carbon-oxygen bond and the formation of carbon monox-
ide plus water, or reducing carbon, leading to the formation of
formic acid (HCOOH"). Our mechanistic study shows surface-
bound formic acid and formyl (CHO") are more stable than the
desorption of formic acid or the formation of CO by atleast 0.2 eV,
indicating that the pathway to form formyl, the first relevant in-
termediate in the C—C coupling, is more likely to occur than the
release of the first C; products (carbon monoxide or formic acid).
Despite other C,; products (MeOH and CH,) being more likely
to form at Ugyr = 0.0 V due to having more stable reaction free
energies than the C—C coupling pathways, at lower applied po-
tentials (Ugye = — 0.45 and — 0.7 V) ethene and ethanol pathways
become increasingly more favorable.

Various intermediates (OC*—"CHO, OHC*—"CHO (Figure
S10, Supporting Information), OHC*—*CH,O (Figure S11, Sup-
porting Information), OH,C*—"CH,0O (Figure S12, Supporting
Information), and H,C*—"CHO (Figure S13, Supporting In-
formation)) were chosen to study the C—C coupling, as the
transition-state energy (barrier) heavily depends on which in-
termediates are coupled together. We observe that the small-
est C—C coupling barrier corresponds to the OC*—"CHO cou-
pling, with a barrier height of 0.57 eV (Figure 3a,b green path-
way), followed by the coupling of OHC*—*CHO, OHC*—"CH,0
and OH,C"—"CH,0, with barriers of 0.61 eV (Figure 3a,b, red
pathway), 0.84 eV (Figure 3a,b, orange pathway) and 1.76 eV
(Figure 3a,b, blue pathway). This finding demonstrates that the
C—C coupling mechanism goes through the same critical step
as the one on copper, resulting in similar product distribution,
which is consistent with our experimental observation. After the
C—C coupling, the first C, intermediate is further reduced to
form either ethylene or ethanol.

We note that kinetic rates of reaction are limited to the height
of the steps’ internal barriers and that higher applied voltages
than those shown here do not improve product formation. An
example is shown in the least energetic C—C coupling pathway,
Figure 3¢, where different potentials significantly lower the Gibbs
free energies of intermediate steps, but the internal barrier re-
mains unchanged. This is due to the C—C barrier being a purely
thermochemical process. Gibbs free energies at different applied
voltages (versus RHE) for the alternative pathways are shown in
Figures S10-13 (Supporting Information). Based on these cal-
culations, we confirm that KTaO; has a reasonable rate for CO,
reduction to methane and ethylene. We also note that ethanol
formation is highly competitive with ethylene formation because
their formation energies are thermoneutral.
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Figure 3. Mechanistic landscape of CO,RR on KTaO;. a) Reaction mechanism scheme showing different pathways of the CO, reduction to C; and
C, products, namely methane, methanol, ethene, and ethanol. The illustration of KTaO; surface (top view) is shown at the bottom-right corner of the
scheme, with 0.5 ML of OH molecules that exhibit highest stability when compared to other adsorbates. b) Gibbs free energy profile of the reaction
pathway involving the carbon-carbon coupling using different intermediates (2CHO, 2CH,0, CHO—CH,0, and CO—CHO) at 0 V (versus RHE) and
300 K. The formation of methane and methanol are also shown in this diagram, pathway in magenta, as well as ethanol, which is formed prior to
ethylene. Products are depicted in black, and intermediates are color-coded according to their assigned pathway. On the carbon—carbon coupling, a
few intermediates on different pathways overlap. c) Gibbs free energy profile for the carbon—carbon coupling via CO*—*CHO interactions, exhibiting
the lowest barrier compared to alternative pathways, at different applied voltages (versus RHE). The mechanism illustrates a general proton-coupled
electron transfer (PCET) process, and all thermodynamic data are referenced to RHE. Reaction coordinates in graphs b and c do not necessarily depend
on the number of (H* + €) transferred to the system since thermodynamic processes, such as the C—C coupling kinetic barrier, are also investigated.

We further investigated C—C coupling via a prior H-transfer
between surface-adsorbed “CH; and "CHO. This hydrogen
transfer from “CHj is highly energetic, with an internal barrier
approaching 2 eV (Figure S13, Supporting Information), reflect-
ing the surface’s limited ability to break C—H bonds at room tem-
perature, similar to observations on Cu surfaces.[*”) The DFT-
converged adsorbation configurations of C1 and C2 intermedi-
ates along with configurations of transition states are shown in
Figures S14-S16, Supporting Information.

To gain deeper insight into the behavior of ATaO; perovskites,
the mechanisms for C; and C, products formation were eval-
uated on three other perovskites, NaTaO,, RbTaO,, and TITaO,
(Figure S17a,b, Supporting Information). DFT calculations show
that NaTaO; is incapable of maintaining the OC*—"CHO couple
stable at the surface. As a result, C—C coupling is unlikely to oc-
cur, and only C; products are formed. On the other hand, the
kinetic rates of formation of C; products (methane or methanol)
are expected to be similar to that of KTaO,, with intermediate free
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energies differing by up to 0.1 eV. This corroborates the lack of C,
products observed on NaTaO; as discussed in the experimental
section and the importance of A’s atomic radius in ATaO; per-
ovskite families for C—C coupling.

To further investigate the role of the A-cation size in C—C cou-
pling, the mechanism for C—C coupling and the trend in free
energies of different CO,RR intermediates were further studied
on RbTaO, and TITaO,, belonging to the same family of per-
ovskites with similar B sites. Both RbTaO; and TITaO, follow
similar mechanisms to KTaO, for C—C coupling via OC*—"CHO
intermediate (Figure S17, Supporting Information). Intermedi-
ates such as OHC—CH, 0", OH,CCH, 0", and "CH,CH,0+0H"
are more energetically stable on TITaO; (~1 eV), making it
another promising catalyst beyond copper for C, production.
However, due to thallium’s toxicity, we avoided synthesizing
and testing this material experimentally. RbTaO,, also follows
the same mechanism for C—C coupling (Figure S18, Support-
ing Information) but the reduction of “OCCHO to “OHCCHO
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intermediate is highly energetic compared to the other per-
ovskites, requiring much higher applied potentials (OC*—"CHO
intermediate, Figures S17b,S18 and S19, Supporting Informa-
tion) potentially limiting the feasibility of RbTaO, for C, produc-
tion. We also note that RbTaO; has a rather unstable HCOOH"
intermediate energy compared to the other tantalates, indicating
that the catalyst might be inefficient in the synthesis of even C,-
relevant products. Synthesis of RbTaO, was not successful using
the methodology used for KTaO; and NaTaO; and hence, future
work would require investigating synthesis methods to produce
this material and its potential application in CO,RR.

Finally, we note that explicit electric fields and electrolyte ions
were not included in our DFT calculations. While these factors
are known to affect adsorption energetics—particularly polariz-
able intermediates involved in C—C coupling—their incorpora-
tion requires extensive sampling of diverse configurations at the
perovskite-solution interface.**] Given the structural complexity
and chemical variability of perovskite surfaces, identifying repre-
sentative ensembles of solvent molecules and ion distributions
remains a nontrivial challenge. Addressing these effects would
constitute a substantial and independent study beyond the scope
of the present work. To better simulate the electrochemical in-
terface in future studies, more advanced modeling frameworks
could be adopted, including: 1) Implicit solvation models (e.g.,
VASPsol) to approximate the dielectric environment of the elec-
trolyte; 2) The Solvated Jellium Model (SJM), which incorporates
a continuum electrolyte and allows for tuning of the electrode po-
tential under constant-potential conditions **]; and 3) Constant-
potential DFT methods, such as those implemented in the Grand
Canonical DFT framework,**] which more accurately capture the
behavior of charged interfaces under operating bias.

3. Conclusion

Based on the screening of a large database of perovskites, the
most stable were chosen to investigate CO,RR. Various C—C cou-
pling pathways were investigated on KTaO;, NaTaO;, RbTaO;
and TITaO,. Amongst these, KTaO, demonstrated low C—C cou-
pling barriers and favorable energetics for C, product formation
at low applied potentials. According to the Sabatier principle,
this means that the binding energies are optimally balanced, not
too strong nor too weak, promoting efficient CO,RR. The per-
ovskite oxide was synthesized and showed significant activity to-
ward C—C coupling under CO,RR and CORR conditions, pro-
ducing #10% C, hydrocarbons such as ethylene, ethanol, and ac-
etate. We calculated the C—C coupling transition state energy in
detail on a set of reaction intermediates on KTaO, to model re-
action pathways of the formation of ethylene and ethanol. The
size of the intermediates involved in the C—C coupling affects
the intrinsic barrier, rendering the reaction progressively more
hindered the larger the molecules are. Therefore, the coupling
between intermediates is kinetically faster the sooner it occurs,
i.e., before further reduction steps. We found CO*—"CHO cou-
pling to have an intrinsic barrier of only 0.57 eV, compared to
OHC'—*CHO (0.61), OHC*—*CH, 0 (0.84), and OH,C*—*CH,0
(1.76). Among Na, K, and Rb, which are listed as the most stable
perovskites from our initial screening analysis, only K has the
most optimal reaction energy profile for C—C coupling. This is
strongly related to its electronic structure characteristics, such as
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optimal binding energies toward CO, intermediates and the size
of the A cation. Smaller A-cations like Na failed to facilitate C,
product formation, whereas larger A cations such as K, Rb, and
Tl appeared to promote C—C coupling, due to the optimal dis-
tance between active sites.

4. Experimental Section

Computational Details: Atomic Simulation Environment (ASE) was
used to handle the structures generation.’¢] All electronic struc-
ture calculations were done using the Quantum ESPRESSO program
package.[37:38] Core electrons were approximated using the GBRV ultrasoft
pseudopotentials.3® The non-linear core corrected and scalar relativis-
tic ultrasoft pseudopotentials was taken from the Quantum ESPRESSO
library. The Perdew—Burke—Ernzerhof (PBE) was used as the exchange-
correlation functional with zero damping Grimme’s dispersion corrections
included.[40-44]

The electron wavefunctions were expanded in plane waves up to a cut-
off energy of 50 Ry, while the electron density is represented on a grid with
an energy cutoff of 500 Ry. The Brillouin zone was sampled using a (5 x
5 x 1) Monkhorst-Pack grid. The bulk structures of cubic (Pm-3m) ABO;
Perovskites were obtained from the Materials Project database and reop-
timized with our calculation setup. The (100) facet, which has the lowest
surface energy and a 2 x 2 unit-cell slab model with 4-layers thickness
was constructed. Only the top two layers and the adsorbates were allowed
to relax. A vacuum of 18 A was used in the z-direction to avoid interac-
tion between the periodic images. Moreover, to remove spurious inter-
action between the periodic images a dipole correction was applied. The
BFGS algorithm[#5-#8] was used for geometry optimization with the con-
vergence thresholds for the energy and force set to 1 x 107 Ry and 4 x
10~*, Ry/bohr (1x 1072 eV V™), respectively. Vibrational frequencies were
computed using the rigid rotator and oscillator, and harmonic approxima-
tion with a finite-difference scheme, to obtain the entropic contribution to
the free energies. Transition states were computed with ARPESS [#] and
were ensured to have only one imaginary frequency, which corresponds to
the vibrational mode of the reaction.

The computational hydrogen electrode (CHE) model was used to cal-
culate the free energy levels of all adsorbates. In this model, the free
energy change of each electrochemical reaction step that involves an
electron—proton transfer is calculated referring to the reversible hydrogen
electrode (RHE), where the chemical potential of an electron—proton pair
is equal to that of half of hydrogen in the gas phase at standard conditions.
The electrode potential is taken into account by shifting the electron en-
ergy by —eU where e and U are the elementary charge and the electrode
potential, respectively. The limiting potential is defined as the negative of
the maximum free energy difference between any two successive electro-
chemical steps. Moreover, the free energies of adsorption, AGpey at stan-
dard conditions of pressure and temperature is calculated as below:

AGppr = AEpgr + AZPE — TAS )

where AZPE and TAS are the difference between the zero-point energy
and entropy of reactants and products, respectively.

All slabs simulated in the study are stoichiometrically balanced, with a
zero net charge per supercell. To achieve this, different terminations are
used for the top and bottom of the slab, e.g. top is Ta terminated while
bottom is K, which result in a dipole within the slab. The in-slab dipole is
then neutralized by including dipole corrections and eliminating any self-
interaction within the slab.

The Pourbaix Diagram Analyzer in Materials Project, [26°9-52] was used
to generate Pourbaix diagrams, i.e., phase diagrams that depict the stable
phases of perovskites as a function of pH and electrochemical potential
(voltage). This computational tool leverages thermodynamic data to pre-
dict the electrochemical stability of perovskites in aqueous environments
under various pH and electrode potential. It relies primarily on VASP cal-
culations for formation energies and leverages multiple techniques to
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approximate dynamic effects such as solvation and pH changes. These
techniques involve using thermodynamic data from DFT, where VASP cal-
culations provide the Gibbs free energies of various compounds in their
standard states (solid, liquid, or gas), obtained from the electronic ground-
state energies computed in the DFT calculations. It then includes solvation
effects via empirical or semi-empirical corrections to account for the inter-
action of species with the solvent (usually water). For ions and aqueous
species, solvation free energies are often taken from experimental data or
computed using continuum solvation models like the Polarizable Contin-
uum Model (PCM). The pH of the solution is considered via affecting the
chemical potential of protons (H* ions). The Nernst equation is used to
relate the electrochemical potential to pH. For a given reaction, the Gibbs
free energy change is adjusted based on the pH, allowing for calculating
stability as a function of pH.

Synthesis Details: KTaOs3 nanoparticles were synthesized using one-
step hydrothermal process through the reaction of Ta,O5 and concen-
trated KOH 1,2. First, 16 g of KOH was dissolved in 24 mL of DI water then
4.4 g of Ta,O5 4.4 g and 1.2 mL of PEG-400 were added to the solution.
The mixture was stirred for 1h on a magnetic stirrer at room temperature
to produce a homogeneous suspension. Afterward, the suspension was
transferred into a 50 mL Teflon-lined stainless-steel autoclave and then
sealed and heated at 200 °C for 24 h. After being cooled in air to room
temperature, the precipitates were washed several times with DI water by
centrifuging in 50 mL tubes until the pH value of the solution was close to
7. The solid in the bottom of the centrifuge tube was dried in an oven at
60°C for 24 h, and the final white KTaO3; powder was collected for experi-
ments.

X-Ray characterization: A Miniflex 600 (Rigaku, Japan) equipped with
D/tex Ultra silicon trip detector and Cu Ka radiation (A = 1.5418 A) was
used. Powders were prepared by mixing with methanol and then dropping
a small drop of the mixture to fill a 4 mm diameter x 100 um deep groove
in a single-crystal silicon holder (zero-background). The angle varied be-
tween 20° and 60° with a step size of 0.05° and a scan rate of 10° min~"
for highly crystalline samples and 1° min~" for nanocrystalline samples.

Transmission Electron Microscopy: A high-resolution field emission
transmission electron microscope (HF3300, Environmental-CFE-TEM)
was employed to obtain STEM images and conduct EDS elemental map-
ping of the samples.

Gas Diffusion Electrode (GDE) Reparation: Gas diffusion electrodes
(GDE) were prepared using a Freudenberg H23C9 carbon paper with a
PTFE treated microporous layer (Fuel cell store). The KTaO; nanopar-
ticles were dispersed in 4-6 mL of methanol along with a Nafion dis-
persion (5 wt.% in ethanol, EW = 1000, D520 Fuel cell store) with a 5
pL/mgyr.03 ratio. The nominal nanoparticle loading was 1-15 mg cm=2.
The dispersion was sonicated for a minimum of 1 h, until all the particles
were fully dispersed and did not precipitate over the course of the spray
application. The dispersion was then spray-coated on the carbon paper us-
ing an airbrush (Paasche H-series). The samples were left to dry overnight
(>12 h) before being subjected to electrochemical testing in a flow
cell.

Electrochemical CO, and CO Reduction Experiments: Electrochemical
rate measurements were performed a flow cell configuration. The cata-
lyst deposited GDE was used as the working electrode (cathode) and Pt
mesh (2 x 2 cm?, 0.06 mm mesh, Sigma-Aldrich) as the counter elec-
trode (anode). A bipolar membrane (Fumasep FBM Bipolar membrane)
was used to separate the anodic and cathodic compartments. The flow
cell assembly constituted the GDE, anion exchange membrane, and Pt
anode, while liquid electrolyte (1 -M KOH, Sigma Aldrich) was circu-
lated in both anodic and cathodic compartments using a peristaltic pump
(McMaster-Carr). Carbon monoxide (Praxair, Grade 2.5) was passed be-
hind the GDE using a mass flow controller (Sierra SmartTrack 100). An
Ag/AgCl reference electrode was utilized for half-cell potential measure-
ment. Electrochemical reactions were performed using an electrochem-
ical workstation (Autolab PGSTAT302N) connected to a current booster
(Metrohm Autolab, 10 A). Electrode potentials were rescaled to the RHE
reference by:

Evsrrie = Eveag/agcl +0.235V + 0.059 X PH @
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An electrochemical impedance spectroscopy (EIS) measurement using
an Autolab PGSTAT302N electrochemical workstation was performed to
obtain a cell resistance of 3.60 Q. iR corrections to the potential were then
performed using the following equation:

Eir—free = EVsAg/AgCI — 0.85Rcellicell (3)

where Eig . is the corrected potential at the cathode, Eyg pg/agci is the
applied potential, and i is the total current (a negative value at the cath-
ode). A correction factor of 0.85 is used due to the 1 M KOH electrolyte’s
high conductance and low voltage drop across the electrolyte.

The cell is routinely washed with a 1 M H,SO, solution to remove any
contamination, followed by a wash with DI water for a minimum of 3 times.
Following each wash, a GDE without catalyst (only H23C9) was inserted
into the electrode and the CO,RR products measured. The cell would be
washed until H, was the sole observable product, indicating the lack of
metallic contamination in the system.

Product Analysis:  The gas products were sampled with an air-tight sy-
ringe (Hamilton, 5 mL). The gas sample was injected into a gas chromato-
graph (Shimadzu GC-2014) equipped with a thermal conductivity detec-
tor (TCD) and a flame ionization detector (FID). A Molecular Sieve 5A and
Carboxen-1000 column were installed upstream from the TCD and FID, re-
spectively to separate the H,, CO, and gaseous hydrocarbons. The liquid
products were quantified using nuclear magnetic resonance spectroscopy
(NMR). TH NMR spectra of the analyte samples were taken using an Agi-
lent DD2 600 spectrometer with dimethyl sulfoxide (DMSO) as an internal
standard. Faradaic efficiency (FE) of the gas product was calculated by the
following equation:

. Py .
FEi gas = Yi,gVZiFﬁJtatal 4)

where y; is the volume fraction of gas product i, V is the outlet gas flow
rate in sccm, z; is the number of electrons associated with producing one
molecule of i, F is the Faraday constant, Py is atmospheric pressure, R
is the ideal gas constant, T is the temperature, and ji, is the total cur-
rent density. The FE of liquid product was calculated using the following
equation:

1
azif =— ©)
: Qtota!

FEi liquid = i liqui

where n; is the number of moles of liquid product i, and Q is the total
charge passed prior to the liquid sample being taken.

Gas products were collected in 5 min intervals until a stable perfor-
mance was reached. Liquid products were collected after 20 min of contin-
ued electrolysis. Each experiment was running for a period of 40-120 min
to ensure stable operation and consistent data acquisition.

X-Ray Photoelectron Spectroscopy: The XPS was conducted using a
Perkin-Elmer 5600 device utilizing a monochromatic aluminum X-ray
source.

Electrochemical Characterization: ~Cyclic voltammetry characterization
with electrodes assembled in a flow cell was performed with the same
equipment used for CORR experiments. iR correction of the applied po-
tential was not performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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