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Abstract: The electroreduction of carbon dioxide using
renewable electricity is an appealing strategy for the sustainable
synthesis of chemicals and fuels. Extensive research has
focused on the production of ethylene, ethanol and n-propanol,
but more complex C, molecules have been scarcely reported.
Herein, we report the first direct electroreduction of CO, to 1-
butanol in alkaline electrolyte on Cu gas diffusion electrodes
(Faradaic efficiency = 0.056 %, j, guamor=—0.080 mAcm™ at
—0.48V vs. RHE) and elucidate its formation mechanism.
Electrolysis of possible molecular intermediates, coupled with
density functional theory, led us to propose that CO; first
electroreduces to acetaldehyde-a key C, intermediate to 1-
butanol. Acetaldehyde then undergoes a base-catalyzed aldol
condensation to give crotonaldehyde via electrochemical
promotion by the catalyst surface. Crotonaldehyde is subse-
quently electroreduced to butanal, and then to 1-butanol. In
a broad context, our results point to the relevance of coupling
chemical and electrochemical processes for the synthesis of
higher molecular weight products from CO,.

Introduction

The electrochemical carbon dioxide reduction reaction
(CO,RR) to fuels and chemicals, when powered by renewable
electricity, is a potentially sustainable way to alleviate our
pressing global energy demands and to avert climate
change.!!’ Copper-based materials are the only family of
catalysts that can reduce CO, to multi-carbon molecules with
significant Faradaic efficiencies (FE) and current densities
(). Among the multi-carbon products, C, molecules such
as ethylene and ethanol can be facilely formed (FE=30-

50% ). The main C, product reported is n-propanol (FE =
10-13%),>*! alongside small quantities of propionaldehyde,
allyl alcohol, acetone, propylene and propane (total FE <
3%). Reports on the formation of C, molecules, many of
which have much higher commercial value, are scarce and
have been limited to hydrocarbons showing FE <1%." The
drastic decrease in the selectivity of a product as the number
of carbon atoms in it increases suggests that the coupling
mechanism to form a multi-carbon product follows a “poly-
merization” scheme of *CO that obeys the Flory-Schulz
distribution.

Interestingly, the direct production of 1-butanol
(CH;CH,CH,CH,OH) from electrochemical CO, reduction
has not been reported. This oxygenate, which has a high
volumetric energy density of 29.2 MJL™! and is less hygro-
scopic and corrosive than ethanol, has been suggested for
direct use as a fuel or in diesel-blends.®! Schmid and co-
workers have utilized bacteria to convert CO (generated from
CO, electrolysis) to 1-butanol.’’ More recently, a mechanistic
study of CO, reduction to n-propanol revealed that minor and
yet-to-be-quantified amounts of 1-butanol can be co-pro-
duced from the electrochemical reduction of acetaldehyde
and CO in 0.1M KOH on oxide-derived Cu electrodes.!"” Still,
no strategy to successfully electrosynthesize 1-butanol or any
C, oxygenates from CO, has been conceived. To tackle this
challenge, it is crucial to understand and map out the
mechanism and kinetics for its formation.

Herein, we report and quantify for the first time the
formation of C, oxygenates from alkaline electrolysis of CO,
using CuO-derived Cu gas diffusion electrodes (GDE) in
a flow cell. The predominant C, product was 1-butanol (FE =
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0.056%, Jipuanor=—0.080 mAcm?) at —0.48V vs. RHE
(Reversible Hydrogen Electrode; from here on, all potentials
are referenced to the RHE and all currents are normalized to
the exposed geometric surface area of the electrodes, unless
otherwise stated). We then elucidate the reaction mechanism
by combining analyses of reaction products from electrolyses
of possible intermediates and density functional theory
(DFT) investigations. The formation of the critical C,
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traced to the aldol condensation (C—C bond formation) of
two acetaldehyde (CH;CHO) molecules generated from CO,
electroreduction (Figure 1a). The aldol reaction is promoted
by both OH™ ions in the electrolyte and the electrocatalyst
surface. Crotonaldehyde then undergoes a two-step electro-
reduction to 1-butanol. We also unveil the critical role of pH
at different stages of the reaction mechanism, pointing
towards new strategies for increasing the performance of

intermediate, crotonaldehyde (CH;CH=CHCHO), was electro-assisted conversion of CO, into 1-butanol.
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Figure 1. a) Simplified reaction scheme for CO, reduction to 1-butanol. Further details are provided in Section S3. b) Diagram of CO, flow cell
electrolysis set up: characterization of CuO-derived Cu cathodes by (i) SEM, (i) XRD and (iii) XPS (B.E. refers to binding energy). We note that the
detection of Cu,O in the XRD and CuO + Cu(OH)j, signals in the XPS data are likely due to surface oxidation of the electrode from its exposure
to air (see Section S2.1 for a more detailed discussion); (iv) large CO, reduction current densities (in the order of —100 mAcm™) which gave

a sufficient rate of product formation to allow detection of minor products; (v) sensitive analytical techniques like headspace GC can quantify
minor products down to the um-scale. c) Faradaic efficiencies (FE, colored bars) and partial current densities (j, m) of C,, C; and C, products from
electrolysis of CO, on CuO-derived Cu GDE in 1.0mM KOH. The major C,, C; and C, products are ethylene, n-propanol and 1-butanol, respectively.

Other detected products are shown in Table S1.
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Results and Discussion

We electroreduced CO, at various potentials using CuO-
derived Cu GDE cathodes in a flow cell (Figure 1b,
Sections S1,S2). The catalyst was electrodeposited onto the
GDE using a previously-published procedure.'!l Aqueous
1.0M KOH was used as the electrolyte. The high CO,RR
current densities from the flow cell electrolysis (Figure 1b-
(iv)), which circumvents mass transport limitations, combined
with the use of highly sensitive headspace gas chromatog-
raphy (Figure 1b(v)) improves the detection and quantifica-
tion of liquid products with low FEs and current densities.
This allows us to detect CO, reduction products that have, to-
date, never been observed.

The total FEs of carbonaceous products were 68-69 % at
—0.48 and —0.58 V (Figure 1c, Table S1). The major multi-
carbon products are C, molecules, namely ethylene and
ethanol, which are typically formed on oxide-derived copper
catalysts.*'? The highest FE., of 48% was observed at
—0.58 V, with a corresponding j, of —210 mA cm > Minor C,
products (FE <0.1 %) such as acetaldehyde and ethane were
also detected. In the case of acetaldehyde, the low FE is
a result of the chemical and/or electrochemical transforma-
tions it readily undergoes, as we will discuss below. C; species,
mainly n-propanol, were also detected, with a maximum FE,
of 6.5% and j., of —18.5mAcm™ obtained at —0.48 and
—0.58 V, respectively. Overall, the catalytic activities toward
C, and C; molecules from CO, reduction are comparable or
higher than values previously reported for Cu catalysts loaded
onto carbon GDEs (Table S3). Interestingly, we detected C,
oxygenates such as 1-butanol and butanal (maximum total
FE., =0.060% at the onset potential of —0.48 V), in contrast
to previous studies which only identified hydrocarbons for the
C, fraction."*¥) The dominant product was 1-butanol, which is
in line with the fact that aldehydes can be easily electro-
reduced to their corresponding alcohols, as demonstrated in
the cases of formaldehyde and acetaldehyde.'"! No carbon-
containing products were found in control experiments
performed without applied potentials.

As 1-butanol is the sole C, alcohol product, it could not
come from C—C coupling of four individual C, adsorbates
such as *CO in a Flory-Schulz distribution, since 2-butanol
was not detected. This led us to postulate that the formation
of 1-butanol could occur through a combination of electro-
chemical and chemical steps. Specifically, the aldol conden-
sation of two C, intermediates, such as acetaldehyde, gives
rise to the C, backbone of crotonaldehyde, which is further
reduced to C, terminal oxygenates like butanal and 1-butanol.
While mechanisms for the formation of major C, and C;
products, including acetaldehyde, have been widely discussed
in the literature,®!*>18 pathways for producing C, products
are rarely mentioned. Herein, we focus on acetaldehyde
reactivity as it is much less explored mechanistically. None-
theless, we also present the two steps preceding acetaldehyde
formation, which involve the key ethenyloxy intermediate,
CH,CHO*, and discuss the lateral pathways for CO, reduc-
tion to C;-C; products in Section S3.

To test our hypothesis for 1-butanol formation via
acetaldehyde, we electroreduced 50 mm acetaldehyde in

www.angewandte.org
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0.1m KOH on CuO-derived Cu electrodes (Section S4). The
product distribution at an optimized potential of —0.44 V is
summarized in Figure 2a (see also Table S5 for product
distributions at other applied potentials). The product with
the highest selectivity was 1-butanol (FE =9.6%, ji_guano =
—1.06 mA cm %), consistent with expectations from a base-
catalyzed aldol condensation C—C coupling step. The remain-
ing electrolysis products were other C, oxygenates such
as butanal (CH;CH,CH,CHO) and crotyl alcohol
(CH;CH=CHCH,OH), as well as ethanol. During the elec-
trolysis, we observed some coloration of the anion-exchange
membrane due to its exposure to the alkaline acetaldehyde-
containing electrolyte, but control experiments excluded its
interference with our electrolysis results (Figures S8,9).

Detection of crotonaldehyde (3.3 mm, equivalent to
13.2% acetaldehyde conversion) after electrolysis suggests
that the C, backbone of 1-butanol could be formed via a base-
catalyzed aldol condensation (Figure 2a, inset). We utilized
the increase in local pH close to the electrode under
electroreduction conditions to test this hypothesis and
performed fixed-current electrolyses of 50 mm acetaldehyde
in 0.01, 0.1 and 1.0M potassium phosphate buffer (pH 7,
Figure 2b, Section S4.3). Higher buffer concentrations miti-
gate the local pH increase during electroreduction, thus
lowering the overall local pH. Our results reveal that
electrolysis in 0.01M potassium phosphate buffer gave the
highest selectivity toward C, products (FE=0.4%, with 1-
butanol as the main product) and percentage of acetaldehyde
converted to crotonaldehyde (1.5 mm, equivalent to 6.2%
acetaldehyde conversion). In contrast, neither C, products
nor crotonaldehyde were detected from experiments per-
formed in 1.0M buffer (Figure 2b inset). These observations
of an alkaline local pH promoting the production of 1-butanol
on copper directly support its formation via the aldol
condensation of two acetaldehyde molecules and suggest an
enhanced reaction rate close to the catalytic surface under
electrolysis conditions.

We further investigated, using DFT, the base-catalyzed
aldol condensation mechanism to form the C, backbone.
High-level methods including solvent and potential effects
have been employed to study electrochemical networks up to
C, species, including the formation of acetaldehyde from
CO,."I However, the multiple conformations of C, molecules
and the complexity of the reaction network with chemical
(bulk solvent and interface) and electrochemical steps limits
us to the use of DFT coupled to the Computational Hydrogen
Electrode (CHE). The formation of the C, backbone
comprises two steps: the C—C coupling between two
acetaldehyde molecules to form 3-hydroxybutanal
(CH;CH(OH)CH,CHO), and the subsequent dehydration
of the latter to crotonaldehyde (Figure 2¢). In solution, the
aldol condensation starts with the stripping of an a-hydrogen
from acetaldehyde by OH  to form an ethenyloxy anion
(CH,CHO", Figure 2¢(i)). The a-carbon of CH,CHO™ then
attacks the carbonyl group of a second acetaldehyde mole-
cule, which is subsequently protonated to 3-hydroxybutanal
(Figure 2c(ii)). Then, 3-hydroxybutanal loses an a-hydrogen
as a proton, to generate a carbene species (Figure 2c(iii)),
which forms crotonaldehyde by hydroxyl elimination. Con-
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Figure 2. Faradaic efficiencies of products from 1 h electrolysis of 50 mm acetaldehyde on CuO-derived Cu (a) in alkaline and (b) neutral buffer
(62 mol % K,HPO, + 38 mol % KH,PO,) electrolyte. The insets of (a) and (b) show the percentage of acetaldehyde that was converted to
crotonaldehyde in the electrolyte in each case. c) Potential energy diagram of acetaldehyde condensation to crotonaldehyde in solution (dark blue)
and mediated by the surface (black). The final OH™ removal, which can be assisted by one electron donated from the surface, is promoted by
reductive potentials (dark red). Water molecules were omitted for clarity. d) Faradaic efficiencies of products from alkaline electrolyses of 50 mm
crotonaldehyde and 50 mm butanal on CuO-derived Cu. e) Potential energy diagram of crotonaldehyde reduction to 1-butanol via butanal (blue).
Under negative potentials, butanal can be adsorbed via a one-electron transfer (dark red), which promotes its further reaction instead of
desorption. Dashed lines represent adsorptions/desorptions. Dotted lines represent proton-coupled electron transfers (PCET). Additional
(electro)chemical routes are shown in Sections S3 and Sé.
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sistent with findings from the literature,'”) the latter is the
rate-determining step in solution. We further note that for the
case of CO, reduction, adsorbed ethenyloxy species is formed
as a precursor of acetaldehyde and ethanol,!'**"! and thus can
also readily react with an acetaldehyde molecule in solution
and be subsequently hydrogenated to form 3-hydroxybutanal
(Section S3).

The amount of acetaldehyde converted to crotonaldehyde
during electrolysis (13.2%) is larger than the 8.8% conver-
sion (or 2.2 mMm crotonaldehyde) when 50 mMm acetaldehyde
was aged in 0.1M KOH for 1 h without applied potential (inset
in Figure 2a). This observation suggests that the Cu surface
can promote the aldol condensation at cathodic potentials.
DFT analysis reveals that this alternative pathway starts with
3-hydroxybutanal adsorbing exothermically on Cu and losing
an a-hydrogen as an adsorbed H (dark red in Figure 2¢). The
hydroxyl group is then eliminated, in parallel with an electron
transfer, to give crotonaldehyde. On the Cu surface, this step
is promoted by negative applied potentials. Overall, the DFT
investigation reveals that the alkaline electrolyte promotes
the initial C—C coupling step between two acetaldehyde
molecules, while the Cu surface promotes the subsequent
dehydration step to crotonaldehyde.

To elucidate the fate of C, species after the aldol
condensation step, we electrolyzed 50 mMm crotonaldehyde
on CuO-derived Cu in 0.1m KOH at —0.44 V (Figure 2d,
Section S5). The major carbonaceous product was 1-butanol
(FE=14.8%), while small amounts of butanal (FE=0.3%))
and crotyl alcohol (FE=1.1%) were also detected. The
Faradaic selectivity of 1-butanol (FE|_g,n, Normalized by the
FE of all the C, products) from crotonaldehyde electrolysis
was 91.4%, which is similar to the case of acetaldehyde
(94.7 %, Table S10). This reinforces the role of crotonalde-
hyde as the main intermediate in the electrosynthesis of
acetaldehyde to C, oxygenates. The presence of ethanol
(FE=4.5%) was attributed to the reduction of acetaldehyde
present due to the hydroxide-catalyzed retro-aldol reaction of
crotonaldehyde, which is known to occur at room temper-
ature.?!! This observation highlights the complexity of croto-
naldehyde chemistry under aqueous alkaline conditions, and
leads us to infer that the low total Faradaic efficiency of
72.2% is a consequence of undetected products from other
side reactions of crotonaldehyde in the alkaline electrolyte
(Figure S10).

Butanal and crotyl alcohol are known intermediates in the
gas-phase hydrogenation of crotonaldehyde to 1-butanol,”
and their presence during crotonaldehyde electrolysis sug-
gests that they are potential electrochemically-active inter-
mediates to 1-butanol. Therefore, we electrolyzed butanal
and crotyl alcohol under the same conditions (Figure 2d,
Table S9). 1-Butanol was the sole product from the electro-
reduction of butanal (FE =17.3 %; the balance product is H,).
Only hydrogen was detected during the electrolysis of crotyl
alcohol, which indicates that the latter is electrochemically
inert, in good agreement with theoretical calculations in
Figure S11.

Theoretical analysis of crotonaldehyde reduction reveals
that butanal is formed by sequential hydrogenation of the [3-
and a-carbons of crotonaldehyde (Figure 2e). Once formed,
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butanal tends to desorb rather than further react. However, at
potentials more reductive than —1.02 V vs. SHE (standard
hydrogen electrode), butanal receives an electron from the
cathode surface to form the CH;CH,CH,C*HO™ anion (I4 in
Figure 2¢). As this adsorption does not involve proton
transfers, it is independent of the electrolyte pH in the SHE
scale. CH;CH,CH,C*HO™ is subsequently protonated to
yield 1-hydroxybutyl (IS in Figure 2e), which is further
hydrogenated in a chemical step (E,=0.39 eV) to produce
1-butanol. These theoretical findings are corroborated by our
results from crotonaldehyde electrolysis performed at pH 7
and pH 13 (Table S9). At —1.20 V vs. SHE, 1-butanol was the
most selective product in both electrolytes, consistent with the
pH-independent adsorption of butanal. However, at —0.90 V
vs. SHE, butanal was the most selective product, indicating
that this potential was insufficient for its further reduction to
1-butanol. Alternative chemical routes from butanal to 1-
butanol are shown in Figure S12.

Aldehydes can be hydrated to geminal diols in aqueous
alkaline solution. Signals belonging to hydrated crotonalde-
hyde (CH;CH=CHCH(OH),) were observed in nuclear
magnetic resonance (NMR) spectroscopic analyses of 50 mm
crotonaldehyde or acetaldehyde dissolved in 0.lm KOH
(Figure 3a, Figure S13). We therefore considered the possi-
bility of hydrated crotonaldehyde as an intermediate to 1-
butanol. DFT suggests that hydrated crotonaldehyde cannot
be further electrochemically reduced due to a larger activa-
tion barrier (+0.41 eV) compared to its desorption energy
(+0.26 eV), as shown in Figure 3b. This result was corrobo-
rated by the FE gyuo Of 46-47% observed from the
crotonaldehyde and butanal electrolyses in 0.1M potassium
phosphate buffer (pH7) at —0.79 V (Figure 3¢, Table S9),
which was almost three times more than the values from
electrolyses in 0.1m KOH. Figure 3a shows that in a neutral
medium, only peaks corresponding to crotonaldehyde were
observed. The neutral buffer electrolyte therefore likely
suppressed the hydration process and increased the avail-
ability of unhydrated crotonaldehyde for reduction.

To find a better electrocatalyst to enhance the FE of 1-
butanol from acetaldehyde and crotonaldehyde reduction, we
proceeded to identify an activity descriptor. To this end, we
electrolyzed acetaldehyde in 0.1M KOH and crotonaldehyde
in 0.1M potassium phosphate buffer on different metal discs
(Section S8). Since we have demonstrated that both the
formation of C, oxygenates via the aldol condensation
pathway, and the reactivity of crotonaldehyde are affected
by the (local) pH, we employed a constant-current electrolysis
at —10 mAcm? to identify the different reactivities of the
metals. For acetaldehyde electrolysis, we found that the
selectivity of Cu, Fe, Co, Ni, Ag, and Au towards 1-butanol
(Figure 4a) and all C, products (Figure S14a) can be corre-
lated to the cathode metal-oxygen bond strength, with Fe
showing the highest selectivity towards 1-butanol (FE=
4.0%). A similar trend was observed for the six above-
mentioned metals and also Pd and Pt for crotonaldehyde
reduction to 1-butanol (Figure 4b), with Fe also showing the
highest FE of 26.3%. The linear-scaling relationships end
sharply in a selectivity cliff.”” The origin of the discontinuity
is likely due to a phase transformation. According to their
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electrolyte.

Pourbaix diagrams,[z“] Zn, Ti, Cr, and Mo may have surface
oxide layers under the working cathodic potentials and thus
have poor yields towards 1-butanol and other C, products
(Section S9). Incidentally, these metals were more selective
for reducing acetaldehyde to crotyl alcohol (Table S11), and
crotonaldehyde to butanal (Table S12), probably because the
dominating linear-scaling relationships differ from those of
the pure metals. Based on these results, we put forward that
the C, product selectivity is influenced by the affinity of the
catalyst to oxygen.

Collectively, our results gave the reasons for the low FE of
1-butanol during the electroreduction of CO, on oxide-
derived copper. The first factor is the low activity for
acetaldehyde production on copper materials (FEcy,cuo <
0.1%., jomcno < —041mAcm™ in Table S1, FEcy cno <
2.1%, jeu,cno <1 mAcm™ in the literature**!). The second
factor is that the conversion of acetaldehyde to ethanol on
copper is kinetically facile and strongly competing (FE a0 =
36.5%, while FE| gyumo=9.6% at —0.44V vs. RHE, Fig-
ure 2a)."! The third factor is that the formation of the C,
backbone and its subsequent reduction to 1-butanol are
promoted by conflicting experimental conditions. While an
alkaline environment facilitates aldol condensation between
acetaldehyde molecules to crotonaldehyde, its hydration to an
unreactive form is also promoted.

Angew. Chem. Int. Ed. 2020, 59, 21072 —21079

© 2020 The Authors. Published by Wiley-VCH GmbH

Conclusion

In summary, we detected for the first time C, oxygenates
from CO, electroreduction on CuO-derived Cu, with 1-
butanol being the most favored product amongst them (FE =
0.056%, j=—0.080 mA cm * at —0.48 V). The quantification
was made possible by a combination of the high-rate
electrolysis, achieved by using a GDE in a flow cell, and
sensitive analytical techniques. We ruled out the formation of
1-butanol from the C—C coupling of four individual C,
adsorbates, such as *CO. Instead, the combination of
experimental and theoretical studies established a rich reac-
tion mechanism that combines chemical and electrochemical
steps, where the electrocatalytically generated acetaldehyde
plays a prominent role. Its base-catalyzed aldol condensation,
promoted by high local pH and the catalyst surface, produces
crotonaldehyde, which is subsequently electroreduced to 1-
butanol.

This study further highlights the challenges associated
with the one-pot approach to converting a low molecular
weight feedstock like CO, into complex functionalized
molecules. We discover that contrasting catalysts and con-
ditions are required to maximize the yield of each step. In
addition to operating under highly alkaline conditions, we
also note that a single electrocatalytic surface can hardly
optimize all the required steps. For example, among the metal
discs tested, Fe was identified as the most selective catalyst for
acetaldehyde reduction to 1-butanol, but it is not active per se
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Figure 4. Faradaic efficiencies of 1-butanol from —10 mAcm™? con-
stant-current electrolysis of a) acetaldehyde and b) crotonaldehyde on
selected metals as a function of the DFT-computed adsorbed oxygen
stability on these metals with respect to water and hydrogen. Metals
that are typically oxides at 0 V vs. RHE at the pH of the supporting
electrolyte are shown as hollow symbols. 1-Butanol was not detected
from acetaldehyde electrolysis on Ti, Cr, Mo, Pd, and Pt.

for CO, reduction. Therefore, designing a one-pot reactor for
the electrosynthesis of large molecules would inevitably be
associated with low performance. Instead, we propose that
a more viable synthetic strategy would be to deconvolute the
multi-step process into sequential operation units. Therein,
chemical or electrochemical reactions with different process
conditions could be independently optimized. The separate
stepwise-optimized reactors could then be placed in tandem
for the efficient conversion of each intermediate, leading to
increased yield of the desired product.

Acknowledgements

We thank the National University of Singapore Flagship
Green Energy Program (R143-000-A64-114, R143-000-A55-
733 and R143-000-A55-646), Ministry of Education, Singa-
pore (R143-000-683-112), Spanish Ministry of Science and
Innovation RTI2018-101394-B-100 project for financial sup-
port and the European Union through the A-LEAF project
(732840-A-LEAF). The Barcelona Supercomputing Center—

© 2020 The Authors. Published by Wiley-VCH GmbH

dte

Chemie

Internatic

MareNostrum (BSC-RES) is acknowledged for providing
generous computer resources. The authors are grateful to Dr.
R. Hauert and S. Biichele for XPS measurements and Dr. R.
Verel for NMR assistance.

Conflict of interest
The authors declare no conflict of interest.
Keywords: 1-butanol - carbon dioxide reduction -

density functional theory - electrochemistry -
reaction mechanisms

[1] O.S. Bushuyev, P. De Luna, C.T. Dinh, L. Tao, G. Saur, J.
van de Lagemaat, S. O. Kelley, E. H. Sargent, Joule 2018, 2, 825 —
832.

[2] D.Ren,Y.Deng, A. D. Handoko, C. S. Chen, S. Malkhandi, B. S.
Yeo, ACS Catal. 2015, 5, 2814 -2821.

[3] C.-T. Dinh, T. Burdyny, M. G. Kibria, A. Seifitokaldani, C. M.
Gabardo, F. P. G. de Arquer, A. Kiani, J. P. Edwards, P. De Luna,
O. S. Bushuyev, Science 2018, 360, 783 —-787.

[4] K. P. Kuhl, E.R. Cave, D.N. Abram, T.F. Jaramillo, Energy
Environ. Sci. 2012, 5, 7050-7059.

[5] M. Rahaman, A. Dutta, A. Zanetti, P. Broeckmann, ACS Catal.
2017, 7, 7946 —7956.

[6] D.Ren,N. T. Wong, A. D. Handoko, Y. Huang, B. S. Yeo, J. Phys.
Chem. Lett. 2016, 7, 20-24.

[7] S. Lee, D. Kim, J. Lee, Angew. Chem. Int. Ed. 2015, 54, 14701 -
14705; Angew. Chem. 2015, 127, 14914 -14918.

[8] W. Roberto da Silva Trindade, R. Gongalves dos Santos, Renew-
able Sustainable Energy Rev. 2017, 69, 642—651.

[9] T.Haas, R. Krause, R. Weber, M. Demler, G. Schmid, Nat. Catal.
2018, 7, 32-39.

[10] X. Chang, A. Malkani, X. Yang, B. Xu, J. Am. Chem. Soc. 2020,
142, 2975-2983.

[11] D. Ren, J. Fong, B. S. Yeo, Nat. Commun. 2018, 9, 925.

[12] R. Kas, R. Kortlever, H. Yilmaz, M. T. M. Koper, G. Mul,
ChemElectroChem 2015, 2, 354 -358.

[13] R. Kortlever, I. Peters, C. Balemans, R. Kas, Y. Kwon, G. Mul,
M. T. M. Koper, Chem. Commun. 2016, 52, 10229 -10232.

[14] K. J.P. Schouten, Y. Kwon, C.J. M. vander Ham, Z. Qin,
M. T. M. Koper, Chem. Sci. 2011, 2, 1902 -1909.

[15] S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld, S.
Horch, B. Seger, 1. E. L. Stephens, K. Chan, C. Hahn, J. K.
Ngrskov, T. F. Jaramillo, I. Chorkendorff, Chem. Rev. 2019, 119,
7610-7672.

[16] A.J. Garza, A.T. Bell, M. Head-Gordon, ACS Catal. 2018, 8,
1490-1499.

[17] E. Bertheussen, A. Verdaguer-Casadevall, D. Ravasio, J. H.
Montoya, D. B. Trimarco, C. Roy, S. Meier, J. Wendland, J. K.
Ngrskov, I. E. L. Stephens, I. Chorkendorff, Angew. Chem. Int.
Ed. 2016, 55, 1450—1454; Angew. Chem. 2016, 128, 1472 -1476.

[18] J. Li, F. Che, Y. Pang, C. Zou, J. Y. Howe, T. Burdyny, J. P.
Edwards, Y. Wang, F. Li, Z. Wang, P. De Luna, C.-T. Dinh, T.-T.
Zhuang, M. 1. Saidaminov, S. Cheng, T. Wu, Y. Z. Finfrock, L.
Ma, S.-H. Hsieh, Y.-S. Liu, G. A. Botton, W.-F. Pong, X. Du, J.
Guo, T.-K. Sham, E. H. Sargent, D. Sinton, Nat. Commun. 2018,
9,4614.

[19] J. P. Guthrie, J. Am. Chem. Soc. 1991, 113, 7249 -7255.

[20] R.Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo, M. T. M.
Koper, J. Phys. Chem. Lett. 2015, 6, 4073 —4082.

[21] J. P. Guthrie, Can. J. Chem. 1974, 52, 2037 -2040.

[22] M. Englisch, A. Jentys, J. A. Lercher, J. Catal. 1997, 166, 25 -35.

[23] J. Pérez-Ramirez, N. Lopez, Nat. Catal. 2019, 2, 971 -976.

Angew. Chem. Int. Ed. 2020, 59, 21072 —21079


https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1021/cs502128q
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1039/c2ee21234j
https://doi.org/10.1039/c2ee21234j
https://doi.org/10.1021/acscatal.7b02234
https://doi.org/10.1021/acscatal.7b02234
https://doi.org/10.1021/acs.jpclett.5b02554
https://doi.org/10.1021/acs.jpclett.5b02554
https://doi.org/10.1002/anie.201505730
https://doi.org/10.1002/anie.201505730
https://doi.org/10.1002/ange.201505730
https://doi.org/10.1016/j.rser.2016.11.213
https://doi.org/10.1016/j.rser.2016.11.213
https://doi.org/10.1038/s41929-017-0005-1
https://doi.org/10.1038/s41929-017-0005-1
https://doi.org/10.1021/jacs.9b11817
https://doi.org/10.1021/jacs.9b11817
https://doi.org/10.1002/celc.201402373
https://doi.org/10.1039/C6CC03717H
https://doi.org/10.1039/c1sc00277e
https://doi.org/10.1021/acs.chemrev.8b00705
https://doi.org/10.1021/acs.chemrev.8b00705
https://doi.org/10.1021/acscatal.7b03477
https://doi.org/10.1021/acscatal.7b03477
https://doi.org/10.1002/anie.201508851
https://doi.org/10.1002/anie.201508851
https://doi.org/10.1002/ange.201508851
https://doi.org/10.1021/ja00019a024
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1139/v74-294
https://doi.org/10.1006/jcat.1997.1494
https://doi.org/10.1038/s41929-019-0376-6
http://www.angewandte.org

GDvCh Research Articles Ang g’ﬁfm,.e

[24] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous [26] Y. Hori, R. Takahashi, Y. Yoshinami, A. Murata, J. Phys. Chem.
Solutions, 2nd ed., National Association of Corrosion Engineers, B 1997, 101, 7075-7081.
Houston, 1974.
[25] Y. Hori, I. Takahashi, O. Koga, N. Hoshi, J. Mol. Catal. A 2003, Manuscript received: June 11, 2020
199, 39-47. Revised manuscript received: July 21, 2020
Accepted manuscript online: July 24, 2020
Version of record online: September 9, 2020

Angew. Chem. Int. Ed. 2020, 59, 21072 —21079 © 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org 21079


https://doi.org/10.1016/S1381-1169(03)00016-5
https://doi.org/10.1016/S1381-1169(03)00016-5
https://doi.org/10.1021/jp970284i
https://doi.org/10.1021/jp970284i
http://www.angewandte.org

