


Abstract: Electronic metal–support interactions (EMSI) de-

scribe the electron flow between metal sites and a metal oxide

support. It is generally used to follow the mechanism of redox

reactions. In this study of CuO-CeO2 redox, an additional flow

of electrons from metallic Cu to surface carbon species is

observed via a combination of operando X-ray absorption

spectroscopy, synchrotron X-ray powder diffraction, near

ambient pressure near edge X-ray absorption fine structure

spectroscopy, and diffuse reflectance infrared Fourier trans-

form spectroscopy. An electronic metal–support–carbon inter-

action (EMSCI) is proposed to explain the reaction pathway of

CO oxidation. The EMSCI provides a complete picture of the

mass and electron flow, which will help predict and improve

the catalytic performance in the selective activation of CO2,

carbonate, or carbonyl species in C1 chemistry.

Introduction

The interaction between metals and supports plays a vital

role in modulating the catalytic performance of active sites.

Concepts such as SMSI[1] and EMSI[2] are well-established to

describe the geometric,[3] electronic[2b–d,4] and bifunctional[5]

modification of active sites from the support. With respect to

the electronic interaction, there is a flow of electrons either

from a metallic centre to an oxidative support or from

a reductive support to an oxidative metal centre. The net

electron flow leads to modified electronic structures of the

active centre and its surroundings, and thus to different

behaviours in the adsorption and activation of reaction

molecules compared to its unperturbed state. In addition to

the oxide support, the destination of the electron flow can also

be the surface carbon species resulting from the decomposi-

tion and deposition from carbonaceous reactants. Carbon

atoms, with nine oxidation states and an electronegativity of

2.55, can accept electrons from metals. Carbon materials are

widely used as electron acceptors in lithium-ion batteries[6]

and organic photovoltaics.[7] There are some representative

studies in catalysis find electrons are transferred from metal

to carbon,[8] especially in electrocatalysis.[9] Reduction of

carbon can form metal-carbon species in Fischer–Tropsch

synthesis[10] and alkynes hydrogenation.[11] ACO2
d@ species is

formed when the 2pu orbital of surface CO2 accepts electrons

from metallic Cu.[12] Theoretical calculations also predict the

modification of the Cu electronic structure via surface

carbons.[13]

Cu has moderate adsorption strength for carbonaceous

intermediates,[14] and is widely used for C1 chemistry, includ-

ing CO oxidation,[15] water-gas shift,[16] steam reforming,[17]

methanol synthesis,[18] and electrochemical reduction of

CO2.
[14,19] The well-documented Ce4+/Ce3+ redox pair enables

the transfer of oxygen atoms and electrons between Cu2+/

Cu+/Cu0 active sites and the CeO2 support.
[20] Validation of

this catalytic cycle still requires precise quantification of their

oxidation states to match the balance of electron transfer.[21]

Here we report the full picture of electron transfer in this

system by considering the electrophilicity of surface carbon

species, which are in situ deposited from CO molecules. At

453 K, electrons are initially enriched on metallic Cu via CO

reduction (CO stage) to build up the chemical potential for an

electron flow within the catalyst. The electrophilicity of

surface carbon species is then studied in an inert atmosphere

(He stage) to exclude electron transfer from or to the gaseous

molecules. Finally, O2 is used to extract electrons that are

originally injected into the catalyst from CO (O2 stage). The

CO oxidation activity of the catalyst at individual stage is

compared below 353 K to elucidate the impact of initial

oxidation states of Cu and Ce as well as the surface carbon

species.

In a full cycle of CO oxidation, electrons are transferred

from CO to Cu, then to Ce and carbon (Figure 1) and finally

to O2. We therefore extend the concept of EMSI to

“electronic metal-support-carbon interactions” (EMSCI) in
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order to address this interplay among Cu, Ce and carbon

species.

Results and Discussion

Highly Dispersed CuO Clusters on CeO2

Fine powder of highly dispersed 20 wt% CuO clusters on

CeO2 with 71 m2g@1 specific surface area were prepared via

flame spray pyrolysis.[20b,22] The high-resolution aberration-

corrected high angle annular dark field-scanning transmission

electron microscopy (HAADF-STEM) images show crystal-

line CeO2 particles with an average size of around 6 nm

(Figure S1f,g). The corresponding energy-dispersive X-ray

spectroscopy (EDS) maps identify the presence of Cu in the

form of ca. 5 nm particles surrounded by CeO2 (Figure S1a-e).

The X-ray photoelectron spectroscopy (XPS) shows that ca.

18% of the Ce is Ce3+, indicating a considerable number of

oxygen vacancies in the lattice (Figure S2 and Table S1).[23]

The surface Cu/(Cu+Ce) ratio determined by XPS is 0.36,

which is close to the theoretical bulk Cu/(Cu+Ce) ratio

(0.35) for 20 wt% CuO-CeO2. This indicates good dispersion

of the Cu species over CeO2, leading to large Cu/Ce interface.

In comparison, Cu species are usually enriched on CeO2

surface using conventional synthesis methods, showing much

higher surface Cu content compared to the bulk composition

(Table S2).[24] Laboratory X-ray diffraction (XRD) pattern

shows broadened CeO2 diffraction peaks (Figure S3a), where-

as weak CuO diffraction peaks can be recognised by

synchrotron X-ray powder diffraction (SXPD; Figure S3b).

Therefore, the initial catalyst structure of 5 nm CuO and 6 nm

CeO2 is confirmed with 18% Ce3+ present.

This 20 wt% CuO-CeO2 catalyst has been applied for the

preferential CO oxidation in the presence of 50% H2,

achieving a wide temperature window from 377 to 388 K

with 99% conversion and selectivity of CO oxidation.[20b] Our

previous in situ study used a sequence of CO/N2/O2 flows at

453 K to probe the change of Cu oxidation state and the

corresponding gas profile.[20b] Two interesting phenomena

were observed: 1) under inert N2, Cu
0 was slowly reoxidised;

2) when N2 was changed to O2, CO2 was released without an

external CO feed. In addition, the near ambient pressure-

near-edge X-ray absorption fine structure (NAP-NEXAFS)

spectra of a similar system reveals the conversion from

oxidised carbon species (288.3 eV) to reduced carbon species

(284.9 eV) in ultra-high vacuum (Figure S4). We hypothesise

that carbon species will deposit on the surface of CuO-CeO2

from gas-phase CO. Such carbon species are reduced under

inert conditions, whereas Cu0 is oxidised simultaneously.

When O2 is introduced, the carbon species are oxidised to

CO2. This hypothesis of EMSCI is verified via a combination

of operando X-ray absorption fine structure (XAFS), SXPD,

NAP-NEXAFS, diffuse reflectance infrared Fourier trans-

form spectroscopy (DRIFTS) and gas component quantifica-

tion at the CO, He and O2 stages, as presented below.

CO Stage: Electron Transfer from CO to Cu

Introducing CO at 453 K to the catalyst reduces Cu2+ and

Ce4+ (Figure 2). Most of the Cu reduction follows the

sequence of Cu2+!Cu+!Cu0, as indicated in the Cu K-edge

X-ray absorption near edge structure (XANES) and SXPD

(Figure 2a,b). The Ce3+ content increases from 20% to 24%

according to the peak fitting results of the Ce L3-edge

XANES (Figure 2c, note that the initial 20% Ce3+ content is

slightly different from the 18% Ce3+ obtained from XPS

study).

DRIFTS shows the absorption peaks of Cu+-carbonyl

species (Cu+-CO) in the range of 2160-2080 cm@1,[25] suggest-

ing the presence of Cu+ on the surface of metallic Cu

(Figure 2d). NAP-NEXAFS at the Cu L3-edge validates that

Cu+ dominates the surface layer after the reduction of CuO

(Figure S10). Such surface Cu+ species on Cu0 clusters over

CeO2 have also been reported in the water gas shift

reaction.[16] In general, the surface CO absorption band

undergoes a slight blue shift from 2098 to 2111 cm@1, and then

a red shift to 2100 cm@1 with a significant intensity decrease.

The initial blue shift indicates the increase of CO coverage[25]

on Cu+ along with the release of CO2 detected at 2364 and

2337 cm@1. A new shoulder peak at 2138 cm@1 appears when

the CO coverage is maximised. The peak is similar to the

reported band at 2135 cm@1 of CO on partially reduced

CuOx.
[25b] The increase of a broad feature between 1700-

1200 cm@1 (Figure S11 from blue to dark red) that corre-

sponds to surface carbonate species is observed.[16b,26] The

formation of the carbonate stems from the oxidation of

surface carbonyl species, a process that is reported in the

literature.[16b] These carbonates can increase the electrophi-

licity of neighbour Cu+,[25a] leading to a broad absorption band

of Cu+-CO at 2173 cm@1 when the reduction of Cu is complete

as reflected by the disappearance of CO2 peaks (Figure 2d).

The second stage red-shift to the steady and broadened band

centred at 2100 cm@1 corresponds to a combination of Cu+-

CO and Cu0-CO bands at 2160-2080 cm@1 and 2090-

Figure 1. Schematic of the electronic metal–support–carbon interac-

tions (EMSCI) among Cu0, CeO2, and surface carbon species. The

models are simplified to illustrate the major structural changes of the

sample. Surface carbon species are represented by the shaded green

triangles. They are located on the surface of Cu and CeO2, as well as at

the interface.
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2060 cm@1, respectively.[25] A slight decline in surface carbon-

ate species is observed (Figure S11 from dark red to black).

The CO reduction of 20 wt% CuO-CeO2 releases

2.99 mmolg@1 of CO2 at 453 K (Figure 2e). Theoretically,

the complete reduction from Cu2+ to Cu0 will generate

2.52 mmolg@1 of CO2. Furthermore, there is a 4% reduction

of Ce4+ to Ce3+ (according to XANES fitting) results in

0.09 mmolg@1 of CO2 formation. These results indicate an

additional 0.38 mmolg@1 CO2 generation that is not related to

the Cu and Ce redox. According to the literature, this

additional CO2 may come from the disproportionation of

CO.[27] Avery recent work on CO2 methanation also finds that

the presence of Ce3+ can also help dissociate CO and CO2,

leading to diverse carbon species.[28] Carbonyls and carbo-

nates are detected by DRIFTS, suggesting the high complex-

ity of those surface carbon species. (Figure 2d and Fig-

ure S11).

The combination of operando XAFS of the Cu and Ce

oxidation states, SXPD of small crystalline clusters and

DRIFTS of surface carbon species reveals the change of Cu,

Ce and C during the CO stage (Figure 2 f). The majority of

CuO is fast reduced to metallic Cu with a trace amount of

surface Cu+, whereas 4% Ce4+ is reduced to Ce3+. Surface

carbon species (i.e., carbonyls and carbonates) are deposited

from gaseous CO.

He Stage: Electron Transfer from Cu0 to Ce4+ and Surface Carbon

The inert He flow enables observation of the internal

reaction among Cu0, Ce3+/Ce4+ and surface carbon species.

Cu0 clusters are immediately oxidised to Cu+ once CO is

replaced by He (Figure 3a,b). Simultaneously, 9% Ce4+ is

reduced to Ce3+ (Figure 3c). These results suggest a fast redox

reaction [Eq. (1)].

Cu0 þ Ce4þ ! Cuþ þ Ce3þ ð1Þ

To the best of our knowledge, the observation of Cu

oxidation and Ce reduction here is the first direct evidence for

this reaction, proving the EMSI between Cu and Ce. The Cu+

state is stable in the He flow (Figure 3a), whereas the

crystalline Cu2O feature gradually decreases with time at

453 K, suggesting the amorphization of Cu2O (Figure 3b).

Figure 2. Operando characterisation of Cu, Ce and surface carbon during the reduction of CO by CuO-CeO2 at 453 K. a) Contour map of the Cu K-

edge first derivative XANES spectra, showing the reduction of Cu2+ to Cu0. XANES spectra are shown in Figure S5. b) Contour map of the SXPD

patterns, showing the conversion of CuO to metallic Cu. The SXPD patterns are shown in Figure S7. c) Contour map of the Ce L3-edge first

derivative XANES spectra, showing the increase of Ce3+ content after reduction. XANES spectra are shown in Figure S8 and their fitting results are

given in Table S3. d) DRIFTS spectra of the surface carbonyl species from CO adsorption. The initial spectrum obtained in O2 at 453 K is labelled

as 0 min (blue curve) and the progress in CO at 453 K is colour coded from light pink to black. e) Exhaust gas profile of the CO reduction. The

80 mg sample was pre-oxidised in 20% O2 then purged with N2 at 453 K. f) Simplified models of the structural evolution from CuO-CeO2 to Cu0-

CeO2.
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The oxidation of all Cu0 to Cu+ would require 54% Ce4+ to be

reduced to Ce3+, which is much higher than the 9% formation

of Ce3+. Within the system, the only destination to receive the

additional electrons from Cu0 are surface carbon species with

their abundant valence states, given that both carbonyl

species and carbonate species are present on Cu+-CeO2 at

the He stage (Figure 3d, Figure S15). The blue shift from

2100 cm@1 to 2127 cm@1 suggests the increased electrophilicity

of Cu due to its oxidation. The surface carbon species as

electron acceptors have also been reported for CO2 activation

on metallic Cu, where CO2
d@ species were formed via electron

transfer from Cu0 into the 2pu orbital of surface CO2.
[12] Such

CO2
d@ species were identified by surface enhanced Raman

spectroscopy[29] and XPS.[30] In addition, the decomposition of

these carbon species can generate surface O atoms to form

Cu@O bond.[26,31]

The flow of electrons from Cu0 to Ce4+ and surface carbon

species under inert atmosphere proves the EMSCI concept

(Figure 3 f). Temperature programmed desorption (TPD) is

applied to support the presence of those surface carbon

species at 453 K in addition to the DRIFTS evidence. To

obtain a similar metallic Cu and CeO2 surface, the catalyst is

reduced first with CO at 453 K and then cooled to 298 K

under the CO atmosphere. Subsequent heating in He leads to

CO2 desorption. The released CO2 may come from the

decomposition of surface carbonates[26] or the desorption of

CO2 formed during CO reduction.[31] 0.20 mmolg@1 and

0.39 mmolg@1 of CO2 release are observed below and above

453 K, respectively (Figure 3e). The latter is stable under He

in the in situ study and is partially responsible for the

oxidation of Cu (Figure 3a,b). The remaining surface carbon

species that cannot be desorbed by heating in He may also

accept electrons and oxidise Cu. Density functional theory

(DFT) calculations with Bader charge analysis are performed

to evaluate the electron transfer between Cu0 and adsorbed

carbon species. Each Cu atom that adsorbs CO has extra

+ 0.11e and + 0.12e at low and high CO coverages, respec-

tively whereas each CO molecule gains @0.13e from Cu

(Figure S16, S17 and Table S4). When the coverage of carbon

species is further increased, the adsorbed carbon atoms, the

number of which equals to half of the Cu atoms, gain @16.58e

fromCu, resulting in+ 0.20e to+ 0.70e on individual Cu atom

Figure 3. Operando characterisation of Cu, Ce and surface carbon during the internal reaction of Cu0-CeO2 at 453 K in He. a) Contour map of the

Cu K-edge first derivative XANES spectra, showing the oxidation of Cu0 to Cu+. XANES spectra are shown in Figure S12. b) Contour map of the

SXPD patterns, showing the conversion of metallic Cu to Cu2O and the following amorphization of Cu2O. SXPD patterns are shown in Figure S13.

c) Contour map of the Ce L3-edge first derivative XANES spectra, showing the further increase of Ce3+ content by accepting electrons from Cu0.

XANES spectra are shown in Figure S14 and their fitting results are given in Table S3. d) DRIFTS spectra of the surface carbonyl species after CO

desorption. The initial spectrum obtained in CO at 453 K is labelled as 0 min (black curve) and the progress in He at 453 K is colour coded from

light violet to purple. e) Exhaust gas profile during TPD from 300 K to 673 K, then holding at 673 K for 30 min indicated by the pink-shaded

region. The CO released during TPD is negligible. f) Simplified models of the structural evolution from Cu0-CeO2 to Cu+-CeO2.
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(Figure S18). The theoretical calculations results validate the

electrophilicity of surface carbon species and its impact on

reducing the electron density of Cu. An O2 stage is then

carried out to study those residual carbon and the further

oxidation of Cu+/Ce3+.

O2 Stage: Electron Transfer from Ce4+, Surface Carbon, and Cu+

to O2

When switching to O2 at 453 K, the Ce3+ content recovers

to the initial level, whereas only a slight increase of Cu2+ is

found (Figure 4a,c). No significant change is found in SXPD,

suggesting Cu+ remains amorphous (Figure 4b). While the

majority of Cu remains in Cu+ state, a full reoxidation to Cu2+

is found on the surface as indicated in the NAP-NEXAFS

(Figure S22). A possible explanation is that a dense layer of

CuO is formed over the Cu2O surface, preventing further

oxidation of Cu+. We hypothesise that when the size of the

Cu2O decreases, the curvature of the surface CuO layer

increases and more Cu can be oxidised into Cu2+. An extreme

case is the atomic Cu sites, which can be completely oxidised

back to Cu2+ even under He flow.[22]

The residual surface carbonyl species with a band at

2137 cm@1 are removed via oxidation with simultaneously

released CO2 (Figure 4d,f), whereas the carbonates only

slightly decrease under O2 at 453 K (Figure S23). In addition

to the 0.59 mmolg@1 CO2 released during TPD in He up to

673 K (Figure 3e), temperature programmed oxidation

(TPO) of the residual surface carbon can further generate

0.28 mmolg@1 CO2 (Figure 4e). Therefore, at least

0.87 mmolg@1 of carbon species can be deposited and

0.67 mmolg@1 of them can contribute to the oxidation of

Cu0 via EMSCI. The amount of carbon deposited on the

surface may be directly proportional to the CO pressure

(PCO). The different PCO in each experiment may lead to small

inconsistencies in the carbon deposition as well as the time

required for achieving steady states (Table S5). Nevertheless,

the general picture on the direction of the electron flow via

EMSCI is valid.

Figure 4. Operando characterisation of Cu, Ce and surface carbon during the oxidation of Cu+-CeO2 at 453 K with O2. a) Contour map of the Cu

K-edge first derivative XANES spectra, showing the incomplete oxidation of Cu+ to Cu2+. XANES spectra are shown in Figure S19. b) Contour map

of the SXPD patterns, showing the crystalline Cu2O preserved during oxidation. SXPD patterns are shown in Figure S20. c) Contour map of the Ce

L3 edge first derivative XANES spectra, showing the recovery of Ce3+ content after oxidation. XANES spectra are shown in Figure S21 and their

fitting results are given in Table S3. d) DRIFTS spectra of the surface carbonyl species as they are oxidised and released as CO2. The initial

spectrum obtained in He at 453 K is labelled in purple and the progress in O2 at 453 K is colour coded from light blue to blue. e) Exhaust gas

profile shows the released CO2 during TPO from 300 K to 673 K, then holding at 673 K for 30 min indicated by the pink-shaded region.

f) Simplified models of the structural evolution from Cu+-CeO2 to Cu+/Cu2+-CeO2.
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CO Oxidation Kinetics at Four Stages of Electron Flow

EMSCI describes the flow of electrons in the sequence of

1) CO; 2) Cu0 ; 3) carbon + Ce3+; 4) O2. At these four stages,

the Cu oxidation states are Cu2+, Cu0, Cu+ and Cu+/Cu2+,

respectively. The CO oxidation kinetics is then studied at

these four stages (Figure S24) to understand the influence of

surface carbon and Cu species in catalysis.

The reaction temperature is controlled below 353 K to

preserve the initial states of the catalysts. The distinct CO

conversion profiles (Figure 5a) indicate the different catalytic

behaviours at each stage. In general, the CO oxidation activity

of the initial Cu species on CeO2 follows the order Cu2+
>

Cu+
>Cu0. The fully oxidised CuO-CeO2 shows the highest

turnover frequency (TOF) at 323 K and lowest apparent

activation energy (Ea) (Figure 5b,c blue) whereas the Cu0-

CeO2 shows the lowest activity and increased Ea (Figure 5b,c

red). The Cu0-CeO2 catalysts separately reduced by CO and

H2 show similar TOFand Ea in the kinetic region (Figure 5b,c

red and wine). However, the CO-reduced catalyst with

considerable amount of surface carbon shows much higher

activity in the high conversion region compared to the H2-

reduced catalyst which is free of carbon (Figure 5a red and

wine). It suggests that surface carbon on Cu0 species is

irrelevant to the activity in the kinetic region but can

significantly promote the reaction in the high conversion

region. After the CO-reduced Cu0-CeO2 is annealed in He,

the obtained Cu+ with reduced surface carbon shows in-

creased TOF (Figure 5). The obtained Cu+ cannot be fully

oxidised to the initial Cu2+ in 20% O2/He at 473 K, thus the

activity cannot fully recover although its Ea significantly

decreases (Figure 5a,c navy with open symbol).

The Ce3+ content is generally accepted to be inversely

proportional to thermodynamic oxygen vacancy formation

energy (Evac)
[23] which is regarded as a descriptor for CO

oxidation activity.[32] Unfortunately, there is no clear relation-

ship between the Ce3+ content and CO oxidation perfor-

mance can be correlated in this work. It suggests that

influence of Ce3+ content towards CO oxidation is not as

obvious as that of the Cu oxidation state.

In conclusion, the lower oxidation state of Cu species on

CeO2 leads to inferior CO oxidation activity. Surface carbon is

irrelevant to the activity in the kinetic region but can

significantly promote the reaction in the high conversion

region.

Conclusion

The concept of EMSCI is established to describe the

electron flow for the CuO-CeO2 system during CO oxidation.

More specifically, the electrons flow from CO to Cu, then to

Ce and surface carbon species, and finally to O2. The EMSCI

concept sheds light on the catalytic cycle of other CO and CO2

involved reactions promoted by polyvalent metal oxides. The

probability of transition metals transferring the d electrons to

the p* orbitals of surface carbon species will govern how CO2

or CO can be activated over the catalysts.
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Photovoltaics 2007, 15, 677 – 696; b) N. Tessler, Y. Preezant, N.

Rappaport, Y. Roichman, Adv. Mater. 2009, 21, 2741 – 2761.

[8] a) J. Graciani, K. Mudiyanselage, F. Xu, A. E. Baber, J. Evans,

S. D. Senanayake, D. J. Stacchiola, P. Liu, J. Hrbek, J. Fernan-

dez Sanz, J. A. Rodriguez, Science 2014, 345, 546 – 550;

b) E. T. C. Vogt, B. M. Weckhuysen, Chem. Soc. Rev. 2015, 44,

7342 – 7370.

[9] X.-L. Lu, X. Rong, C. Zhang, T.-B. Lu, J. Mater. Chem. A 2020, 8,

10695 – 10708.

[10] a) T. Herranz, S. Rojas, F. J. P8rez-Alonso, M. Ojeda, P. Terreros,

J. L. G. Fierro, J. Catal. 2006, 243, 199 – 211; b) E. de Smit, F.

Cinquini, A. M. Beale, O. V. Safonova, W. van Beek, P. Sautet,

B. M. Weckhuysen, J. Am. Chem. Soc. 2010, 132, 14928 – 14941.

[11] a) D. Teschner, E. Vass, M. H-vecker, S. Zafeiratos, P. Schnçrch,

H. Sauer, A. Knop-Gericke, R. Schlçgl, M. Chamam, A.

Wootsch, A. S. Canning, J. J. Gamman, S. D. Jackson, J. McGre-

gor, L. F. Gladden, J. Catal. 2006, 242, 26 – 37; b) D. Teschner, J.

Borsodi, A. Wootsch, Z. R8vay, M. H-vecker, A. Knop-Gericke,

S. D. Jackson, R. Schlçgl, Science 2008, 320, 86 – 89.

[12] M. Favaro, H. Xiao, T. Cheng, W. A. Goddard, J. Yano, E. J.

Crumlin, Proc. Natl. Acad. Sci. USA 2017, 114, 6706 – 6711.

[13] a) O. Piqu8, I. Z. Koleva, F. ViÇes, H. A. Aleksandrov, G. N.

Vayssilov, F. Illas, Angew. Chem. Int. Ed. 2019, 58, 1744 – 1748;

Angew. Chem. 2019, 131, 1758 – 1762; b) B. Mart&nez, O. Piqu8,

H. Prats, F. ViÇes, F. Illas, Appl. Surf. Sci. 2020, 513, 145765.

[14] M. B. Ross, P. De Luna, Y. F. Li, C. T. Dinh, D. Kim, P. Yang,

E. H. Sargent, Nat. Catal. 2019, 2, 648 – 658.

[15] a) C. S. Polster, H. Nair, C. D. Baertsch, J. Catal. 2009, 266, 308 –

319; b) H. Yen, Y. Seo, S. Kaliaguine, F. Kleitz, Angew. Chem.

Int. Ed. 2012, 51, 12032 – 12035;Angew. Chem. 2012, 124, 12198 –

12201; c) R. Kydd, W. Y. Teoh, K. Wong, Y. Wang, J. Scott, Q.-H.

Zeng, A.-B. Yu, J. Zou, R. Amal, Adv. Funct. Mater. 2009, 19,

369 – 377; d) D. Gamarra, G. Munuera, A. B. Hungr&a, M.

Fern#ndez-Garc&a, J. C. Conesa, P. A. Midgley, X. Q. Wang,

J. C. Hanson, J. A. Rodriguez, A. Mart&nez-Arias, J. Phys. Chem.

C 2007, 111, 11026 – 11038.

[16] a) X. Wang, J. A. Rodriguez, J. C. Hanson, D. Gamarra, A.

Mart&nez-Arias, M. Fern#ndez-Garc&a, J. Phys. Chem. B 2006,

110, 428 – 434; b) A. L. C#mara, S. Chansai, C. Hardacre, A.

Mart&nez-Arias, Int. J. Hydrogen Energy 2014, 39, 4095 – 4101.

[17] a) T. Nishiguchi, T. Matsumoto, H. Kanai, K. Utani, Y.

Matsumura, W.-J. Shen, S. Imamura, Appl. Catal. A 2005, 279,

273 – 277; b) J. Papavasiliou, G. Avgouropoulos, T. Ioannides,

Appl. Catal. B 2009, 88, 490 – 496.

[18] a) J. A. Rodriguez, P. Liu, D. J. Stacchiola, S. D. Senanayake,

M. G. White, J. G. Chen, ACS Catal. 2015, 5, 6696 – 6706; b) S.

Kattel, P. J. Ramirez, J. G. Chen, J. A. Rodriguez, P. Liu, Science

2017, 355, 1296 – 1299.

[19] a) 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, C. Q. Zou, R. Quintero-Bermudez, Y. J. Pang, D.

Sinton, E. H. Sargent, Science 2018, 360, 783 – 787; b) D.

Wakerley, S. Lamaison, F. Ozanam, N. Menguy, D. Mercier, P.

Marcus, M. Fontecave, V. Mougel, Nat. Mater. 2019, 18, 1222 –

1227.

[20] a) S. Y. Yao, K. Mudiyanselage, W. Q. Xu, A. C. Johnston-Peck,

J. C. Hanson, T. P. Wu, D. Stacchiola, J. A. Rodriguez, H. Y.

Zhao, K. A. Beyer, K. W. Chapman, P. J. Chupas, A. Martinez-

Arias, R. Si, T. B. Bolin, W. J. Liu, S. D. Senanayake, ACS Catal.

2014, 4, 1650 – 1661; b) F. Wang, R. Buchel, A. Savitsky, M.

Zalibera, D. Widmann, S. E. Pratsinis, W. Lubitz, F. Schgth,ACS

Catal. 2016, 6, 3520 – 3530.

Angewandte
ChemieResearch Articles

14427Angew. Chem. Int. Ed. 2021, 60, 14420 – 14428 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org



[21] T. E. James, S. L. Hemmingson, T. Ito, C. T. Campbell, J. Phys.

Chem. C 2015, 119, 17209 – 17217.

[22] L. Kang, B. Wang, Q. Bing, M. Zalibera, R. Bgchel, R. Xu, Q.

Wang, Y. Liu, D. Gianolio, C. C. Tang, E. K. Gibson, M. Danaie,

C. Allen, K. Wu, S. Marlow, L.-d. Sun, Q. He, S. Guan, A.

Savitsky, J. J. Velasco-V8lez, J. Callison, C. W. M. Kay, S. E.

Pratsinis, W. Lubitz, J.-y. Liu, F. R. Wang, Nat. Commun. 2020,

11, 4008.

[23] a) J. Paier, C. Penschke, J. Sauer, Chem. Rev. 2013, 113, 3949 –

3985; b) E. W. McFarland, H. Metiu, Chem. Rev. 2013, 113,

4391 – 4427.

[24] G. Avgouropoulos, T. Ioannides, H. Matralis, Appl. Catal. B

Environ. 2005, 56, 87 – 93.

[25] a) K. I. Hadjiivanov, G. N. Vayssilov, Adv. Catal. 2002, 47, 307 –

511; b) J. Schumann, J. Krçhnert, E. Frei, R. Schlçgl, A.

Trunschke, Top. Catal. 2017, 60, 1735 – 1743.

[26] M. S. Spencer, Surf. Sci. 1995, 339, L897 –L901.

[27] a) A. Holmgren, B. Andersson, D. Duprez, Appl. Catal. B 1999,

22, 215 – 230; b) C. Li, Y. Sakata, T. Arai, K. Domen, K. Maruya,

T. Onishi, J. Chem. Soc. Chem. Commun. 1991, 410 – 411.

[28] A. Parastaev, V. Muravev, E. Huertas Osta, A. J. F. van Hoof,

T. F. Kimpel, N. Kosinov, E. J. M. Hensen, Nat. Catal. 2020, 3,

526 – 533.

[29] M. Pohl, A. Otto, Surf. Sci. 1998, 406, 125 – 137.

[30] X. Deng, A. Verdaguer, T. Herranz, C. Weis, H. Bluhm, M.

Salmeron, Langmuir 2008, 24, 9474 – 9478.

[31] P. B. Rasmussen, P. A. Taylor, I. Chorkendorff, Surf. Sci. 1992,

269, 352 – 359.

[32] J. S. Elias, K. A. Stoerzinger, W. T. Hong, M. Risch, L. Giordano,

A. N. Mansour, Y. Shao-Horn, ACS Catal. 2017, 7, 6843 – 6857.

Manuscript received: February 19, 2021

Accepted manuscript online: March 17, 2021

Version of record online: April 8, 2021

Angewandte
ChemieResearch Articles

14428 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 14420 – 14428


