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Abstract: The identification of the active sites for the electro-

chemical reduction of CO2 (CO2RR) to specific chemical

products is elusive, owing in part to insufficient data gathered

on clean and atomically well-ordered electrode surfaces. Here,

ultrahigh vacuum based preparation methods and surface

science characterization techniques are used with gas chroma-

tography to demonstrate that subtle changes in the preparation

of well-oriented Cu(100) and Cu(111) single-crystal surfaces

drastically affect their CO2RR selectivity. Copper single

crystals with clean, flat, and atomically ordered surfaces are

predicted to yield hydrocarbons; however, these were found

experimentally to favor the production of H2. Only when

roughness and defects are introduced, for example by electro-

chemical etching or a plasma treatment, are significant

amounts of hydrocarbons generated. These results show that

structural and morphological effects are the key factors

determining the catalytic selectivity of CO2RR.

Introduction

The electrocatalytic conversion of carbon dioxide

(CO2RR) into valuable hydrocarbons, alcohols as well as

carbon monoxide has gained significant attention within

recent years as a promising technology to close the carbon

cycle and to build a sustainable and clean economy.

A remaining challenge is that even though advances on

the engineering side of the field have been made pushing the

obtained faradaic efficiencies higher than 80% for some of

the desired C2 hydrocarbons,[1] fundamental knowledge on

how the conversion proceeds at the atomic scale remains up

to debate.[2–6] The CO2RR is a complex reaction whose

selectivity depends on many factors such as the pH,[7, 8]

chemical state,[9–13] electrolyte composition,[14–16] surface cov-

erage[17–21] and binding strength of the reaction intermedi-

ates.[14,20, 22, 23] Theoretical and experimental studies attempt-

ing to understand the CO2RR mechanisms have mainly

focused on Cu(hkl) single crystal surfaces.[3,6, 18, 20, 24–26] Cu(100)

and Cu(111) have garnered particular interest due to

significantly different CO2RR selectivity with highly desirable

C2 products favoured on the Cu(100) surfaces.[18,25,26]

By understanding the facet-dependent selectivity of

model single crystal surfaces, results obtained on polycrystal-

line and/or oxide derived systems could be better understood

as a function of the presence of specific facets and/or

adsorption sites.[10,18,23, 24] This would also allow us to decouple

the influence of oxides present during the reaction from

structural surface properties.[26,27] Therefore, facetted nano-

scale catalysts have been widely employed in the past.[21,28–31]

Much of the work present in the literature has been based

upon foundational studies by Hori et. al.[18] that used

mechanical and electrochemical polishing[18,26] methods to

prepare the Cu(hkl) surfaces. On the other hand, theoretical

calculations focused on pristine atomically ordered surfaces[24]

that may not be suitable for the description of the more

structurally and chemically complex real-world systems. For

instance, in situ and operando spectroscopic and scanning

probe microscopy studies showed that facetted surfaces

change significantly under CO2RR conditions.[26, 27,29,32–34]

Although significant scientific effort has been dedicated

to the understanding of the active motifs and sites in CO2RR

over Cu surfaces in order to tune their selectivity towards

valuable hydrocarbons and fuels, numerous open questions

still remain.[23, 24,26,32, 35] So far, mechanistic understanding has

come from theoretical studies which still have numerous

challenges to overcome in order to mimic realistic electro-

chemical reaction conditions. On the other hand, experimen-

tal studies on atomically well-defined model single crystal

surfaces that would be analogues to the structures employed

in the calculations are still largely missing.[18, 26] By employing

pristine atomically flat ultra-high vacuum (UHV)-prepared

Cu(100) and Cu(111) surfaces for CO2RR, the present work

closes this gap.

Through a combination of microscopy and spectroscopy

techniques, coupled to online gaseous product detection, it

was possible to follow the evolution of the structure and

chemical state of atomically flat Cu surfaces in the course of

CO2RR. In contrast to prior theoretical predictions, such

surfaces do not exhibit a high hydrocarbon selectivity, but

instead, drastically favour hydrogen evolution over CO2RR.

The controlled introduction of defects by in situ UHVand ex
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situ pre-treatments was needed

to shift the selectivity towards

hydrocarbons up to the values

reported for electrochemically

polished single crystal surfa-

ces[18, 25, 26] Furthermore, by using

CO as a probe molecule, the CO-

binding strength on the differ-

ently prepared surfaces was

found to correlate to the hydro-

carbon selectivity.[22]

Results

The morphology of all sam-

ples prepared in UHV by a com-

bination of Ar sputtering and

annealing prior to any further

pre-treatment before the electro-

chemical testing was monitored

via UHV scanning tunneling mi-

croscopy (STM) and ex situ

atomic force microscopy

(AFM). Details on the sample

preparation workflow and elec-

trochemical set-up can be found

in the Supporting Information,

Figures S1 and S2. STM meas-

urements at room temperature in

UHV yielded atomically re-

solved images within large terra-

ces as shown in Figure 1a (inset),

2a (inset) and Figure S3 for the

Cu(100) and Cu(111) surfaces,

respectively. Ex situ AFM im-

ages also confirmed the exis-

tence of large terraces separated

by well-defined step edges or

bunches, Figures 1,2 (a). X-ray

photoelectron spectroscopy

(XPS) data confirmed the clean-

liness of these UHV prepared

and sputtered surfaces, showing

only metallic Cu without any

additional elements present, Fig-

ures S4, S5 (a,b) and S6 (a,b).

Electropolishing and ex situ

oxygen plasma treatments have been used to increase the

number of defects and the overall roughness of the UHV-

prepared samples.[9] The corresponding AFM images are

displayed in Figure 1 and Figure 2 (c-d) for the Cu(100) and

Cu(111) single crystals, respectively. Depending on the crystal

orientation, the different pre-treatments affect the surface

differently. Sputtering of the Cu(100) surface yields small

holes (ca. 2 nm depth), while a network-like structure with

larger holes (ca. 5 nm depth) is found on the Cu(111) surface.

In the electropolished samples, the well-defined step edges/

bunches observable for the UHV-sputtered samples are lost,

which is accompanied by the appearance of square or

triangular- shaped etch pits, depending on the surface

orientation. These structures are linked to oxygen etching

when employing high anodic potentials.[18] Interestingly, the

overall roughness as probed by AFM is rather similar for the

pristine UHV, the UHV-sputtered and the electropolished

samples, even though the local morphology and type of

defects observed are clearly distinct (Table S1).

Pre-treatment of the Cu surface with oxygen plasma

shows significantly different restructuring as compared to the

other treatments. Oxidation to Cu2O by the O2-plasma is

Figure 1. Ex situ AFM images of a Cu(100) single crystal surface acquired in air after different pre-

treatments before (a–d) and after 1 h of CO2RR at @1.0 V vs. RHE in 0.1 M KHCO3 (e–h). The insets

in (a) show room temperature UHV-STM images from large terraces (100 nm scale bar) and an

atomically resolved area (2 nm scalebar). The color scale of the AFM images goes from dark to bright;

a) 0–4 nm, b) 0–5 nm, c),f),g) 0–12 nm, e) 0–20 nm and d),h) 0–50 nm.

Figure 2. Ex situ AFM images of a Cu(111) single crystal surface acquired in air after different pre-

treatments before (a–d) and after 1 h of CO2RR at @1.0 V vs. RHE in 0.1 M KHCO3 (e–h). The insets

in (a) show room temperature UHV-STM images from large terraces (100 nm scale bar) and an

atomically resolved area (2 nm scale bar). The color scale for the AFM images goes from dark to bright;

a) 0–2 nm, b) 0–4, c)–f),h) 0–12 nm, g) 0–14 nm.
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revealed by the XPS data, Figure 3, Figure S4 and S5, and

AFM shows the roughening of the Cu(100) surface accom-

panied by the presence of agglomerated nanoparticle-like

structures (Table. S1). A smaller roughness and less plasma-

driven restructuring is observed for Cu(111) (Table S1), which

is assigned to the difference in oxidation to CuO that the

sample undergoes. It should be noted that conducting atomi-

cally resolved STM imaging in UHV on electropolished and

other electrochemically treated samples has been attempted

but found very challenging due to the presence of residual

carbonaceous species. Furthermore, any attempt to subse-

quently clean these surfaces might lead to an undesired

change of the surface structure. Nonetheless, ex situ AFM

images of the different surfaces after exposure to the CO2RR

conditions for 1 h in 0.1 M KHCO3 show the formation of

particulate aggregates on the surface of all samples. Surpris-

ingly, the initial surface features like step edges showing holes

alongside them (Figure 2e), or the etch pits formed through

some of the pre-treatments (covered by particles in the case of

the Cu(111) surface, Figure 2g), still persist through the CO2

electrolysis. The particles and agglomerates observable on all

surfaces after electrochemistry are either Cu or C species as

shown by XPS, which only detects carbon and oxygen in

addition to Cu after electrochemistry, Figure S7.

Quasi in situ XPS Cu LMM (Figure 3) and O-1s (Fig-

ure S5) spectra acquired after 1 h CO2RR reveal that,

regardless of the initial pre-treatment and as-prepared

oxidation state on our relatively smooth surfaces (ca. 37%

Cu2O + 63% Cu for both electropolished surfaces, 93%

Cu2O+ 7%CuO for plasma-treated Cu(100) and 100%CuO

for plasma-treated Cu(111), Table S2), copper is in its metallic

state after CO2RR, in agreement with prior literature

reports.[11,27,36–38] This finding rules out oxidation state effects

or the presence of subsurface oxygen in the single crystals as

responsible for the different selectivity trends displayed

below.

Carbon monoxide (CO) is an important intermediate in

the CO2RR reaction and is used here to probe its binding

energy to the different initial Cu

surfaces using temperature pro-

grammed desorption. Such

measurements have been previ-

ously proven highly valuable to

gain insight on polycrystalline

Cu surfaces within the frame-

work of CO2 electroreduc-

tion,[14,22] or were applied in iso-

lation[39] to well-defined single

crystal surfaces but, never in

combination as implemented

here. A summary of the results

for the differently prepared sam-

ples is shown in Figure 4 and the

complete datasets in Figures S8

and S9. Table S3 summarizes the

different CO binding sites on the

distinct surfaces together with

the binding energies extracted

from the Redhead method[40]

assuming a first order desorption process.

In Figure 4, for high CO exposures (1 L), the binding

strength of CO on the pristine UHV-prepared Cu(100) is

higher than on the Cu(111) surface (black dashed line for the

highest desorption temperature peak), which is in agreement

with current literature.[41] The strongest binding sites can be

observed for the lowest CO dosing of 0.01 L, with 154 K for

Cu(100) and 147 K for Cu(111). Following the Redhead

model, CO desorption activation energies of 39.5 kJmol@1

and 36.2 kJmol@1 were obtained, respectively, Table S3. These

peaks have been attributed to CO sitting linearly on top of

terrace sites, with the C atom bound to Cu ,.[41,42] With

increasing CO coverage, an additional desorption peak at

lower temperature is detected on each surface. On Cu(111)

this new desorption feature appears at 113 K and is sharper

than the one detected on Cu(100) at 121 K. These peaks, that

are observed at high CO dosage when the saturation of the

Figure 3. Quasi in situ Cu LMM XPS data obtained before and after 1 h of CO2RR at @1.0 V vs. RHE in

0.1 M KHCO3 for a) Cu(100) and b) Cu(111). The data are fitted by linear combination using reference

spectra measured for Cu, Cu2O and CuO.

Figure 4. CO temperature programmed desorption (TPD) data ac-

quired on differently pre-treated Cu(100) (a) and Cu(111) (b) single-

crystal surfaces before CO2RR. A heating rate of 2 Ks@1 was used, and

a maximum background dosing of CO of 1 L for all cases.
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surface is expected and multilayer adsorption takes place, as

also seen by the scalability of the peaks at higher dosing

(Figure S8 and S9), are affected by the interaction of CO

molecules with each other, which results in a weaker binding

to the Cu surface.[39,41, 43]

Similar features and line shapes can be observed for

sputtered surfaces, indicating that the short-range atomic

order of the surface remains similar, even though AFM shows

these surfaces to be disturbed on a mesoscopic scale. It is clear

however that the mild sputtering of a flat (pre-annealed) Cu

surface affects the CO binding properties, as slightly higher

desorption temperatures were obtained for the lowest CO

dosing (0.01 L) that probed the strongest binding sites, with

157 K for Cu(100) and 150 K for Cu(111). Also the lower

temperature desorption features for Cu(100) are found to be

broader and less defined, indicating a more disordered CO

saturation and multilayer coverage. Also it appears that the

CO surface-saturation is reached at lower CO exposures on

the sputtered samples.

For the electropolished surfaces, the observed CO de-

sorption peaks are significantly broader for all coverages and

the peak maximum for lower coverages (e.g. 0.05 L for

Cu(111)) is shifted to higher desorption temperatures of

163 K for Cu(111), indicating a stronger CO binding with

respect to the UHV-prepared surfaces. It was challenging,

however, to acquire TPD data for these surfaces at lower CO

coverages, likely due to residual contamination arising from

the electrochemical pre-treatment. Nevertheless, the trend of

stronger binding is clearly visible for both surfaces, especially

for the highest dosing cases of 1.0 L, as shoulder peaks at

temperatures as high as 185 K for Cu(100) and 198 K for

Cu(111) were additionally present.

The O2-plasma pre-treated samples clearly show the

strongest binding sites, with peaks at 199 K and 206 K for

Cu(100) and Cu(111) at 0.01 L, corresponding to desorption

activation energies of 51.4 an 53.3 kJmol@1. This finding

suggests the presence of a large amount of high-index stepped

sites as well as defects within the atomic lattice.[22,41–43] In

agreement to what has been previously observed on poly-

crystalline samples, the strong CO-binding sites are even

more dominantly present for oxide-derived and O2-plasma

treated samples[14, 22] as compared to the electrochemically

etched ones. The latter reveals that the sample pre-treatment

has in fact a strong effect on the defect density and

morphological features formed on Cu surfaces that are

expected to significantly affect the stability of CO and CO-

like intermediates during CO2RR, which will be discussed

later.

The electrochemical CO2RR activity and selectivity of the

differently pre-treated samples is shown in Figures 5 and 6.

Additional chronoamperometric curves are displayed in

Figure S10 and the electrochemical surface area (ECSA) in

Table S4. Interestingly, the ECSA data acquired after 1 h of

CO2RR, Figure S11, yielded a similar roughness for all

samples with the exception of the plasma-treated samples

and to a lesser degree the electropolished ones (Table S4),

which were found to be rougher. This is consistent with our

AFM analysis finding that revealed that all UHV-prepared

samples were widely flat, even after electrochemistry.

Apart from the O2-plasma pre-treated samples, no drastic

changes in the total geometric current density were observed

for Cu(100) or Cu(111), Figure 5(a) and Table S5. However,

a general apparent decrease in the activity is observed for the

electropolished and O2-plasma treated samples when the

ECSA is used for the normalization of the current densities.

This decrease appears to be associated with a lower partial

current density for H2, as can be seen in Figure 5(b). ECSA-

normalized partial current densities for the remaining prod-

ucts are shown in Figure S12.

As can be seen in Figure 6, the pristine well-ordered clean

surfaces do not exhibit a high amount of hydrocarbon

generation unlike what is expected from reports in the

literature on similar oriented surfaces,[2, 18,24] but generate

hydrogen as major product. The exception to this is the

surface obtained after the electropolishing pre-treatment that

results in a selectivity in good agreement with previous

reports applying similar treatments.[18,25, 26]

While the addition of surface defects via Ar-sputtering

results in an increased hydrocarbon generation as compared

to the pristine UHV-prepared samples, the C2+ selectivity is

marginally improved (5–8%) for both crystal orientations.

Figure 5. a) Total geometric- (left) and ECSA-normalized (right) cur-

rent densities and b) partial ECSA-normalized current densities for H2

(left) and the combined CO2RR products (right) acquired on differently

prepared Cu(100) and Cu(111) single crystal surfaces during 1 h of

CO2RR at @1.0 V vs. RHE in 0.1 M KHCO3.
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Nevertheless, some differences in the selectivity of both

surfaces can be observed, with Cu(100) favoring the gener-

ation of ethylene and Cu(111) that of methane.[25] In

accordance with prior work on oxide-derived catalysts, the

O2-plasma treated samples exhibit a higher C2 hydrocarbon

selectivity that is independent of the surface orientation.[9]

This observation supports the idea that the oxide-derived

effect is not linked to specific surface terrace orientation but is

instead linked to the presence of specific morphological

defect sites.[23] These findings are also reflected in the trend

depicted in Figure S13, where a correlation between the

strength of the binding of CO to the different Cu surfaces and

the selectivity for C2 products is presented. The data shown

correspond to the CO desorption activation energies obtained

by TPD on the differently pre-treated Cu surfaces for the

lowest-CO coverages that could be detected. Such low CO

dosings were selected as reference to probe the strongest

binding sites that are first populated. Interestingly, the

samples displaying the strongest CO binding sites (O2-plasma

pre-treated) were also the ones in which the C@C coupling

was favored. It should be however noted that this is only

a qualitative trend and that further work is still needed to fully

understand the trends observed.

Alcohols could only be detected in trace amounts (< 1%)

for the electropolished and plasma treated samples. Contam-

ination and impurities are known to stifle the CO2RR

performance for Cu-based catalysts,[44] however, the XPS

data only show Cu, C and O to be present after electro-

chemistry (Figure S7), reassuring that residual contamination

is not driving the differences observed in the selectivity

presented here. Similarly, no copper oxide species were found

to remain on these surfaces after CO2RR according to XPS.

Discussion

Our work on clean atomically ordered Cu single crystal

surfaces intends to provide a benchmark for the field of

CO2RR with respect to the expected structure-selectivity

trends for contaminant-free samples with a low density of

defects. On these UHV-prepared Cu surfaces, our experi-

mental data clearly reveal that CO2RR selectivity data

extracted from electropolished,

differently oriented Cu single

crystal surfaces may not be the

ideal proxy for theoretical pre-

dictions on these surfaces. As it is

demonstrated here, even ideal

UHV-prepared surfaces experi-

ence significant structural

changes under CO2RR, as was

already previously suggested.[45]

In fact, and regardless of the

surface orientation, we revealed

that the least-defective Cu surfa-

ces prepared (pristine UHV-

treated samples) are not highly

selective for hydrocarbons, spe-

cially C2+ products, but for the

parasitic hydrogen evolution reaction. It is only when defects

are purposely introduced to the flat atomically ordered

pristine Cu surfaces that we start to see the generation of

hydrocarbons up to the values reported in the literature

corresponding to the electropolished samples with a disor-

dered and defective surface, as indicated by our AFM and

TPD analysis.[18, 25] In agreement with our findings, the

possibility of introducing defects and other active structural

motifs upon electropolishing Cu single crystal surfaces has

also been previously described based on cyclic voltammetry

experiments.[46]

Many theoretical studies[24, 47] have been successful at

reproducing the high hydrocarbon yields obtained experi-

mentally on electropolished surfaces that we now demon-

strate are far from atomically ordered and structurally ideal.

In clear contrast, our present experimental work indicates

that theoretical calculations carried out on pristine (defect-

free) Cu surfaces should show a preferred H2 yield, which

does not seem to be the case in prior theoretical reports. We

hope that the present findings stimulate further development

of theoretical models, including more defective surfaces that

might help us solve this puzzle.

Moreover, we could demonstrate that the presence of

stronger CO bindings sites increases the amount of hydro-

carbons generated. Samples containing a higher amount of

defect sites and high index facets, as probed by COTPD, were

also found to display a higher hydrocarbon yield, thus

favoring CO2RR over HER. This is in agreement to prior

reports on polycrystalline Cu featuring a higher ethylene

selectivity when strong CO binding sites were available.[14,22]

Such sites encompass defects on the terraces, steps and high

index facets which mainly evolve when the pristine samples

are exposed to harsh pre-treatments such as electropolishing

or an oxidation and subsequent electrochemical reduction

under CO2 reaction conditions. Thus, it appears that the

catalytic reduction of CO2 from its initial activation on the

surface towards the crucial C@C coupling step takes place at

undercoordinated surface atoms (defects) and step

edges.[24,25,35]

Previously, the high selectivity for methane of electro-

polished non-oxide-derived Cu surfaces, has been fundamen-

tally ascribed to the presence of an specific surface facet, such

Figure 6. Distribution of the main CO2RR products (Faradaic efficiency) for differently prepared

Cu(100) (a) and Cu(111) (b) single crystal surfaces obtained after 1 h of CO2RR at @1.0 V vs. RHE in

0.1 M KHCO3. The data are averaged over two experiments with three injections each.
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as Cu(111), and that of ethylene to Cu(100).[21,24,25] Our

experiments reveal that when ideal, both of these atomically

ordered surfaces mainly produce H2, and that the presence of

specific defects (undercoordinated sites, steps) is more

important than large terraces with a specific surface orienta-

tion. Similarly, the performance of nanostructured materials,

which has been interpreted within the same structural frame-

work, should be now re-evaluated.[21, 31]

It should be also highlighted that prior literature assump-

tions have been based on experimental data obtained on

“model” electropolished Cu single crystals which are, as

demonstrated here, drastically different from pristine surfa-

ces. In particular, the latter are almost inert for CO2RR. Thus,

more emphasis should be put on the presence of specific step,

defective and undercoordinated sites and their impact in

nanostructured catalysts to understand their catalytic perfor-

mance.

Our results suggest that large low index terraces do not

facilitate the reduction of CO2, but favor HER, and that

hydrocarbon products are only detected upon introducing

defects, step edges/bunches and high index facets.[24,47] This

explanation is in line with a possible correlation obtained

between the ratio of C2/C1 products and the strength of the

CO binding for the lowest detectable CO coverages (stron-

gest binding sites) on the differently pre-treated single crystal

surfaces before electrochemistry, Figure S12. We have also

demonstrated experimentally that the structure of the distinct

single crystal surfaces investigated does not remain static

under CO2RR. Thus, this evolution could also affect the

strength of the CO binding that we can only probe exper-

imentally (CO-TPD in UHV) on the clean samples before

reaction. Nonetheless, and despite these transformations, it is

clear from Figure 6 that the initial pre-treatment and struc-

ture of the Cu surface has a very strong effect in the final

product selectivity. Therefore, we consider that the apparent

correlation observed between the CO binding strength to the

pristine Cu surfaces and the C2/C1 product selectivity will be

a valuable piece of information for theorists calculating

possible reaction pathways over Cu surfaces, given that they

also do not generally consider in their complex calculations

reaction-induced surface reconstructions.

A possible reason for the observed trends could be that

the initial CO2 activation and consequent reduction to CO is

not achieved on pristine low index surfaces due to a weak

binding of CO2 on these.We hope that our experimental study

will inspire further theoretical work in this direction.

Since the amount of hydrocarbons seen for the electro-

polished samples is the highest, this suggests that the overall

roughness (which was the highest for the O2-plasma treated

sample) cannot be solely accountable for the selectivity trends

observed.[9,26] Taking into account our quasi in situ XPS results

(Figure 3) demonstrating that all flat surfaces are metallic

after potentiotstatic CO2RR conditions (1 h

CO2RR),[11, 26,48, 49] the specific surface structure and presence

of defects and steps seems to play the main role in determin-

ing whether the surface is active for CO2RR or HER.

Furthermore, the enhanced performance for ethylene widely

reported in the literature for Cu(100) surfaces must be

revisited, since such selectivity may only be obtained when

highly defective Cu(100) surfaces are considered, including

the rough surfaces obtained after the electropolishing treat-

ments.

This is in agreement with our recent finding on Cu(100)

surfaces exposed to pulse electrolysis conditions, where we

could demonstrate that defects and higher index facets that

are present as a consequence of the electropolishing pre-

treatment and the electrochemical reduction of CuxO species

affect the ethylene yields.[26] In the former work however, the

CuI species formed through anodic surface pulsing were

found to favor the formation of ethanol, which is not observed

here on the atomically flat reduced Cu surfaces investigated

under constant negative applied potential (@1.0 V).

Conclusion

By combining the benefits of UHV preparation methods

and various pre-treatments with detailed morphological

characterization, a drastic impact of the surface structure on

the selectivity for CO2RR or HER of low-index Cu single

crystal surfaces was revealed. While pristine surfaces consist-

ing of large atomically ordered low index facets are found to

be almost inert for the reduction of CO2, defective and higher

index surfaces lead to the generation of hydrocarbons through

CO2RR. Interestingly, the yield of C2/C1 products was found

to be higher for the surfaces exhibiting a higher CO binding

strength.

Since theoretical calculations are majorly based on

modelling the CO2RR on pristine surfaces, our findings

highlight the importance of considering different types of

defects in their models. The present study emphasizes that,

unlike previously thought, pristine atomically ordered low

index facets such as Cu(100) are not the active sites for

CO2RR, including not yielding significant amounts of C2H4 at

the expense of hydrogen, until surface pre-treatments leading

to the formation of steps and other surface defects are

undertaken. Such defects, created for example during the

conventional electropolishing treatments or during pre-oxi-

dation-reduction routines, and are in fact responsible for the

desirable catalytic selectivity towards hydrocarbons.
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ChemPhysChem 2019, 20, 3120 – 3127.

[37] S. B. Scott, T. V. Hogg, A. T. Landers, T. Maagaard, E. Ber-

theussen, J. C. Lin, R. C. Davis, J. W. Beeman, D. Higgins, W. S.

Drisdell, C. Hahn, A. Mehta, B. Seger, T. F. Jaramillo, I.

Chorkendorff, ACS Energy Lett. 2019, 4, 803 – 804.

[38] J. J. Velasco-Velez, R. V. Mom, L. E. Sandoval-Diaz, L. J. Fall-

ing, C. H. Chuang, D. Gao, T. E. Jones, Q. Zhu, R. Arrigo, B.

Roldan Cuenya, A. Knop-Gericke, T. Lunkenbein, R. Schlçgl,

ACS Energy Lett. 2020, 5, 2106 – 2111.

[39] A. Kokalj, T. Makino, M. Okada, J. Phys. Condens. Matter 2017,

29, 194001.

[40] P. A. Redhead, Vacuum 1962, 12, 203 – 211.

[41] S. Vollmer, G. Witte, C. Wçll, Catal. Lett. 2001, 77, 97 – 101.

[42] M. Roiaz, L. Falivene, C. Rameshan, L. Cavallo, S. M. Kozlov, G.

Rupprechter, J. Phys. Chem. C 2019, 123, 8112 – 8121.

[43] T. Makino, M. Okada, Surf. Sci. 2014, 628, 36 – 40.

[44] Y. Hori, H. Konishi, T. Futamura, A. Murata, O. Koga, H.

Sakurai, K. Oguma, Electrochim. Acta 2005, 50, 5354 – 5369.

[45] W. Luo, X. Nie, M. J. Janik, A. Asthagiri, ACS Catal. 2016, 6,

219 – 229.

[46] A. K. Engstfeld, T. Maagaard, S. Horch, I. Chorkendorff, I. E. L.

Stephens, Chem. Eur. J. 2018, 24, 17743 – 17755.

[47] X. Liu, J. Xiao, H. Peng, X. Hong, K. Chan, J. K. Nørskov, Nat.

Commun. 2017, 8, 1 – 7.

[48] J. J. Velasco-V8lez, T. Jones, D. Gao, E. Carbonio, R. Arrigo,

C. J. Hsu, Y. C. Huang, C. L. Dong, J. M. Chen, J. F. Lee, P.

Strasser, B. Roldan Cuenya, R. Schlçgl, A. Knop-Gericke, C. H.

Chuang, ACS Sustainable Chem. Eng. 2019, 7, 1485 – 1492.

[49] Y. Lum, J. W. Ager, Angew. Chem. Int. Ed. 2018, 57, 551 – 554;

Angew. Chem. 2018, 130, 560 – 563.

Manuscript received: March 2, 2021

Revised manuscript received: April 23, 2021

Accepted manuscript online: May 21, 2021

Version of record online: July 21, 2021

Angewandte
ChemieResearch Articles

19175Angew. Chem. Int. Ed. 2021, 60, 19169 – 19175 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1021/acscatal.7b03477
https://doi.org/10.1021/acscatal.7b03477
https://doi.org/10.1021/acscatal.9b04746
https://doi.org/10.1021/acscatal.9b04746
https://doi.org/10.1039/c1sc00277e
https://doi.org/10.1039/c0ee00071j
https://doi.org/10.1002/anie.201301470
https://doi.org/10.1002/anie.201301470
https://doi.org/10.1002/ange.201301470
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1038/s41929-017-0018-9
https://doi.org/10.1021/acscatal.9b00483
https://doi.org/10.1021/acscatal.9b00483
https://doi.org/10.1021/acs.jpcc.8b04983
https://doi.org/10.1021/acs.jpcc.8b04983
https://doi.org/10.1021/acscatal.8b02587
https://doi.org/10.1021/acscatal.8b02587
https://doi.org/10.1021/acscatal.5b02550
https://doi.org/10.1021/acscatal.5b02550
https://doi.org/10.1021/jacs.7b06765
https://doi.org/10.1021/jacs.7b06765
https://doi.org/10.1021/acscatal.7b01416
https://doi.org/10.1021/acscatal.7b01416
https://doi.org/10.1021/acscatal.6b03147
https://doi.org/10.1021/acscatal.6b03147
https://doi.org/10.1038/s41929-019-0380-x
https://doi.org/10.1016/j.susc.2016.08.006
https://doi.org/10.1016/j.susc.2016.08.006
https://doi.org/10.1038/s41929-019-0397-1
https://doi.org/10.1021/jacs.5b06227
https://doi.org/10.1038/s41929-018-0201-7
https://doi.org/10.1021/acscatal.9b01899
https://doi.org/10.1021/acscatal.9b01899
https://doi.org/10.1016/S1381-1169(03)00016-5
https://doi.org/10.1016/S1381-1169(03)00016-5
https://doi.org/10.1038/s41560-020-0594-9
https://doi.org/10.1021/acs.nanolett.0c04703
https://doi.org/10.1002/anie.202007136
https://doi.org/10.1002/ange.202007136
https://doi.org/10.1002/ange.202007136
https://doi.org/10.1002/anie.201802083
https://doi.org/10.1002/ange.201802083
https://doi.org/10.1021/acscatal.0c00297
https://doi.org/10.1002/anie.201601582
https://doi.org/10.1002/anie.201601582
https://doi.org/10.1002/ange.201601582
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/ange.202010449
https://doi.org/10.1021/la504445g
https://doi.org/10.1021/jacs.0c10017
https://doi.org/10.1021/jacs.0c10017
https://doi.org/10.1021/jacs.7b03300
https://doi.org/10.1021/jacs.7b03300
https://doi.org/10.1002/cphc.201900468
https://doi.org/10.1021/acsenergylett.9b00172
https://doi.org/10.1021/acsenergylett.0c00802
https://doi.org/10.1088/1361-648X/aa66a3
https://doi.org/10.1088/1361-648X/aa66a3
https://doi.org/10.1016/0042-207X(62)90978-8
https://doi.org/10.1023/A:1012755616064
https://doi.org/10.1021/acs.jpcc.8b07668
https://doi.org/10.1016/j.susc.2014.05.013
https://doi.org/10.1016/j.electacta.2005.03.015
https://doi.org/10.1021/acscatal.5b01967
https://doi.org/10.1021/acscatal.5b01967
https://doi.org/10.1002/chem.201803418
https://doi.org/10.1021/acssuschemeng.8b05106
https://doi.org/10.1002/anie.201710590
https://doi.org/10.1002/ange.201710590
http://www.angewandte.org

