Please cite the Published Version

Wang, Lei, Peng, Hongjie, Lamaison, Sarah, Qi, Zhifu, Koshy, David M, Stevens, Michaela Burke,
Wakerley, David, Zamora Zeledén, José A, King, Laurie A, Zhou, Lan, Lai, Yungchieh, Fontecave,
Marc, Gregoire, John, Abild-Pedersen, Frank, Jaramillo, Thomas F and Hahn, Christopher (2021)
Bimetallic effects on Zn-Cu electrocatalysts enhance activity and selectivity for the conversion of
CO2 to CO. Chem Catalysis, 1 (3). pp. 663-680. ISSN 2667-1093

DOI: https://doi.org/10.1016/j.checat.2021.05.006
Publisher: Elsevier BV
Version: Accepted Version

Downloaded from: hitps://e-space.mmu.ac.uk/627937/

Usage rights: [c Creative Commons: Attribution-Noncommercial-No Deriva-

tive Works 4.0

Additional Information: Author accepted manuscript published in Chem Catalysis, published by
and copyright Elsevier.

Enquiries:

If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)



https://doi.org/10.1016/j.checat.2021.05.006
https://e-space.mmu.ac.uk/627937/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines

Bimetallic Effects on Zn-Cu Electrocatalysts Enhance Activity and
Selectivity for the Conversion of CO: to CO

Lei Wang'll, Hongjie Peng’ll, Sarah Lamaison!*l, Zhifu Qi'*, David M. Koshy!, Michaela
Burke Stevens!, David Wakerley!, José A. Zamora Zeledén!, Laurie A. King®, Lan Zhou’#,
Yungchieh Lai’, Marc Fontecave®, John Gregoire*’¥, Frank Abild-Pedersen*?, Thomas F.
Jaramillo*!*, and Christopher Hahn*3

"' SUNCAT Center for Interface Science and Catalysis, Department of Chemical Engineering, Stanford
University, California 94305, United States

2 Department of Chemical and Biomolecular Engineering, National University of Singapore, Singapore
117585, Singapore

3 SUNCAT Center for Interface Science and Catalysis, SLAC National Accelerator Laboratory, Menlo
Park, California 94025, United States

*Sorbonne Universités, Collége de France, Laboratoire de Chimie des Processus Biologiques, CNRS
UMR 8229, 75231 Paris, France

5 Zhejiang Energy Technology Research Institute Co. Ltd, Hangzhou, Zhejiang 311121, China
¢ Faculty of Science and Engineering, Manchester Metropolitan University, Manchester M1 5GD, U.K

7 Joint Center for Artificial Photosynthesis, California Institute of Technology, Pasadena, California,
91125, United States

8 Division of Engineering and Applied Science, California Institute of Technology, Pasadena, California
91125, United States

? Materials Science Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA.

IThese authors contributed equally to this work

Correspondence: hahn31@llnl.gov, jaramillo@stanford.edu, abild@slac.stanford.edu,
gregoire@caltech.edu.

1|Page


mailto:hahn31@llnl.gov
mailto:jaramillo@stanford.edu
mailto:abild@slac.stanford.edu
mailto:gregoire@caltech.edu

Summary: We report an active Zinc-Copper (Zn-Cu) bimetallic electrocatalyst for CO»
reduction to CO, prepared by a facile galvanic-procedure. Under moderate overpotentials, Zn-Cu
alloys that are Zn-rich exhibit intrinsic activity for CO formation superior to that of pure Zn, Cu,
and Ag, the latter of which is the state-of-the-art catalyst in CO; electrolyzers. Combinatorial
experiments involving catalysts prepared by physical vapor deposition reveal trends across the Zn-
Cu alloy system, corroborating the high CO selectivity unrivaled by other alloys and intermetallics.
A combination of physical and electrochemical characterization and first principles theory reveals
that the origin of this synergy in intrinsic activity is an electronic effect from bimetallic Zn-Cu
sites that stabilizes the carboxyl intermediate during CO:> reduction to CO. Furthermore, by
integrating Zn-Cu into gas-diffusion-electrodes we demonstrate that the bimetallic effects lead to
improved electrocatalytic performance at industrially relevant currents. These insights provide
catalyst design principles that can guide future development of efficient and earth abundant CO-
producing electrocatalysts.

Keywords: COz reduction, CO formation, bimetallic effect, electrocatalysis

Introduction

Syngas, a fuel gas mixture consisting primarily of CO and Hb», is one of the most important
resources in the chemical industry as a precursor for many products including high energy density
fuels, e.g. methanol, ammonia and synthetic petroleum.! Active research on converting syngas to
higher alcohols through either thermal or biocatalytic processes are expected to further boost the
syngas industry.>> As the majority of syngas is currently produced from fossil fuels,* it would be
of great value to establish sustainable pathways to CO and H». One such route for generating CO
is electrochemical CO; reduction (CO2R), where CO,, H>O, and renewable electricity can be used
to upgrade CO; into CO. This is a promising strategy to mitigate CO; emissions by developing a
carbon industry based on CO; that stores variable electricity from renewable sources in chemical
form.>”’

Establishing catalyst design principles for maximizing selectivity and activity towards desired
products is crucial for the industrialization of electrochemical CO2R. Many successful strategies
that have been reported for developing high-performance CO-production catalysts including nano-
structuring state-of-the-art Au and Ag catalysts,®* '3 combining metals into multimetallic
electrocatalysts,'*?* incorporating first row transition metals into heteroatom-doped graphitic
carbons,”*! and immobilizing molecular catalysts onto electrode surfaces.*> > As shown in Fig.
1, precious metal Au- and Ag-based materials remain as the most active electrocatalysts for CO2R
to CO, motivating the development of new catalysts comprised of earth abundant metals. In
addition to their high intrinsic activity and selectivity for CO production, nano-structuring Au and
Ag materials has been shown as a promising strategy to further improve their geometric activities
by leveraging a combination of surface area effects,*® local pH!! and field effects.” However,
normalizing the geometric activities of nanostructured Au and Ag electrodes to their corresponding
electrochemically active surface areas (ECSA), similar or even lower activities are obtained in

2|Page



comparison to those of planar Au and Ag foils, suggesting that increasing their electrode surface
areas does not improve intrinsic activities. Transition metals and nitrogen doped carbons (M-N-C)
have also been extensively studied as CO producing catalysts.’!">* An important area of study is
identifying and quantifying the active sites due to substantial heterogeneity of these materials with
many distinct, isolated motifs. Efforts to understand these factors are critical to overcome the
generally low density of active sites of M-N-C type materials and to make them competitive to the
precious metal catalysts on an electrode area basis. Molecular catalysts are known to have high
turnover frequency (TOF) per site for reducing CO2 to CO, e.g. a TOF ~ 10* has been observed
for a Fe-porphyrin catalyst at overpotential of 0.56 V.37 After immobilized to conductive substrate,
molecular catalysts behave similarly to the M-N-Cs, which is expected due to the similarity of
their active motifs.*** Understanding how the intrinsic activity of the molecular catalyst is
affected by heterogenization to the solid-electrolyte interface remains a significant research
challenge.’®
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Figure 1. Electrocatalytic performance of various materials for aqueous COzR to CO under
neutral pH. Using planar Au-, Ag- and Zn-based catalysts as references, four different types of
materials are categorized: Au and Ag nano-materials (Au needles;’ OD-Au;® Au-NPs;!'? np-Ag;'?
OD-Ag;!'! Ag-1I0'"%); bimetallics (AuFe;'® AuosPds;'* AusCu,?! PdCu;!'” CuSn;* Culn;!® CuZn;*
ZnAg;" CuCd?); metal- and nitrogen-doped carbon materials (M-N-C) (Ni-NG;?® Ni-NSG;*° Ni-
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N4;?” Ni-PACN;*® Fe-N-C;® FeNy;*! Co-Ns;?°) and immobilized molecular catalysts (Re(tBu-
bpy);* Co-COF;*? Co phthalocyanine®*). Solid symbols represent the geometric current densities,
hollow symbols represent the ECSA-normalized current densities (if reported). Data points were
adapted from corresponding literatures (Supplementary Table 1-2). All catalysts were tested in H-
type cells or equivalents under aqueous conditions. The Cu-based catalysts are all highly selective
for CO, with only H> and formate as major by-products.

By mixing metals at the atomic level, e.g. through alloying, solid solutions, intermetallic and
segregated phases, the electronic properties of the resulting metallic surfaces can be modified and
tuned to facilitate CO formation. Thus, bimetallic materials based on non-precious metals are
promising for replacing the state-of-art Au- and/or Ag-based catalysts. In fact, several studies have
demonstrated synergistic bimetallic effects for CO formation, showing enhanced activity with
respect to the sum of their monometallic catalysts.'*?* However, clear demonstrations of
improving the intrinsic activity for CO2R to CO through bimetallic effects among non-precious
metal catalysts are rare. Thus, further probing and understanding mechanisms among bimetallic
catalysts are needed to establish structure-performance relations, which can ultimately lead to
improved intrinsic activity that is comparable or higher than that of precious Au- and/or Ag-based
catalysts. As Zn is the only non-precious material in the group of CO-producing monometals it is
a promising candidate for bimetallic studies.’® However, Zn has a lower intrinsic activity and
selectivity for CO2R to CO compared to Au and Ag (Fig. 1),”** which is likely related to the
weak CO binding energy on Zn surfaces.**** As Cu has a moderate CO binding energy which is
higher than that of Zn, incorporating Cu into Zn could, in principle, increase the CO binding energy
of the bimetallic surface, and potentially upgrade its CO2R performance.*’ Previous efforts have
shown that bimetallic alloys of Zn,Cu;., (Zn-Cu) that are Zn-rich are selective towards syngas (CO
and H»),%? while those that are Cu-rich favor > 2e- products.**® These promising results motivate
further studies to understand whether alloying Zn and Cu enhances the bimetallic’s intrinsic
activity for CO2R to CO, and the specific atomic-scale interactions between Zn and Cu (e.g., ligand
and strain effects) that engender improved catalytic performance.

In this work we prepare Zn-Cu catalysts in a different manner, exploiting a galvanic exchange
procedure to synthesize a planar Zn-Cu bimetallic catalyst with relatively high surface Zn to Cu
ratio that is highly selective for CO2R to CO. Synchrotron X-ray absorption spectroscopy
demonstrates that incorporating Cu engenders an electronic effect that transfers outer shell electron
density from Zn to Cu. We hypothesize that this electronic effect is responsible for the observed
synergistic catalytic activity of Zn-Cu for CO2R to CO, which is greater than that of pure Cu or
Zn. Density functional theory (DFT) calculations suggest that the bimetallic promotes the overall
reaction rate towards CO formation by stabilizing the carboxyl (COOH*) intermediate. We used
the same galvanic exchange procedure to implement powder-based Zn-Cu onto a gas diffusion
electrode (GDE), and demonstrate that the catalyst is active and selective for CO2R to CO at
industrially relevant current densities in a vapor-fed device. The design principles and insights
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resulting from this work can guide the future development of earth abundant catalysts for CO;
electrolyzers.

Results and Discussion

Synthesis and characterization of Zn-Cu bimetallic electrocatalysts. The Zn-Cu electrodes
were prepared by immersing pre-polished polycrystalline Zn foils into a dilute CuSO4 solution at
room temperature for a short period of time (referred to Zn-Cu (ns) electrodes, ns denotes time as
1, 5, 30, and 60 seconds). There is an obvious visual change upon deposition as the sample changes
from silver to black in color. A representative scanning electron microscope (SEM) image of the
Zn foil before and after 5 seconds of the galvanic exchange is shown in Fig. 2a and 2b, respectively.
Notably, a layer of nanoparticles (50-100 nm in size) is seen to form on the surface of Zn foil from
this rapid treatment (Fig. 2b), indicating that the galvanic exchange procedure rapidly roughens
the surface of Zn during the process. X-ray photoelectron spectroscopy (XPS) analysis suggests
that the surfaces of these nanoparticles are enriched in Zn with a Zn:Cu ratio of ~10:1
(Supplementary Fig. 1). A comparison of SEM and XPS data for 1, 5, 30, and 60 seconds Zn-Cu
electrodes indicates that Cu composition and nanoparticle size increase concomitantly with the
reaction time (Supplementary Fig. 2). We propose that the surface roughening results from rapid
Zn crystal deformation, starting from the grain boundaries and defects, likely due in part to the

large thermodynamic driving force of the galvanic reaction (Eg 2+ Jzn =11 V). 4% Grazing

incidence X-ray diffraction (XRD) was performed (Supplementary Fig. 3) to assess the
crystallinity of the prepared samples. No new XRD patterns emerged nor were expected for Zn-
Cu bimetallic formation, due to a combination of the rough electrode-surface which will introduce
significant amount of bulk-Zn signals even for grazing incidence configuration, and the similarity
of the XRD patterns for Zn and Zn-Cu alloys that are Zn-rich.** The absence of a pure Cu-metal
phase, however, indicates a bimetallic surface without major phase separation. Atomic force
microscopy (Supplementary Fig. 4) was introduced to directly measure the surface area differences
between the Zn-Cu electrodes and the planar Zn foil-based electrode. In addition, double layer
capacitance measurements (Supplementary Fig. 5) were also introduced to measure the increase
in double layer capacitance of Zn-Cu compared to that of Zn foil, since it should scale with the
electrochemical active surface area. Increase of 1.35 and 2.5 times in surface area were obtained
for Zn-Cu electrode by the above two different measurements, respectively. Thus, while the
galvanic exchange procedure nanostructures the surface, we conclude that it leads to relatively
minor changes in the porosity of the electrodes.
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Figure 2. Physical characterization of the Zn-Cu bimetallic surface. SEM of Zn foil before (a)
and after (b) galvanic exchange for 5 seconds in 10 mM CuSO4. XPS sputter depth profiling of the
Zn-Cu (5s): (c) the surface compositions of Zn and Cu as a function of sputtering time, the balance
of elements is oxygen. (d) the 2p3/2 peak positions of Zn and Cu at different sputtering times. The
sputtering rate is ca. 1 nm/min. XAS spectra: Normalized Zn K-edge (e) and Cu K-edge (f) X-ray
absorption spectra for Zn-Cu (5s); Zn foil, ZnO and Cu foil are provided as references.

Electronic interactions between Zn and Cu in the near-surface region of Zn-Cu bimetallics.
The Zn-Cu (5s) electrode was probed with XPS to investigate its surface composition and
electronic structure. The presence of XPS peaks at binding energies of 1022.5 (Zn 2p3/2) and
1045.5 eV (Zn 2p1/2) indicates that ZnO is present in the as prepared sample. As Zn metal is
readily oxidized by air to form a native oxide layer (A/G°zno = 320.5 kJ mol "),* we suggest that
ZnO forms from oxygen exposure prior to the ex situ XPS measurement. This oxidation process
is more rapid when the surface consists of nanoparticles,’® which are present on the Zn-Cu samples
in our work. Based on Pourbaix analysis of Zn,* we suggest that the native oxide is reduced to Zn
metal under CO2R conditions. This hypothesis is in agreement with recent ex situ and operando
characterization studies®'> that indicate metallic Zn is the active phase for electrochemical COR.
On the other hand, Cu is likely in its metallic state in a Zn-Cu alloy (vide infra), as only a Cu 2p3/2
peak was observed at a downshifted binding energy of 932.0 eV with a notable absence of satellite
peaks for both CuO and Cu,0, and about ~1 eV lower than that of pure Cu metal.>® This suggests
a strong ligand effect from neighboring Zn atoms, further below we describe our efforts involving
X-ray absorption spectroscopy (XAS) to further probe electronic structure. XPS depth profiling
using argon sputtering shows that both the Zn/Cu ratio and the Zn 2p3/2 peak position are
dependent on the sputter time (Fig. 2¢, d, Supplementary Fig. 6). We hypothesize that the trend of
Zn surface segregation arises because Zn is more oxophilic than Cu, which is commensurate with
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the aforementioned conclusion that ZnO is present on the surface. Conversely, the Cu 2p3/2 peak
position is consistent at ~932.0 eV, suggesting that the electronic structure of Cu is similar
throughout the probe depth.

To further investigate these electronic interactions, we performed synchrotron XAS on the Zn and
Cu K-edge within both their near-edge structure (XANES, Fig 2e, d) and extended X-ray
absorption fine structure (EXAFS) regions (Supplementary Fig. 7) for the Zn-Cu (5s) electrode.
Zn K-edge XANES reveals no prominent pre-edge feature for Zn-Cu (5s) with a lower edge energy
0f' 9658.7 eV compared to 9659 eV for the Zn foil reference, suggesting that Zn within the Zn-Cu
(5s) electrode is mainly in a reduced state. Although XPS results indicate that ZnO is present on
the surface of Zn-Cu (5s), ZnO features were not observed in the XANES data for Zn-Cu (5s); we
attribute the lack of ZnO features in the XANES data to the large XAS probe depth (~ 1um) relative
to the thin ZnO layer (<5-10 nm). Analysis of the Zn K-edge EXAFS region corroborates this
conclusion, as there is a single scattering peak at 2.25 A that is consistent with Zn-Zn metal
bonding (Supplementary Fig. 7). Notably, the Cu K-edge XANES of Zn-Cu (5s) shows
substantially different features relative to those of the Cu foil reference. In particular, the pre-edge
peak at ~8981 eV that is prominent for the Cu foil is greatly suppressed for Zn-Cu (5s). Based on
the calculated projected density of states (PDOSs) for Zn 4s and Cu 4s orbitals in Zn-Cu (5s)
(Supplementary Fig. 8), we attribute this phenomenon to Zn donating 4s electron density to
neighboring Cu atoms, which is in agreement with conclusions from previous studies on Zn-Cu
alloys.>* Similar to the XPS results, the Cu K-edge EXAFS data shows a single peak at 2.25 A
indicating that Cu is in a primarily metallic state (Supplementary Fig. 7). All the above evidence
demonstrates that the galvanic exchange process generates a well-mixed bimetallic system instead
of a Cu layer on top of the bulk Zn metal. Moreover, there are strong electronic interactions
between Zn and Cu atoms in the Zn-Cu (5s) bimetallic, exhibiting distinct electronic properties in
comparison to those of pure Zn and Cu.
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Figure 3. CO:R by Zn-Cu (5s) bimetallic catalysts and its performance comparison to
pristine Zn and Cu. Faradaic efficiencies (FE) and normalized partial current densities for CO
formation on the Zn-Cu (5s) bimetallic electrode and literature data for Zn and Cu electrodes,*® as
a function of the applied potential. Data points for Zn-Cu (5s) are averaged from three individual
measurements. The only other measured products are H> and formate (Supplementary Table 3).

Electrocatalytic performance of Zn-Cu bimetallic electrodes. The electrocatalytic CO2R
performance of the Zn-Cu electrodes were evaluated using 0.1 M KHCOj3 as the electrolyte in a
two-compartment electrochemical cell. We first investigated how the surface concentration of Cu
in Zn-Cu affects the CO2R activity by using a combination of cyclic voltammetry (CV) and
chronoamperometry (CA) measurements to evaluate the 1, 5, 30, and 60 seconds Zn-Cu electrodes.
The results indicate that the CO2R to CO activities do not scale linearly with the surface Cu
concentration, and instead plateau after 5 seconds of the galvanic exchange treatment
(Supplementary Fig. 9). Thus, for the remainder of this work we used the Zn-Cu (5s) electrode as
a platform for a deeper investigation of CO2R activity and selectivity.

To determine whether incorporating Cu into Zn enhances the intrinsic catalytic activity, we
compared the electrocatalytic performance of Zn-Cu (5s) to that of pure Zn and Cu. Initial CV
measurements suggest that Zn-Cu (5s) electrode has a higher current density compare to pristine
Zn and Cu celectrodes under the same CO;R catalytic condition (Supplementary Fig. 10),
motivating more detailed CA measurements with product quantifications to confirm the increase
in current density is a result of enhancement in CO2R activity. As the galvanic exchange procedure
induces nanostructuring of Zn-Cu (5s), we accounted for differences in the surface area of the
electrodes by normalizing partial current densities to several metal foil-based electrodes (Zn, Ag,
Au) and employing several different surface area measurements (Supplementary Fig. 4, Fig 5,
Note 1). At the same electrode potential (—0.96 V vs. RHE) Zn-Cu (5s) is almost fully selective
(97% FE) for the CO pathway, whereas Zn is only 30% selective (FE) (Fig. 3a). Formate and
hydrogen are minor products evolved from Zn-Cu; no additional products were detected
(Supplementary Table 3). The normalized data indicates that Zn-Cu (5s) is 7 times more active
than pure Zn for CO2R to CO at an electrode potential of —0.96 V vs. RHE (Fig. 3b). The above
results indicate that Zn-Cu (5s) is more selective than Zn for CO2R to CO by improving both the
intrinsic catalytic activity for the CO2R to CO pathway and suppressing the competing HER. To
compare the intrinsic catalytic activities of Zn-Cu (5s) and Cu, we analyzed the normalized total
COz consumption rates to account for the fact that Cu is more selective for further reduced products
beyond CO (Supplementary Fig. 11). This assessment clearly demonstrates that Zn-Cu (5s) has a
faster CO2R rate than pure Cu and Zn regardless of which product is being formed from CO»,
indicating that incorporating Cu into Zn engenders a synergistic effect that improves the intrinsic
COzR activity of Zn-Cu bimetallic beyond that of either of its component metals.

Since previous research has shown that nanostructuring CO2R electrocatalysts can also induce
changes in selectivity through porosity effects,? we further investigated trends in reactivity using
sputtered thin films of Zn-Cu with negligible surface roughness, since the thin-film based
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electrodes are reasonable approximation to the galvanic exchanged system due to their similar
surface Zn:Cu ratio. A comparison of sputtered ZnioCu; and Zn films across a range of electrode
potentials shows similar trends in activity and selectivity as those described above for the Zn-Cu
(5s) and Zn foils (Supplementary Fig. 14). For example, the Zn;oCu; film in comparison to the Zn
film exhibits significantly improved intrinsic activity and selectivity for CO2R to CO and
suppressed intrinsic activity and selectivity for the HER. These results corroborate our conclusion
that the aforementioned synergy in intrinsic activity is likely due to a bimetallic effect rather than
an electrode surface area effect. To better understand the impact of the electrode composition on
reactivity, we also prepared and tested ZniCuio thin films to reflect the other extreme of a high
Cu:Zn ratio for the sake of comparison. While these ZniCuio films show similar partial current
densities for CO formation as those for Zn;oCu; films, the Zn;Cuyo films are also more active and
selective for the HER and for > 2 e~ CO; reduction products, more similar to pure Cu. Thus, the
results indicate that a Zn-rich surface is more favorable for applications that require high selectivity
for CO2R to CO.

To assess a broader range of Zn-Cu bimetallic compositions, the study of sputtered films was
extended to a composition library in which 5 compositions spanning 4% to 70% Zn were
synthesized. These films were examined for CO2R at —0.85 V vs RHE using a specialized high
throughput electrochemical recirculation cell, enabling product distributions to be assessed after
only 15 min. of electrolysis. The results are shown in Supplementary Fig. 15 and demonstrate that
the intrinsic activity and product selectivity vary dramatically with film composition. For lower
concentrations of Zn, the HER activity increases substantially with increasing Zn concentration up
to approximately 50%, reaching a current density of 13.5 mA cm™ corresponding to a Faradaic
efficiency of over 83% for H,. Further increasing in Zn concentration from 50% to 70% results in
more than 10-fold decrease in Hz partial current density and more than 10-fold increase in CO
partial current density. These trends continue with increasing Zn concentration to the ZnioCu
catalyst noted above, which exhibits catalyst selectivity beyond that observed in any of the other
alloy compositions. This maximum in CO selectivity coincides with the formation of an hep alloy
in the sputter deposited films, as was observed with the galvanic exchange catalysts discussed
above. The collective results involving Zn-Cu catalysts, prepared in various ways across a range
of compositions and investigated in multiple laboratories, robustly demonstrate the unique
catalytic properties of Cu alloyed in hcp Zn. This motivates theoretical investigations of the
selectivity-enhancing mechanisms involved.
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Figure. 4. DFT calculations. Free energy diagrams of (a) CO2R to CO (1 pbar) and (b) HER on
clean stepped hcp Zn(100) and Acp Zn11Cui(100) surfaces at 0 V vs. RHE. Each reduction step is
assumed to proceed through transferring a proton-electron pair to the surface species. The potential
of 0 V vs. RHE is set to clearly show the PDS rather than reflecting the actual CO2R condition. (c)
Optimized atomistic configurations showing the adsorption of key intermediates (COOH* and
CO* for CO2R; H* for HER) on the surfaces. Purple grey, dark yellow, grey, red, and white spheres
refer to Zn, Cu, C, O and H atoms, respectively. (d) Adsorption free energies (AGadgs) of COOH*
and H* on step sites as a function of the compositional fraction of Cu in the near-surface (top two)
layers of different catalytic surfaces, where ZniCug and Cu are in the fcc crystal structure.

Theoretical insights on the impact of bimetallic effects on surface reactivity. The above
experimental (Fig. 2) and computational (Supplementary Fig. 6) results on Zn-Cu alloys suggest
that the observed synergy in activity is related to an electronic effect between Zn and neighboring
Cu atoms that affects the adsorption of key reaction intermediates. To further gain insight into this
enhancement in performance, we carried out theoretical simulations based on density functional
theory (DFT). Since undercoordinated sites have been identified as the major active sites for CO2R
to CO,*® we therefore evaluated reaction energetics for both CO2R and the competing reaction
HER, on stepped surfaces of Zn-Cu alloys with different surface compositions (see details in the
Computational Details and Supplementary Fig. 16). The CO;R mechanism is considered to
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proceed through the sequential two-step reduction of an adsorbed CO; to COOH* and then to CO*
and water, followed by the desorption of CO (Fig. 4a), while a Volmer—Heyrovsky mechanism is
considered for HER (Fig. 4b). Fig. 4a shows that the potential determining step (PDS) is the first

protonation step to form COOH?*. The Zn;1Cu; surface possesses a stronger COOH* adsorption

energy (AngC;OH*) by 0.15 eV compared to that of the pristine Zn (0.44 eV), which can explain the

earlier onset potential for CO production on the Zn-Cu (5s) electrode. At sufficiently negative
potentials (e.g., —0.96 V vs. RHE), both CO formation and HER become thermodynamically
favorable (Supplementary Fig. 17). The suppression of the HER in Zn-Cu (5s) is also explained
by the computational modeling. On one hand, surface H* is stabilized by incorporating Cu into Zn
which should in principle improve HER activity, however, this is not the case for two reasons.
First, this effect is not as profound as that for COOH?*, indicating a smaller effect on the HER than
for the CO2R (Fig. 4b). Secondly, CO-poisoning can have a substantial impact on H-binding and
on the resulting HER activity.>” At high CO coverages, the H* is actually weakened substantially
during true operating conditions, an effect that suppresses the HER activity of Zn-Cu more so than
with Zn (Supplementary Fig. 18). As revealed by the binding configurations, the two metals of the
Zn-Cu site synergistically contribute to the COOH* stabilization through Cu-C and Zn-O
coordination, respectively (Fig. 4c). CO and OH adsorption energies on individual Zn and Cu sites
demonstrate the relatively stronger carbophilicity of Cu and stronger oxophilicity of Zn
(Supplementary Fig. 19). Similarly, the Zn-Cu dual site in Zn;Cus also has a more negative

AGS&QOH* than the monometallic Cu site (Fig. 4d and Supplementary Fig. 20). This is in agreement
with the experimental results (Supplementary Fig. 14): an enhanced CO formation activity is

observed on the Cu-rich Zn-Cu surface, while retaining the Cu-like ability for further reduction of

CO into multi-carbon products. The AGaCd(zOH* as a function of the Zn/Cu composition displays a

non-monotonic correlation (Fig. 4d) and thus demonstrates the key role of the bimetallic sites in

optimizing the reaction energetics. AGaC(gOH* and AGE;S are usually used to assess the CO2R to CO

and HER activity, respectively,”® and narrowing the difference between the two (A(AG) =

AGaC(gOH* - AGaHdZ) can lead to an onset potential of CO2R closer to that of HER. Note that the

Volmer step in HER is inherently different in reaction nature from COOH formation and thus
A(AG) can only serve as a relative measurement of CO2R-to-CO vs. HER selectivity. Deeper
understanding of the factors that control selectivity necessitates sophisticated electrochemical

barrier calculations. Field-stabilization of a bent CO»* intermediate involved in COOH formation

also contributes to favoring CO2R over the HER.%® By comparing AGow’! and AGLL in a range

of stepped metal surfaces, we find that Zn-rich Zn;1Cu; exhibits the smallest A(AG) among all the
weak-binding elementary metals known for catalyzing CO2R to CO whereas strong-binding metals
with even smaller A(AG) suffer from strong CO poisoning effect that limits their CO2R activity
(Supplementary Fig. 21). CO poisoning is known to have a more profound effect on CO2R than
HER owing to the stronger lateral interaction between adsorbed CO* and CO2R intermediates
(CO* and COOH*) than H*.%° Overall, the reduced A(AG) from pristine Zn to Zn;1Cu, along with
a moderate CO binding strength on Zn;;Cui, comprises the main mechanistic insight for the
enhanced CO production activity and selectivity on bimetallic Zn-Cu (5s).
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Figure. 5. CO2R performance comparisons among galvanic prepared Zn-Cu (5s), planar Ag and
Au electrodes!'®. Within a large potential window, the foil-based Zn-Cu (5s) electrode show higher
selectivity for CO formation compare to foil-based Ag catalyst. Zn-Cu (5s) exhibits slightly higher
CO partial current density (normalized to Zn foil by ECSA) compared to Ag foil.

Evaluating the long-term stability of Zn-Cu (5s) and its performance in comparison to
precious metal catalysts. As shown by SEM and XPS data, the nanostructure and surface
composition of the Zn-Cu (5s) electrode are relatively unchanged after 1 hour of CO2R testing
(Supplementary Fig. 12). Longer-term testing over 20 hours indicates that the CO production rate
remains relatively stable; there is a minor decrease in selectivity for CO2R to CO (95% to 86% FE)
due an increase in the HER over time (Supplementary Fig. 13). This increase in the HER 1is likely
due to electroplating of trace impurities (e.g. transition metals) onto the cathode over long periods.
Nonetheless, this initial stability test indicates that Zn-Cu (5s) is promising for long-term
application in CO2R electrolyzes.

As we discuss above, to the best of our knowledge there has not been a previous report of an earth
abundant bimetallic that has better or similar intrinsic activity for CO2R to CO than Ag or Au,
which are precious metals that are typically the major or only constituents of state-of-the-art
catalysts. An analysis of CO2R on Zn-Cu (5s), Ag, and Au foils as a function of the electrode
potential demonstrates that Zn-Cu (5s) has comparable selectivity for CO production as Ag and
Au (Fig. 5) and slightly improved intrinsic activity than Ag for CO2R to CO. As COOH formation
usually involves the formation of a partially charged intermediate, bent CO2*, Au has an
exceptional ability to stabilize this intermediate through strong interfacial electric fields as it has
the most positive potential of zero charge among metal catalysts (Supplementary Fig. 22).%° While
Zn-Cu (5s) is less intrinsically active for CO2R to CO than Au, these results indicate that earth
abundant bimetallics could potentially serve as suitable replacements for precious metal catalysts
in CO; electrolyzers.
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Figure. 6. CO2R in a gas diffusion electrode reactor. Comparison of the electrocatalytic CO
production of Zn (a) and Zn-Cu (powder) (b) gas diffusion electrodes for CO2R, at different current
densities. Electrolysis were carried out in 1.0 M KOH, circulated at 10 mL min !; CO;, flow 75
sccm.

CO2R to CO on Zn-Cu (powder) at high reaction rates. Based on the above insights, we
integrated Zn-Cu catalysts onto gas diffusion electrodes (GDE) to evaluate their performance
within a GDE reactor at industrially relevant reaction rates. Commercial Zn powder was used to
prepare Zn-Cu (powder) by utilizing the same galvanic exchange procedure described above, and
the particles were subsequently integrated onto GDEs to evaluate for CO2R in 1.0 M KOH (more
details on the reaction conditions can be found in the Methods section). A direct comparison of
Zn-Cu (powder) GDEs with Zn GDEs at a given current density shows significantly enhanced
CO2R selectivity to CO and decreased HER selectivity for the Zn-Cu system (Fig. 6,
Supplementary Table 5), commensurate with the trends described above for the planar Zn-Cu and
Zn electrodes. Notably, the differences in product selectivity are more pronounced at higher
current densities, demonstrating the advantages of incorporating a small amount of Cu into Zn for
applications that require high total reaction rates. Although our Zn-Cu GDEs are not as performant
as state-of-the-art Ag-based GDEs,**%* we suggest that further research to optimize the catalyst
layer® will close this performance gap. A considerable portion of the FE is unaccounted for in the
measured product distribution for the GDEs with pure Zn, indicating possible corrosion/deposition
processes that take place concurrently with CO2R. As Pourbaix analysis suggests that Zn is
unlikely to be stable®! under the alkaline conditions of our CO2R measurements, we hypothesize
that surface redox processes underpinning durability such as corrosion and deposition lead to
losses in FE under these operating conditions. In contrast, nearly all the FE is accounted for with
the Zn-Cu (powder) GDEs, suggesting that incorporating Cu imparts stability to Zn
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electrocatalysts. Future operando studies using synchrotron X-ray techniques could probe this
dynamic reaction environment, providing insights on how to develop more robust systems under
these harsh reaction conditions.

Conclusion

We present bimetallic Zn-rich Zn-Cu as a highly efficient CO2R to CO electrocatalyst prepared by
a facile galvanic procedure. The Zn-Cu catalyst exhibits dramatically improved selectivity and
activity for CO formation compared to those of pristine Zn and Cu electrocatalysts, and
remarkably, also shows higher intrinsic activity than a planar Ag catalyst within the operating
potential window from —0.8 to —1.0 V vs. RHE. This enhanced intrinsic activity for CO formation
on Zn-Cu catalysts is attributed to the electronic effect originating from the Cu adatoms on the Zn
surface. DFT calculations suggest that the incorporation of Cu onto the Zn surface lowers the
reaction energy (from 0.44 eV to 0.15 eV) of the potential-determining step to form COOH?*,
which improves CO production rates, while suppressing the HER due to a higher coverage of CO
that impedes H adsorption. The changes in these relative energies rationalize the enhanced CO
production activity and selectivity of Zn catalysts with Cu modification. Based on our fundamental
studies involving planar electrodes, we then prepared a Zn-Cu powder catalyst and integrated it
into a vapor-fed reactor. These gas-diffusion electrodes also showed efficient CO:-to-CO
performance at industrially relevant reaction rates, consistent with expectations based on the prior
studies. Overall, our work highlights the benefits of rationally designed bimetallic catalyst systems;
a constructive ligand effect can modify the electronic properties of the bimetallic surfaces to tune
the overall catalytic performance.

Experimental Procedures

Resource Availability. Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Dr. Christopher Hahn (hahn31@lInl.gov).
This study did not generate new unique reagents. All data can be found in the Supplemental
Information which is available free of charge and can be found on line at Cell Press.

Materials. Zinc foil (99.999%, 0.1mm thick) was purchased from Alfa Aesar; Zinc powder was
purchased from Millipore Sigma (particle size 1-5 microns, >99.8%); potassium hydroxide
(semiconductor grade, 99.99% metal basis) was purchased from Sigma Aldrich; copper sulfate
(99.99%) and hydrochloric acid (35% in water) were purchased from Fisher Scientific; carbon
dioxide (99.999%) was purchased from Air Gas. All chemical materials were used without further
purification. All electrolyte solutions were prepared by deionized water from the Thermo Scientific
Barnstead Nanopure water purification system (18.2 MQ-cm resistivity).

Preparation of the Zn-Cu electrodes.

Planar electrode. Zn foils were first mechanically polished by 600 grid and 1500 sandpapers, then
rinsed by hydrochloric acid and water. The Zn foils were then immersed into a deaerated solution
of CuSO4 (10 mM) at room temperature for a period of time (1s - 60s) in order to galvanically
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exchange the Zn surface by Cu. The resulting foil was then carefully rinsed by water and dried by
N> gun. The silver color of the Zn foil changed to dark gray after the galvanic treatment.

Thin film-based electrode. The Cu-Zn thin film electrodes were deposited by radio frequency
magnetron co-sputtering of Cu and Zn metal targets onto 100 mm-diameter Si wafer with an
approximately 170 nm SiO> diffusion barrier and 10 nm Ti adhesion layer in a sputter deposition
system (Kurt J. Lesker, PVD) with 10 Pa base pressure. The working atmosphere was composed
of 0.8 Pa Ar gas. The substrate holder was rotating at a speed of 5 rpm, and the deposition
proceeded for 8 min with no intentional substrate heating. The powers applied on Cu and Zn
sources were adjusted to ensure the desired Cu/Zn composition, which was further confirmed by
x-ray fluorescence (XRF) measurements using an EDAX Orbis Micro-XRF system. The
composition gradient film was deposited similarly but without substrate rotation such that the
sputter deposition gradient from each source resulted in a composition library thin film.

Gas diffusion electrode. 1.0 g of Zn powders were added into 10 mL of CuSO4 (10 mM) solution
for 5 seconds, followed by quick filtration and rinsing with excess water. The resulted Zn-Cu
powders were dried in air. It was then mechanically grinded using a small-size laboratory mortar
for 1 minute until a fine and homogeneous powder was obtained. The powder was then suspended
as a 10 mg mL™! aqueous ethanol ink supplemented by a perfluorinated sulfonic acid ionomer,
Nafion, as a catalyst binder. The Nafion/catalyst ratio was set equal to 8.7 wt.%. The ink was then
sonicated for 10 minutes to ensure homogeneous dispersion of the catalyst and ionomer in the ink.
130 uL of the as-prepared ink was then drop-casted onto 1 cm? gas-diffusion layers to reach a
catalyst loading of 1.3 mg catalyst.cm 2. During the deposition, the gas-diffusion layers were
maintained on a 60°C-hot plate to facilitate solvent evaporation. The generated gas-diffusion
electrodes, so-called Zn-Cu (powder) GDE, were then immediately tested for their electrochemical
performance.

Electrochemical Measurements. A multichannel potentiostat (Bio-Logic VMP3) was used for
all the electrochemical measurements in this study. A two compartment electrochemical cell,*®
comprising a typical three-electrode system was used for all the aqueous CO2R experiments: Zn-
based electrodes as working electrodes (5.9 cm? geometric area exposed); a platinum foil as the
counter electrode; and an Ag/AgCl electrode (Accumet) as the reference electrode. Selemion AMV
(AGC Inc.) was introduced as the anion exchange membrane in between the counter and working
electrode compartments. A small distance (< 0.5 cm) between the reference and working electrodes
was ensured to the electrolyte resistance. Dry CO» gas was humidified by KHCO3 solution before
flow through the electrochemical cell, with a flow rate of 20 sccm regulated by a mass flow
controller (tMFC, MKS Instruments). A 0.1 M solution of KHCOj3 saturated with CO» (pH = 7.2)
was prepared as the electrolyte.

The electrochemical performances of the Zn-Cu GDEs were assessed in a polycarbonate 3-
compartment cell additionally comprising a (1) Ni foil as the anode and a (2) leakless Ag/AgCl
reference electrode (eDAQ). In each experiment, the Zn-Cu GDE was used as a working electrode
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with a 1.0 cm? geometric area exposed, on one side, to the catholyte and, on the other side, to a
stream of gaseous CO,. 1 M KOH aqueous solutions were employed as both the catholyte and the
anolyte and were circulated at 10 mL.min ! in the 6-mL cathodic and anodic compartments, using
two auxiliary 25-mL reservoirs. A bipolar membrane (Fumasep FAS-50, FuelCellStore) was used
between the two compartments. The CO» flow rate was regulated using the mass flow controller
and was set to 75 sccm.

CO2R product analysis. The CO; reduction products (CO, hydrogen and formate) were identified
and quantified by using the same methods in our previous study.*® To quantify the concentrations
of CO and hydrogen, exhaust gas (1.0 mL) was sent to the gas chromatography (SRI 8610C) from
the working electrode compartment of the cell at different times during the electrolysis. The liquid
product formate was quantified by using 'H NMR spectroscopy (600 MHz, Varian Inova). All the
experiments were repeated 3 times to establish statistical significance for the obtained data
(Supplementary Table 1 and 5).

High Throughput catalyst screening. Measurement of 5 Zn-Cu catalyst compositions (and pure
Cu for comparison) was performed in a custom recirculating flow cell described previously.%
Briefly, a 6 mm-diameter thin film from the composition library, over which the composition is
constant to within approximately 2-4 at.%, was isolated using an o-ring sealed 3-electrode cell
with bipolar membrane (Fumasep). Each 15 min electrolysis experiment was performed in a batch
reactor mode where recirculation of electrolyte resulted in rapid concentration of reaction products
for analytical quantification. Note that the surface concentration of dissolved CO> may be slightly
lower than in traditional experiments, and the catalyst is continually exposed to reaction products
from prior passes of the electrolyte.

Physical characterizations. The SEM images of the Zn-Cu electrodes were obtained using a FEI
XL30 field emission scanning electron microscope. Non-contact atomic force microscopy images
were obtained by a Park Systems XE-70 or XE-100 scanning probe microscope equipped with a
premounted Park Systems NSC15/Al BS tip and calculated topographical information (i.e. surface
roughness) using Gwyddion software. The XPS spectra were collected by an SSI SProbe XPS
spectrometer, using an incident Al Ko radiation of 1486 eV. The XRD patterns for the Zn-Cu
electrodes were obtained using a PANanalytical X'Pert diffractometer with an incident Cu Ka
radiation of 1.54056 A.

X-ray absorption spectroscopy was performed in fluorescence mode with a Canberra 100-pixel Ge
solid-state monolith detector at Beamline 11-2 at the Stanford Synchrotron Radiation Lightsource.
Both the Cu K-edge and Zn K-edge results were calibrated to a foil reference measured
simultaneously with the Zn-Cu bimetallic electrode. XAS results were processed in SixPACK
(Sam Webb, SSRL) and the Athena module of the Demeter software package.%® The lack of a
prominent XANES feature at ~9669 eV on the Zn K-edge which has been attributed to the
existence of a ZnCu alloy could be due to the high Zn content of the alloy which has been shown
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to reduce the intensity of this feature. The change in the Zn K-edge spectra edge energy between
Zn Foil and Zn-Cu alloys was reported as ~1 eV in prior literature,” which is larger than the 0.3
eV observed in these measurements. This can be explained by the limited thickness of the alloy
layer (~50-100 nm by XPS) relative to the thickness of the Zn foil substrate resulting in a measured
intermediate edge shift between a Zn foil and a pure Zn-Cu material.

XRD characterization of the Zn-Cu composition library was performed using a Bruker
DISCOVER D8 diffractometer with Cu Ka radiation from a Bruker IuS source. The x-ray spot
size was limited to a 2 mm length scale, over which the composition is constant to within
approximately 1-2 at.%.

Computational details. To simulate the above synthesized Zn-rich and Cu-rich Zn-Cu bimetallic
catalysts, two stepped Zn-Cu surfaces, hcp Zn11Cui(100) and fcc ZniCug(211), were constructed
from original ~cp Zn(100) and fcc Cu(211) surfaces, respectively, by replacing a certain fraction
of the step atoms with other metal atoms (Supplementary Fig. 15). Step atoms were selected for
replacement due to their low cohesive energies and the Zn:Cu ratio was set to be close to the
experimental values. Pure fcc metal (211) surfaces and Acp Zn(100) surfaces were also simulated
for comparison. Adsorption energies were calculated using DFT with a periodic plane-wave
implementation and ultra-soft pseudopotentials using the QUANTUM ESPRESSO code,®
interfaced with the Atomistic Simulation Environment (ASE).%” We applied the BEEF-vdW
functional, which provides a reasonable description of van der Waals forces while maintaining an
accurate prediction of chemisorption energies.®® Plane-wave and density cutoffs were 500 and
5000 eV, respectively, with a Fermi-level smearing width of 0.1 eV. In general, the adsorption
energies on fcc (211) surfaces were evaluated using four-metal-layer (3 % 1) supercells with the
bottom two metal layers constrained and a vacuum layer of 20 A, and (4 x 4 x 1) Monkhorst-Pack
k-point grids were used;*® while for Acp (100) surfaces, four-metal-layer (3 x 2) supercells with
the bottom two metal layers constrained and a vacuum layer of 20 A, and (4 x 3 x 1) Monkhorst-
Pack k-point grids were used. For the density of states (DOS) calculation, (8 x 8 X 1) and (8 x 6 x
1) Monkhorst-Pack k-point grids® were used for the fec (211) and Acp (100) surfaces, respectively.
All structures were optimized until the force components were less than 0.05 eV A™!. A dipole
correction was applied to decouple the electrostatic interaction between the periodically repeated
slabs. The free energy of Ha(g) was corrected by + 0.09 eV as reported by Studt. et al.”® The free
energy of CO»(g) was corrected by +0.33 eV to address the overestimation of CO> adsorption
energies in DFT. Based on previous analysis,”!"’* the solvation energetic corrections of —0.25 eV
and —0.06 eV were considered for COOH* and CO*, respectively.

The adsorption energies present in Figure 4, Figure S13, and Figure S14 are defined as:

; 1 1
AGSOM = y(slab + COOH¥) - u(slab) - u(CO,) - 5 u(Hy) )

AGach*: u(slab + CO*) + u(H,0) - u(slab) - u(CO,) - u(H,) (2)
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¥ 1
AG?dS= u(slab + H*) - u(slab) - E‘U(HZ) (3)

The free energy corrections to each species are shown in Table S4. The CO and OH adsorption
energies present in Figure S12 are obtained on Cu(211) and Zn(100) and defined as:

AESY"= E(slab + CO*) - E(slab) - E(CO) 4)
O*= E(slab + OH*) + %E(Hz) - E(slab) - E(H,0) )

All energies of relaxed structures are listed in the Supporting Information as well hosted online
at the Catalysis-Hub repository’® under https://www.catalysis-
hub.org/publications/WangSyneristic2020.
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