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Abstract

To scale carbon dioxide reduction (CO2R), establishing a structure-property-performance
relationship of the catalyst under reaction conditions is a priority. Particularly in membrane
electrode assembly (MEA) electrolyzers, knowledge about the valence state and coordination
environment of the catalyst is of value, yet limited. We develop a MEA electrolyzer that utilizes
X-ray absorption spectroscopy to investigate the structural evolution of Cu>O-derived catalysts
under CO2R and compare the same catalysts in a flow cell. Additionally, we study the influence
of CO reduction and incorporating Ag on the reconstruction of the catalyst. We find that the
strong reduction environment in the MEA and feeding CO lead to reconstruction of Cu.O
particles, favoring higher coordination and lower oxidation states, which coincides with a shift
in the reaction selectivity from Ca+ to hydrogen. While incorporating small amounts of Ag in
the catalyst restricts the reconstruction. These findings advocate for in situ studies in zero-gap
electrolyzers.
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Introduction

The design of CO2R electrochemical cells has been refined to enhance energy efficiency and
product selectivity. Initially, aqueous electrolyte cells with dissolved CO, were used 3,
however, the limited solubility of CO2 in aqueous electrolytes (ca. 33 mM at standard
condition) restricts CO> availability at the electrode and limits the current density to ca. <20
mA cm24%. Moreover, aqueous electrolytes provide an abundant source of protons, which can
lead to the undesired hydrogen evolution reaction (HER) .

CO: flow electrolyzers, where separate streams of electrolyte flow past the cathode (catholyte)
and anode (anolyte), offer improved mass transport of reactants to and products away from the
electrode surfaces, thereby improving the reaction rate ", This makes them candidates for
industrial scale applications of CO; electrolysis’® In particular, zero-gap MEA electrolyzers
feature a thin ion exchange membrane separating the cathode and anode, reducing ohmic losses
and the full-cell voltage required to drive the electrochemical reaction compared to flow cells,
which can experience larger ohmic losses due to electrolyte resistance within the larger fluid
channels. However, electrolyzers, including MEA, alter the local reaction environment within
the catalyst layer and by extension, the properties of the catalyst, which significantly affect
catalytic behavior %2, Generally, the active state of the catalyst in electrocatalytic cells,
specially MEA, during CO2R remains to be fully investigated and continues to be a subject of
debate. 1317,

X-ray absorption spectroscopy (XAS) provides an opportunity to probe the local chemistry of
catalysts in situ during the reaction, specially in aqueous flow electrolyzers *. However,
deploying in situ XAS to study the catalyst in a MEA electrolyzer presents additional
challenges®®. In particular, the zero-gap configuration of the MEA electrolyzer requires that the
cathode/membrane/anode stack is compressed between two bipolar plates to reduce interfacial
contact resistance and prevent electrolyte and gas leakages, which is not required in
conventional aqueous flow cells. The bipolar plates must also contain flow fields to transport
reactants (e.g., CO2, water) to the catalyst layer. These additional features of the MEA pose
challenges for in situ XAS because the compressed stack and bipolar plates can attenuate the
X-ray beam, making it difficult to obtain clean and accurate measurements.

In this study, we devised a MEA electrolyzer that allows XAS probing of the catalyst without
considerable attenuation in signal. Using the designed cell, we investigated the structural
stability of Cu,O-derived catalyst in situ during CO2R at 200 mA cm2. We found that the cell
architecture (MEA vs flow cell) strongly affected the structure and performance of the
catalysts. Additionally, we studied the effect of reactant type (CO2 vs CO) and the
incorporation of Ag on the reconstruction behavior of the catalyst.

We designed our in situ XAS cell (Figure 1) leveraging knowledge from previous advances in
the fuel cell community'®2%. A corrosion-resistant stainless steel front plate and a Ti back plate
,electrochemically stable under harsh anodic oxidative condition, form the conductive body of
the cell and sandwich the MEA. The stainless steel front plate features a stepped edge X-ray
window-frame that allows a wide range of incident photon angles and reduces escape-cone
losses of fluorescence X-rays (Figure la). The stainless steel plate supports a specially
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machined, conductive graphite plate, which is step engraved and milled as thin as 300 um to
enable X-ray penetration with a low mass attenuation coefficient (/o) at the K-edge energy
of Cu and Ag. Additional details regarding the experimental setup of the cell and the
preparation of the catalysts can be found in the supplementary information (Figures S1 and
S2).

We synthesized Cu.O via wet chemistry and Cu,0-Ag via galvanic exchange, as detailed in
the Supporting Information and in our previous work?*. During the synthesis of the Cu,0-Ag
sample, Ag!* from the reaction solution displaces Cu'*, leading to surface Ag° (Figure S3) and
Cu?* in solution. The two nano-powders consist of porous, spherical 300 nm aggregates
comprising smaller cuprite crystallites (Figures S4 and S5). The powders are mixed with
Nafion in methanol and subsequently sprayed onto a gas diffusion electrode (GDE), as outlined
in the Supplementary Information. During sample preparation, the powder aggregates break
apart, forming a continuous, porous network of 70-100 nm fragments (Figure S5).

We then tested Cu20 and Cu.O-Ag GDEs in three different reaction configurations (Figure
2a): CO2R in a flow cell, CO2R in a MEA, and COR in a flow cell. In a CO2R flow cell
configuration, both Cu,0O-Ag and Cu20 derived-catalysts produced significant amounts of Co+
products from COzR at 200 mA cm. Galvanic replacement with Ag increased the Faradaic
Efficiency (FE) towards C,+ by 14% (Figure 2b and Tables S1-2) and decreased FE towards
CO by 13%. This is likely due to the role of Ag increasing the local concentration of adsorbed
intermediate CO species (*CO) on the catalyst surface?® and promoting *CO coupling
favouring Ca- products . However, when the catalysts were tested in the MEA electrolyzer,
the selectivity for CO2R products was substantially reduced compared to the flow cell
configuration. The FE for Hz increased from 21 to 83% for Cu.O and from 13 to 67% for Cu20O-
Ag 2.

Next, we probed the catalysts using in situ XAS to determine changes to the oxidation state
and coordination environment of the catalysts under CO2R (Figure 3). We used commercial
Cu foil, CuO and Cu.O as reference materials for the calibration of the K-edge adsorption
energies of Cu®, Cu'*, and Cu?* as shown by the X-ray absorption near edge structure (XANES)
analysis in Figure 3a. The Cu K-edge XANES spectrum showed a 0.58 eV shift toward lower
energies for the Cu.O-Ag compared to the Cu2O (Figure 3c) suggesting that the overall
oxidation state of Cu is slightly reduced upon Ag doping. To examine this closer, we used
Fourier transform to generate a radial distribution function (RDF) from extended X-ray
absorption fine structure (EXAFS) spectra (Figure 3, right panel). Both Cu20 and Cu.0O-Ag
(Figure 3d) showed a peak for Cu-O at approximately 1.5 A, consistent with a 1+ oxidation
state, similar to the Cu.O standard (Figure 3b). However, the Cu-O bond length in Cu2O-Ag
was stretched by 0.18 A, further indicating that Cu sites experienced reduction. This was also
accompanied by a drop in the coordination number (CN) of Cu-O from 2.04 in Cu20O to 1.88
in Cu20-Ag, which could be a result of single-atom displacement of Cu with Ag (Table 1 and
Table 2).

To quantify the oxidation state distribution in the as-prepared catalysts, we performed linear
combination fitting (LCF) on the XANES spectra (Figure 4). LCA fitting showed that the



samples consisted primarily of more than 65 wt.% Cu'* while the rest was Cu?*. The presence
of Cu?*is attributed to oxidation during sample preparation and storage in air.

Next, we incorporated the catalyst into a flow cell to study changes in the oxidation state and
coordination environment during CO2R. It is crucial to highlight that the pumping of the
catholyte over the catalyst in flow cells can cause mechanical vibrations and minor sample
movements leading to X-ray absorption perturbations, potentially diminishing the quality of
EXAFS measurements. This may result in errors in the EXAFS fit with broader peaks
potentially arising from measurement noise. To mitigate this, we collected and averaged
additional spectra for the flow cell configurations to reduce noise compared to the MEA
experiments. We have now clarified this in the manuscript to address your point. When we ran
the reaction at 200 mA cm (at -1.9 V vs. the reversible hydrogen electrode, not iR corrected),
we found that the pre-edge XANES intensity for both Cu20 and Cu20-Ag was significantly
increased and the white line (peak centered at 8995 eV) was decreased, indicating the reduction
of Cu. The LCF analysis showed that >92 wt.% of the Cu species were reduced to Cu® for
Cu20, and <60 wt.% were reduced in Cu20-Ag. By examining EXAFS (Figure 3f), we noticed
that the Cu-O peak at 1.5 A in Cu.O disappeared while a new peak at 2.2 A emerged, implying
that Cu20O was reduced to metallic Cu that is undercoordinated with CN=6.03.

Despite the harsh reduction potential applied on the samples, Cu-O sites in Cu.0O-Ag
experienced little reconstruction (the coordination number remained close to 2 before and
during reaction) and preserved a more significant portion of their initial oxidation state
compared to Cu20 (see Table 1 and Table 2). To examine this closer, we used time resolved
XANES to track the evolution of the oxidation state for Cu (Figure 5). We found that for the
Cu20-Ag sample, Cu remained partially oxidized for at least 40 minutes, while the white oxide
peak for Cu,O faded within 2-4 minutes reducing to metallic Cu as evident by the shift of the
Cu K-edge toward 8979 eV. Conducting similar time-resolved experiments with the MEA
setup was challenging due to greater signal attenuation, hindering XAS data collection.
Modifying the graphite plate is needed, highlighting a direction for future research.

The porous structure of both Cu.O and Cu20-Ag GDEs was still preserved after the reaction
in the flow cell as shown by SEM images in Figures S5, S6a, and S6d. SAED analysis revealed
that Cu2O experienced a more pronounced reduction than Cu.O-Ag, as indicated by the
brighter metallic copper diffraction spots and the diminished diffraction ring signal for cuprite
(Figures S6c and S6f) which agrees with the XAS analysis.

We then used the in situ MEA electrolyzer to observe the behavior of the catalysts in the MEA
configuration (Figure 3g-h). The absence of the catholyte in this configuration minimizes the
noise observed in the flow cell. The enhanced signal-to-noise ratio in MEA cells is a desirable
feature as it enables the acquisition of high-quality XAS data in situ for electrochemical
reactions.

The XANES profiles for Cu20 and Cu20-Ag in the flow and MEA electrolyzers looked similar
at 200 mA cm? (Figure 3g). However, EXAFS analysis (Figure 3h) revealed that both
catalysts were reduced as evident by the emergence of a metallic Cu-Cu peak at 2.2 A and the
extended structures after 4.5 A, which could also be seen in the reference Cu foil (Figures 3b).
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This was also confirmed by the LCF analysis (Figure 4), where > 90 wt.% of Cu* was reduced
to Cu® for both Cu.0-Ag and Cu20. The increase in peak intensity for the Cu-Cu bond at 2.2
A indicates a change to the coordination environment due to substantial catalyst reconstruction
in the MEA cell (Table 1 and Table 2). The coordination number of Cu-Cu in the Cu20 sample
was 11 during CO2R, which is close to the value of reference metallic Cu foil (CN = 12). SEM
images show that running Cu20-Ag GDE in MEA electrolyzer created large Cu fragments
(Figures S6g and S6h). These findings further corroborate that the catalysts undergo
significant structural transformations during CO2R in the MEA.

We switched the gas feed in a flow cell from CO- to CO to study the impact of CO on catalyst
reconstruction (Figure 2b). This increased the FE to more than 90% for C»- products (ca. 40%
increase compared to CO2R) for both Cu20 and Cu.0-Ag, due to the CO-rich reaction
environment 282°, The two catalysts displayed high specific selectivity toward acetate (23% FE
for Cu20 and 37% FE for Cu20-Ag) implying significant changes to the reaction pathway when
using CO as a reactant instead of CO,. We found, in our previous works, that this is ascribed
to larger *CO and carboxylate (*COQ) intermediates adsorption favoring the acetate reaction
pathway and catholyte alkalinity which provides improved energetics for Co+ formation 4%,

In situ XAS under COR showed that both catalysts Cu.O and Cu.O-Ag were largely reduced
as indicated by the well-defined pre-edge peak and the rise of an intense Cu-Cu peak at 2.2 A
(Figures 3i and 3j). Moreover, the coordination numbers for Cu,O (CN=9.82) and Cu.0O-Ag
(CN=10.14) during COR were much higher than CO2R in flow cell under similar reaction
conditions (Table 1) suggesting that the catalysts had undergone stronger reduction in COR
than CO2R. This could be ascribed to the high local concentration of CO on the catalyst surface
in COR, which can adversely affect the structural stability of Cu. We also propose that any Cu-
O sites that were electronically isolated within the Cu>O-Ag electrode could have been reduced
due to the inherent reducing capabilities of CO °.

Our observations from the XAS studies shed light on the behavior of Cu.O-derived catalysts
during CO2R and COR. It revealed that the choice of cell configuration (aqueous flow
electrolyte vs. solid polymer membrane cells) and reactant type (CO2 vs CO) significantly
influenced the stability of Cu'* species during the reaction.

We attribute the observed differences in the oxidation state of Cu between the different reactor
configurations to the distinct reaction environments in the MEA electrolyzer and flow cells.
The serpentine flow field design of the MEA electrolyzer helps facilitate a uniform interaction
between reactants and the electrode. This promotes an evenly distributed current density across
the catalyst, reducing more Cu'* sites to Cu®. Conversely, catalysts in flow cells can exhibit
non-uniform current distributions due to variations in reactant concentration or poor electronic
conductivity across the catalyst layer. This results in inconsistent reconstruction behavior of
Cu at different catalyst locations. Iglesias et al. employed IR thermography to investigate the
electrocatalytic activity of GDE in flow cell electrolyzers, noting significant temperature
variations across the catalyst during CO2R 3. These variations, stemming from spatial
differences in localized current density, can lead to uneven catalyst reconstruction.



During the CO2R reaction in a flow cell, we noted that Cu did not fully reduce but remained
partially oxidized for both Cu20 and Cu.O-Ag. Interestingly, incorporating small amounts of
Ag in Cux0, had restricted the reconstruction of the catalyst during the reaction. Spatial
confinement of reaction intermediates on the catalyst's surface,3 and the presence of dispersed
Ag atoms in the Cu.0-Ag surface could have prevented the further reduction of Cul* species
and the reconstruction of the surface, trapping metastable Cu-O-Ag sites 3334, Additionally, we
conjecture that CO2R predominantly took place at metallic (reduced) Cu atoms adjacent to Ag
atoms (Cu-Ag) on the surface. Meanwhile, a portion of Cu-based atoms (or particles) stayed
oxidized and electronically isolated, rendering them electro-catalytically inactive *°.

Moreover, we found that Cu20 in both the MEA electrolyzer during CO2R and the flow cell
during COR was reduced to metallic Cu, which significantly increased the coordination
number. Although Cu in both scenarios had a similar valence state and coordination number,
the selectivity of these two reactions was significantly different. COR predominantly produced
C2+ products with high FE, whereas CO2R in the MEA primarily led to HER. The notable shift
in FE indicates a substantial change in the accessibility of reactants to the active sites (mass
transport) in the MEA configuration compared to the flow cell, contributing to the pronounced
differences in HER selectivity. However, factors such as increased ionic conductivity in the
MEA can lead to a higher salt concentration near the catalyst surface, affecting the reaction
microenvironment. This, in turn, can cause local pH variations, which significantly influence
the selectivity of the reaction 3%, There is also the possibility that CO,R and COR had
occurred at different active sites along the catalytic pathway to the products. This has been
experimentally confirmed by Gao et al. using labeling experiments with mixed CO2/CO gas
feeds and operando Raman spectroscopy “°. They showed that CO adsorbed on defective Cu
sites is at least six times more active towards C2+ than CO, on Cu sites. Nonetheless, a detailed
investigation of these additional factors extends beyond the scope of this current study and has
been addressed in other research works 34,

These findings highlight the importance of utilizing in situ zero-gap electrolyzers to gain
insights into the reconstruction mechanisms of catalysts under industrial operating conditions.
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Table 1. Best-fit parameters extracted from Cu K-edge EXAFS for Cu20. R is the radical
distance/bond length (with corrected phase shift), CN is coordination number, o2 is the Debye-Waller
factor, and AE is the energy shift.

Fitting 2103
Sample structure Shell R (A) CN 62102 (A) AE (eV)
Cu.0O/GDE
5 Cu,0 Cu-01 1.95 2.04 (£0.61) 119 (¢3.77) 453 (+4.39)
ry
Flow Cu,O

Cu Cu-Cu 2.53 6.03 (£1.79) 10.72 (+2.91) 1.68 (+2.84)
CO:R
MEA Cu;0

Cu Cu-Cu 2.54 11.07 (£1.74) 8.64 (+1.41)  3.27 (+1.50)
CO2R
Flow Cu2O
CoR Cu Cu-Cu 2.52 0.82 (£3.15)  9.21 (+2.94)  1.85 (+3.12)

Table 2. Best-fit parameters extracted from Cu K-edge EXAFS for Cu,0-Ag. R is the radical
distance/bond length (with corrected phase shift), CN is coordination number, o? is the Debye-Waller
factor, and AE is the energy shift.

Fitting

2 -3
Sample structure Shell R (A) CN 6210 (A) AE (eV)
Cu20-Ag/GDE
D2 J Cu,0 Cu-O 1.93 1.88 (0.57)  2.77 (+3.78)  2.80 (+4.54)
ry
Flow Cu,0O-A
A Cu,0 Cu-0 1.97 153(x0.92)  3.62(+9.73) 9.85 (+7.47)
COz:R
MEA Cu;0-Ag Cu,0 Cu-O 1.86 1.33 (+0.56)  2.77 (¥3.78)  0.76 (+3.47)
COR Cu Cu-Cu 2.56 3.89 (+1.33)  9.73(+3.33)  0.76 (+3.47)
Flow Cu,O-A
COR e Cu Cu-Cu 2.56 10.14 (+1.26)  9.74 (#1.17)  3.18 (+1.18)
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Figure 1. Membrane electrode assembly, MEA, electrolyzer for spectroscopy under
reaction environments cell design. (left) front view of the experimental setup with the
orientation with respect to the X-ray beam and the detector for XAS measures; (center) a
magnified cross-sectional view of the membrane-electrode-assembly sandwiched between
graphite plate and Titanium back plate; (right) mass attenuation spectrum (u/p is the mass
attenuation coefficient with p, attenuation coefficient and p is the mass density) of graphite
(window material), copper (yellow line), and silver (red line) as a function of incident X-ray
energy. Notice that the stainless steel cathode back plate is not shown in this figure.
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Figure 2. Electrochemical performance of Cu20 and Cu20-Ag. (a) Three schematics
showing the reaction configurations for COz reduction in a flow cell (left) using 1 M KOH
as catholyte and anolyte and anion exchange membrane (AEM, Fumasep FAA-PK-130),
and CO reduction in a flow cell (middle) using 1 M KOH as catholyte and anolyte and
AEM (Fumasep FAA-PK-130), and CO. reduction in a membrane-electrode-assembly
(MEA) cell (right) using 0.1 KHCOs as anolyte and AEM (Sustainion X37-50), and. (b)
Product distribution as measured by gas chromatography for gas products and proton
nuclear magnetic resonance for liquid products showing the Faradaic efficiency (FE) of the
reaction towards ethanol (CHsCH2OH), acetic acid (CH3COOH), propanol
(CH3(CH2)20H), ethylene (H2CCHz2), methane (CH.), carbon monoxide (CO), formic acid
(HCOOH), and hydrogen (H2) The solid bars represent experiments on Cu.O, while the
hashed bars are for Cu,O-Ag.
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Figure 3. Operando X-ray absorption results. The left panel shows the X-ray absorption
near edge structure (XANES), while the right panel shows the phase uncorrected radial
distribution function (RDF) derived from extended X-ray absorption fine structures (EXFAS).
Panels a) and b) show measurements on standard samples of Cu foil, commercial Cu.O, and
commercial CuO (not under reaction, in dry condition). Panels c-j report measurements on
Cu20 (green curves) and Cu20-Ag (blue curves) GDE: c-d) as-prepared samples (in dry
condition) ; operando measures under reaction conditions @200 mA cm?: e-f) in a flow cell
and g-h) in a membrane-electrode-assembly under CO2R and i-j) in a flow cell under COR. All
spectra were collected and averaged over 20-30 minutes.
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Figure 4. Oxidation state evolution during the reaction. Calculated ratio of Cu oxidation
states for as prepared (dry) GDE over the course of reduction at 200 mA cm under different
reaction conditions obtained by performing linear combination fitting of Cu K-edge X-ray
absorption near-edge structure (XANES) spectra.
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Figure 5. Operando time-resolved X-ray absorption results. The figures show (left) the
contour plot of the X-ray fluorescence signal measured every 2 minutes of the CO> reduction
@ 200 mA cm™2 and (right) the stack of X-ray absorption near edge structure (XANES) spectra
collected in a flow cell for a) Cu20 and b) Cu20-Ag.
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