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ABSTRACT: The rational design of high-performance electrocatalysts .

. . . . - . CH, No Correlation
requires a detailed understanding of dynamic changes in catalyst ®e O
properties, including oxidation states, surface area, and morphology - ‘FP‘ g cu
under realistic working conditions. Oxide-derived Cu catalysts exhibit a . : ; ® 5
remarkable selectivity toward multicarbon products for the electro- ;
chemical CO reduction reaction (CORR), but the exact role of the oxide ®» g Cu,0
remains elusive for explaining the performance enhancements. Here', we ¢ 6 - 6© 3 0 ©
used operandoX-ray absorption spectroscopy (XAS) coupled with C ¢ o - o
simultaneous measurements of the catalyst activity and selectivity by gas » > > © cuo
chromatography (GC) to study the relationship between oxidation states Gas-fed cell Cu oxidation state

of Cu-based catalysts and the activity for ethylgrg (oduction in

a CO gas-fed cell. By utilizing a custom-built XAS cell, oxidation states of Cu catalysts can be probed in device-relevant settings
under high current densities (>80 mA®%rfor the CORR. By employing an electrochemical oxidation process, we found that the
Cu oxidation states and spedon species do not correlate withlproduction. The derence in the CORR activity is also
investigated in relation to electrochemical surface area (ECSA) changes. While the hydrogen evolution reaction (HER) activity
positively correlated to the ECSA changes, the incrgdsadtity is not proportional to the ECEA siticharacterization from
microscopic technigues suggests that the changes,iithet@ity and selectivity may arise from a morphological transformation

that evolves into a more active structure. These comprehensive results give rise to the development of a cell regeneration met
that can restore the performance of the Cu catalyst without cell disassembly. Our study establishes a basis for the rational desig
highly active electrocatalysts for broad-range reactions in a gas-fed device.

KEYWORDS:operando X-ray absorption spectroscopy, electrochemical CO reduction, oxide-derived copper electrocatalyst,
gas diusion electrode, oxidation state

INTRODUCTION strengti’? For lower activation overpotentials and increased

The electrochemical carbon monoxide and carbon dioxid:dzfj'_ C_u—bashed c?talystsr]haye tl)een ]tcuned via nanéqtsgicturing,
reduction reactions (CORRs and ,BRs, respectively) are medifying the electrochemical surface area ( ),

promising strategies to convert waste emissions into valuallPugh the introduction of a second métdlin particular,

chemical feedstocks, such as synthesis gas, hydrocarbonsC&ii§-derived Cu (OD-Cu) prepared from the oxidative

oxygenatés? The CORR process is speally interesting treatment of polycrystalline Cu resulted in high CO reduction

because it can be part of a tandem catalysis system, in wHiglfClivity toward multicarbon oxygenates at modest poten-
the rst catalytic reaction converts d6to CO, and the tials™* Although the high CO reduction activity was correlated

second catalytic reaction converts CO into higher-orddP Surface sites that bind CO strongly, the detailed
reduction products such as ethanol or ethyferiy me<_:han|sm for catglync er_whancement and surface structure
leveraging the eient and selectivast two-electron, two- during CORR remains elusive.

proton process from GQo CO, analyses show that the
optimal solar-to-fuel conversiomiency of a tandem catalysis Received: April 13, 2020
system was higher than that of the diregRB®ystem at all Revised: June 11, 2020
cathodic overpotential and faradaiciency (FE) combina-  Published: June 25, 2020
tions’ In the CORR process, copper-based materials are the

only electrocatalysts that can produce more reduced hydro-

carbons and oxygenates due to the optimaCQGubinding
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Figure 1.Catalyst structural characterizationcpedandANES spectra during CORR. ¢aSEM images of the as-synthesized Cu-GDE (a),
Cu,0-GDE (b), and CuO-GDE (c). (d) Temporal changes of Cu K-edge XANES spectra of Cu-GDE,@)GO& (e), and CuO-GDE (f)

acquired during the CORR &.2 V versus Ag/AgCIl. (§ The calculated fraction of Cu oxidation states of Cu-GDE ¢f);@DE (h), and

CuO-GDE (i) from a LCF analysis with respect to the reaction time. GC measurementsHgiptréial current density (blue traces) were
synchronized with XANES measurements and collected every 6 min. The yellow shaded region represents the estimated error range of up to 4
the LCF analysis. The data shown in panels g, h, and i are derived from XANES spectra in panels d, e, and f, respectively.

To understand the origin of the superior catalytic activity oéxperiments also relied ex situor quasiin situtools that
OD-Cu in comparison to polycrystalline Cu, previous studiesannot exclude the possible rapid reoxidation of OD-Cu before
focused on structural transformations during oxidation anteasuremeft?> Moreover, in many studies of the highly
subsequenin situ reductior."*® This oxidationreduction active Cu-based catalysts, the explanation for high performance
process increases the surface roughness, which can createddégbnds on simple comation of Cti or oxygen content,
densities of grain-boundafiedhe grain-boundary surface with no proof of whether they are involved in the catalytic
terminations showed a selective increase in HrRRCG@tivity reaction or not. These uncertainties hinder the development of
but not for the parasitic hydrogen evolution reaction (HER). general relationships between the catalyst structure and
This observation triggered a detailed mechanistic question autivity.
whether the activity enhancement comes from an increase irin order to investigate oxidation states of Cu catalysts during
the number of active surface sites or an increase in the intringie CORR, previous studies utilippdrandXAS cells that
activity of a speda active site. An extensiveoré for are modied from an existing high-performance cell
investigating the active site has concentrated on deteéting Glesigri>?’ These cells, however, typically operate at total
and subsurface oxides while under operation, as theoreticairent densities of up to 5 mA émrmuch lower than the
calculations suggest that these species can improve the kinetperating conditions for catalyst performance measurements,
and thermodynamics of CO dimerizatiofhe presence of  which can exceed 100 mA & Theoperandeconditions are
Cu* and subsurface oxygen under highly reductive conditionst necessarily representative because the surface of the
was conrmed by microscopic and spectroscopic technieatalyst and local environments are known to be very sensitive
ques’>?® but most of these studies did not run the CORRto changes in the reaction rate and cellgtmations? The
or CORR, so it is unclear if catalytic environments during thetructural information obtained in such controlled conditions
measurements are relevant to the actual catalytic reaction. ™ien ignores CO mass transport limitations and may not
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represent the real oxidation states under practical operati§g. The gas-fed cell is based on a hybrid catalyst-bonded
conditions. Although the gastdiion layer (GDL)-based cell membrane device that exhibited a total operating current
setup has been explored to overcome the mass transpdensity of up to 87 mA cfat 2.0 V (vs Ag/AgCl; hereatfter,
limitations'® a careful evaluation of the CORR activity andall voltage is versus Ag/Ag&l)We rst characterized the
selectivity in the modid operandaell is still needed to CORR activity and selectivity of the Cu-GDE imfgegando
guarantee that the observed catalyst structure represents X#sS cell to verify the ects of cell modtation on the catalyst
real situation under operating conditiofsBy considering  performance. The total current density reached 80 AAtcm
these circumstances, we set our research goals as follows. Figsg V, and its trend followed an exponential increase for the
investigating the direct relationship between oxidation statpetential window of 1.6 V to 2.2 V, demonstrating
and the CORR performance using a wellgooedoperando  su cient CO mass transport over these potential ranges
XAS cell is required to understand the exact roles of oxi¢€igure S3a and 93@he FE for GH, and H, generation
phases. Of particular interest is the oxidation state of a catalysiched 11 and 79% at 2.2 V, respectiveFigure S3c
under high current densities without the depletion of COCompared to the CORR performance in the original gas-fed
molecules. Second, we set out to determine if dynamic changel, we found slight @irences in the calculated FE fgi,C
in the catalyst surface area canence G, selectivity and  selectivity (decreased from 18 to 11%) and f¢inkreased
activity. Addressing these goals is required to formulate them 51 to 79%) in theperandXAS cell. We ascribe these
general design principles for active CORR electrocatalysts.changes to the modd parts that may prevent the pressure
Herein, we report a time-resohgggbrandstudy on the  buildup necessary to reduce wateding Figure S3d**
e ect of oxidation states on the CORR performance by XASowever, theoperanddXAS cell maintained similar total
and online GC, which allows for the simultaneous monitoringperating current densities80 mA cm? compared to the
of the chemical valence state and product selectivity. VWeiginal cell, which allowed us to observe actual states of the
prepared three types of Cu catalysts wittrefit oxidation  catalyst structure under realistic operating conditions. During
states and introduced an electrochemical oxidation procegss operand¥AS measurements, we were only able to detect
which enabled us to investigate the relationship betweeas products, including, Hand GH,, because space
oxidation states and C coupling. By utilizing a moedl gas-  constraints in the beamline hutch did not allow us to sample
di usion electrode (GDE) cell and an extensivg analysis, the liquid products in real-time. The corresporapegando
we demonstrated that the oxidation states of Cu catalystt K-edge XAS was obtained after a potential hold of 1 h. The
during the CORR do not correlate with ethylene productionrX ANES analysis shows that the Cu-GDE was a metallic Cu
under high reaction rates (>80 mA 9me also found that  phase after 1 h for all applied potentials except the potential at
an increase in the number of active sites estimated by the .6 V Figure S4a and 94@he EXAFS analysis indicates
electrochemical surface area (ECSA) was not proportional figat all the samples have a prominentGiuscattering peak
the GH, yield. The post-mortem microscopic characterizatioat 2.2 A across a range of the applied potentials, which is
indicated that the increased CORR performance may be duejglicative of the metallic Ephase. Figure S4c These data
morphological transformations during the electrochemicalso demonstrated that performigerandoXAS on Cu
oxidation and its subsequent reduction that generate a magatalysts with dérent oxidation states enables us to
active Cu structure. On the basis of aulings, we applied systemically validate the contribution of oxidation states to
this electrochemical oxidation process to restore both thBe CORR catalytic activity of Cu-based materials in the gas-
activity and selectivity fogH, production and demonstrated fed cell.

continuous operation over 6 regeneration cycles. Probing Oxidation States of Cu Catalysts by
Operando XAS. To investigate the Cu valence fraction in
RESULTS AND DISCUSSION real-time during the CORR, we performed time-resolved XAS

Synthesis and CORR Activity of Cu Catalysts in an  measurements of three Cu catalysts under the CORR
Operando XAS Cell.To determine the relationship between operating conditions. We applied the potential 202 V
oxidation states and the CORR performance, we carefullgcause it exhibited the highest FE for ethylene generation.
designed synthetic protocols to synthesize three catalysts witring theoperandAS measurements, gas products were
three dierent oxidation states of Cu. The crystalline structurgharacterized by using on-line GC, and the GC and XAS
and morphology of the three as-prepared Cu catalysts wern@asurements were synchronized such that both collected data
con rmed by X-ray powder daction (XRD) and scanning every 6 min. Kigure Sp Other gaseous products such as
electron microscopy (SEM). The XRD analysis indicated thanethane and ethane exhibited negligible FEs during the bulk
Cu,0O-GDE and CuO-GDE show good agreement withelectrolysis (<0.2%). For the quantitative analysis of the Cu
characteristic GO and CuO peaks, respectivelyigire oxidation states, a linear combinatitting (LCF) was
S). The Cu-GDE not only had peaks that matched withemployed using a set of pure-valence refereficese (
metallic Cu but also had a small amount ¢DCiuwe to the S63.°> Compared to the reference spectra, the observed
spontaneous oxidation in ambient air. In SEM images, boANES spectra presented a lower amplitude due to the
Cu-GDE and CuO-GDE show dendritic structures with sizesverabsorption ect (Figure S6p All the spectra were
ranging 510 m. Cu-GDE exhibited a sharper dendritic corrected for overabsorption by using a simple nicdee (
structure, while CuO-GDE exhibited more rounded tipsS1).%° By using the synchronized measurements of GC and
(Figure & andic). The CyO-GDE exhibited a cubic-shaped XAS with rigorous overabsorption correction and LCF, the
morphology with a size of less thanmQ(Figure b). operandXAS cell and analysis provided a useful platform to

For evaluating the electronic structure and oxidation statstudy the correlation between the catalyst oxidation states and
during the CORR, we used minimal mgations to an  catalytic performance for the CORR.
existing gas-fed cell, incorporating an X-ray transmissivéNe tracked the change of XANES spectra for three Cu
window to accommodatperand¥AS measurementsdure catalysts overtime under thxed potential of 2.2 V Figure
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Figure 2.0perandXANES spectra during the CORR after electrochemical oxidation. (a) Temporal changes of Cu K-edge XANES spectra of
Cu,0O-GDE after applying an anodic potential at 1.5 V versus Ag/AgCl for 5 min. After 6 min, every spectrum overlaps with each other. (b) The
calculated fraction of the Cu oxidation states -GIDE after electrochemical oxidation. The yellow shaded region represents the estimated
error range of up to 4% in the LCF analysis. {d), @artial current density and (d) faradaiciency of Cu catalysts as a function of Cu

oxidation states before and after electrochemical oxidation. In terms of the CORRBigtpaiitiéCcurrent density) and selectivity (faradaic

e ciency), there is no correlation to the Cu oxidation states.

1d 1f). Repeated XANES spectra were collected until nequares (NSS) as a bdstriterion igure S) In this
further changes were observed. In the case of Cu-GDE ara$pect, we conclude that the accuracy for the determination of
CwO-GDE, the Clreduced to metallic €within 20 min, Cu oxidation states via the LCF analysis is witHi#o3
and the GH, production was detected in thest GC Correlation between Oxidation States and CORR
measurement at 6 mirigures g and1h). Interestingly, = Performance. Previous studies have claimedient C C
CuO-GDE exhibited no detectablgHC product until the  coupling during the GBR from surface or subsurface Cu
CuO phase began to reduce to the metalfiplase at 24  oxide species, which formed via an electrochemical oxidation
min (Figure ). The trend of GH, partial current densities process®***° During the CGRR, the residual oxygen was
followed the evolution of the metalli® @hase and showed mainly located in an amorphou hm thick layer within the
the maximum value after reducing all the residual oxide in@u subsurfacé.Accordingly, we aimed in the next step to
CW. This result suggests that CuO itself is inactive for thavestigate the ects of surface oxide species on the CORR
reduction reaction of CO molecules, an@ €oupling occurs  performance by applying an anodic potential to all the reduced
only at the CU surface. Our observations were also inCu catalysts. The generation of the surface oxide structure was
agreement with previously reported oxide-containing Clased on a previous study showing that copper oxide starts to
catalysts that exhibited higfHCactivity after a preactivation grow at the surface at suiently high positive potentials in
step>>3’ alkaline solutioriS.A highly positive potential of 1.5 V was

It is important to note that all the Cu catalysts reduced t@pplied for 5 min to the Cu catalysts that had already
metallic CBistates during the CORR regardless of their initiatonverted into metallic Estates after the previous CORR.
oxidation states. Although the LCF analysis #)-GDE After the anodic oxidation, the XANES spectra show oxide
shows 3.7% Ctiremaining in the GO-GDE after 30 min, features, and the LCF analysis reveals that copper oxides and
this amount of residual oxides is within the error range of laydroxides were formed in all Cu catalysts up toF8Qe6€s
LCF analysis. To estimate the error range in the LCF analysisand S§. We then performedperandANES measure-
we introduced an empirical method by using normalized summents and evaluated the CORR performance simultaneously at
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Figure 3.Electrochemical oxidation by using CV cycling. (a) CV curves of Cu-GDE recorded after eleck@ygisaasus Ag/AgCl. The
anodic peaks related to the Cu oxidation into Cu(l) and Cu(ll) and reduction are indic&ipdrghyiGu K-edge XANES spectra of Cu-GDE
before and after CV cycling. (c) The calculated fraction of Cu oxidation states before and after CV cycling and the cgreppaialing C
current densitie.

a xed potential of 2.2 V. Unlike the previous CORR results We also tested the steady-state CV cycling method to
before the anodic oxidatiofrigure @ 1i), most of the regenerate the surface oxide on the Cu catalyst. This mild
surface oxide and hydroxide species in all Cu catalysts wex&ative reductive process in alkaline solutions has been used
quickly reduced into metallic'Guithin the time resolution of ~ to induce step-wise reconstruction into a Cu(511) surface that
the XANES measurements (<6 miFij(res & andsg. The catalyzes the conversion of CO molecules into ethahel.
result suggests that the surface oxides are generally much e@3fetycling method, with a cycling potential betwé&enand
to reduce than the initial oxides in the Cu catalysts. Moreoved,5 V for 20 cycles, was applied to the Cu-GDE that was
similar features in the CORR selectivity and activity weralready reduced into metalli®Cthe CV data indicate that
observed through all the Cu catalysts. First, the total curre@u" was formed at 0.4 V, and Cii was generated in the
densities of all the catalysts were increased after the anodinge of 0.050.25 V, leading to the formation of oxidized
oxidation process, leading to sigmit enhancements of the copper Figure a)*° This formed oxide was reduced again
partial current densities for botjHgand H, (Figure SP In between 0.6 V and 1V, as shown by the reductive wave in
comparison to that of the initial Cu catalysts before the anodihe CV.OperandXANES demonstrated that there was no
oxidation treatment, EE, increased and fflecreased in all  change in the spectra before and after CV cyeling¢ 8),
Cu catalysts. Second, the enhanced partial current densitieg®@# the LCF analysis comed that the two spectra indicate
C,H, in all the Cu catalysts rapidly declined as the CORmRurely metallic Cistates figure 8). In contrast, the £,
proceeded. partial current densities were increased about 4 times higher
Interestingly, the LCF analysis of@uand CuO-GDE than those before the CV cyclifgg(ire 8), consistent with
demonstrates that residual oxide speci®$)remained after the results from the oxidative treatment method. This result
further reaction timeF(gures B and S8¢. Although this further supports our conclusion that the oxidation states of Cu
amount of residual oxide is quite close to the error margins e&talysts fail to explain theatence in the catalytic activity
the LCF analysis, its presence and persistence during @@d selectivity for the CORR in high current density
reaction have been regarded as the promoter forCa C operations >80 mA cfn
coupling*** We hypothesize that there could be an optimal E ects of Electrochemical Surface Area on CORRhe
oxidation state value or a linear correlation between tHack of a correlation between the oxidation state of Cu catalysts
oxidation states and CORR performance if the residual oxi@ed CORR performance naturally points to another common
plays a role in the catalytic reaction. To verify this hypothedigctor, ECSA. It has been previously reported that the ECSA-
and explore the relationship between oxidation states andrmalized CORR activities of high and low surface area Cu
CORR performance, we link the average oxidation numbare comparable, leading to the conclusion that both catalysts
calculated from the LCF analysis and the CORR activity (Vave a similar intrinsic actiVityThe major dierence in
C,H, partial current densitiigure 2) and selectivity (vs Selectivity between these Cu catalysts was attributed to the
FEcons, Figure @) before and after the anodic oxidation lower intrinsic HER activity in high-ECSA catalysts due to
process. However, the oxidation states show no appardetal elevation of the pH from the rapid consumption of
correlation with the activity or selectivity. The contribution ofrotons at high ratés’®We investigated the role of the ECSA
each Cu ion species, includind, @, and Cé&", to the on CORR performance enhancement to understand whether
CORR activity and selectivity was also investigated, but itlee electrochemical oxidation can simply increase the number
obvious trend was observEdj(re S10 Although hard XAS  of active sites, or create new, moreient active sites. The
measurements at the Cu K-edge contains bulk-sensiti#€SAs of all the Cu catalysts were estimated by measuring the
information and the LCF analysis cannot exclude the possitdkectrochemical double-layer capacitance (EjuCe S1)]
existence of residual oxides lower than 4%, this result isvitnich has been used to estimate a proxy for the wetted GDL
contrast to the previous studies that utilireditu XAS electrode area in the gas-fed, @@ctrolyzer$. Note that
cells>**> Our ndings highlight the importance of a catalystalthough the ECSA obtained by EDLC measurements could
performance evaluation for @werandeell and the direct contain contributions from both the Cu catalyst and GDL, our
linkage between the observed XAS spectra and catalgsposition method (detailedEmperimental Sectjois likely
performance measured simultaneously. to cover the majority of the electrolyte-accessible portion of
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Figure 4 Relationship between the ECSA and activities for the HER and CORRn¢hjiH) GH, partial current densities of Cu catalysts as a
function of the ECSA, estimated by EDLC. Normalized current densities by the ECSAs for each Cu catalgsidf¢d €, before and
after electrochemical oxidation.

the GDL with the Cu catalyst. We therefore expect the EDL@ ected by the anodic oxidation process. In contrast, there was
measurements to provide a good approximation of the catalyst linear correlation between the ECSA aidl, Qartial
ECSA. The EDLC of the catalysts was measured at threarrent densitiesRf = 0.39, Figure b), and the ECSA-
periods before and after CORR and after anodic oxidation mormalized @H, current densities sigoantly increased after
the gas-fed cellTéble Sp All of the EDLCs of the Cu oxidation in all Cu catalystBiqure 4). Considering that
catalysts increased during the CORR and slightly decreaseetted surfaces estimated by the EDLC values were slightly
after anodic oxidation. The increase in EDLC during CORRecreased after anodic oxidation, we explicitly exclude an
could arise from the accelerating electrolyte ingress into tirecrease in the number of active sites for the CORR from the
GDE. Such an increase in the EDLC is consistent with @duction of the preoxidized catalyst as a cause of the increased
previous report, where the passage of the faradaic current wesvity in the gas-fed cell. Therefore, we conclude that
found to lead to an increasing apparent hgdrophilicity of alectrochemical oxidation increases &, @ctivity and
GDL over time, resulting in wateooding’® Also, we selectivity by generating new, highly selective active sites for
consistently observed salt crystallites on the catalyst layerdnC coupling.
all the Cu catalyst&igure SI2 As salt crystallites form, they =~ Morphological Transformation of Cu Catalysts dur-
may draw water through the GDL via capillary forces, owing tog CORR.Our observations that neither the oxidation state
their hygroscopic propertiés. nor the ECSA are correlated with the activity and selectivity
On the basis of the above results, we measured partfalggest another catalyst property determining the CORR
current densities fon&, and H, at the same points where the performance in gas-fed cells. Since Cu has a small cohesive
ECSAs were obtaineBligure S1)3and linked them to the energy and a high surface mobility, the surface of Cu
ECSA of the Cu catalysts. We note that the total FEs for all ahdergoes severe reconstruction when exposed to gaseous
the Cu catalysts were less than unity because liquid produ€®*® or under the CORR conditiohisin particular, the
were measured from the anode side of the gas-fed cell whadsorption of CO into oxide-containing Cu catalysts invokes a
oxidation of some products can ottWe observe that the surface reconstruction in the form of nanoclusters or
ECSA value was positively correlated with th@aktial fragmented structures that resulted in enhampegpanol
current densityR® = 0.72,Figure 4), suggesting that the production during the CORR’ This CO-induced surface
ooded electrolyte impeded thauixof CO gas to the catalyst reconstruction motivates us to investigate the relationship
surface and promoted HER. Such enhanced wadiéng and between morphological changes and the CORR performance
higher rates of the HER were also observed ip#rando  of our Cu catalysts. To investigate the morphological evolution
XAS cell compared to that of the gas-fed [Eglire S1% during CORR, we collected post-mortem SEMu(es
These results highlight that the characterization of the catalyst 5¢) and transmission electron microscopy (TENgUfes
performance in theperandAS cell is critical in order to 5d 5f) images of Cu-GDE before and after electrolysis and
guarantee the real operating condition of the CORR. Thelectrochemical oxidation. The dendritic structure in the
ECSA-normalized partial current densities foind¢dleased  pristine Cu-GDE was composed of nanocubes with a size
slightly or were similar before and after oxid&tignre 4), ranging 100150 nm Eigure @) and a crystalline surface layer
indicating that the intrinsic activity for the HER was not(Figure 8). The fast Fourier transform (FFT) pattern of the
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Figure 5.Morphological transformation of Cu-GDE during the CORR) GEM and (df) TEM images of Cu-GDE before and after
electrolysis and subsequent electrochemical oxidation: (a and d) as-synthesized Cu-GDE before the CORR, fistahd €GiREr under

2.2 V versus Ag/AgCl taken at 60 min, (c and f) after applying the anodic potential of 1.5 V versus Ag/AgCl for 5 min. The white arrow indicates
an amorphous surface layer on the newly formed nanoparticles after anodic oxidation. The insets of the TEM images indicate representative F
analysis on a selected area to calculate the-$pealing value.

nanocube showed £)(111) and (110) phases, but addi- morphological transformation irrespective of the initial
tional CuO phase patterns were also observed due to tlidation states and morphology.

surface oxidation in ambient conditions duringxts&urEM This nding suggests a hypothesis regarding the catalyst
analysisHigure S15 After the initial CORR proceeded for 60 properties that determine the CORR activity and selectivity in
min, the nanocubes were no longer observed, having coaledéédgas-fed cell. At the early stage of the electrolysis, the lower
into a smooth surfac€igure B). The TEM image showed wetted surface area and larger particle size compared to those
that the crystalline surface was still maintained even af@fer anodic oxidation are likely to hinder the generation of Cu

CORR Figure B). This result is in agreement with a active sites by restricting the morphological transformation of
degradation mecﬁanism induced by either H- or Co:che catalysts. Moreover, the coalescence of nanostructures into

. . . . smooth surfaces as the CORR proceeds can also limit the
adsor_b_ates “”d?‘r highly negative _pote?‘?tmfsar applying availability of active sites during CORR, leading to a decrease
a positive potential of 1.5 V for 5 min, the Cu surfaces beca

structure resulting from anodic oxidation treatnfégtie  oxjde nanoparticles at the surface and their rapid reduction,
5f). As the second period of the CORR proceeded, the neWyhich could create a more active Cu structure. A reconstructed
formed nanoparticles also coalesced in@t and smooth  Cy structure is consistent with previous studies demonstrating
surfaceKigure SI6 A similar trend of coalescence during thethat the electrochemical oxidatiesluctive process generates
CORR and subsequent formation of nanoparticles duringelective active sites for@ coupling*** While we cannot
anodic oxidation was also observed for both-Gind CuO- rule out a small fraction of the oxidized Cu below the error
GDE (Figure S1) suggesting the generality of this range of our LCF analysis, these post-mortem measurements
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suggest that the control over the morphological transformatidhe porous structure of both the catalyst layer and thé*GDL.

during catalysis may be a key parameter for achieving hi@bmpared to the previous studies that include cell disassembly

catalytic activities in a practical CO electrolyzer. to restore the performanié? in situregeneration by periodic
Restoration of Cell Performance by Electrochemical anodic oxidation can provide a practical strategy to mitigate

Oxidation. Inspired by the above results, we explored th@as-fed GDE cell degradation.

possibility of restoring the cell performance through an anodic

oxidation process. West measured the gaseous and liquid coONCLUSION

products before and after oxidation in the gas-fe&igelg

S17. Remarkably, we note that applying 0.1 V during t

oxidative step was enough to enhance AHg activity, and

hdn conclusion, the ect of the oxidation state on the CORR
activity of oxide-derived Cu catalysts was investigated by using

: simultaneousperandXAS and online GC measurements.
only Fi,, was enhanced while the other @oducts were Combining data from the XANES8ing and synchronized

similar after anodic oxidationaple SR The GH, partial roduct analysis, we found that thgHCactivity and

current densities rapidly decreased over 30 min after anodigectivity increased as the oxides were reduced to metallic
oxidation, suggesting that the active sites are unstable un

; . , ; €. By introducing an electrochemical oxidation process,
high reaction rates with large overpotentials. We hypothesizgg;., improved the CORR performance, we successfully

that the anodic oxidation can regenerate the stepped Cu actyg,eq that the oxidation states and spémi species do not
sites from the sintered Cu surface, making it possible %@rrelate with the activity or selectivity of Cu catalysts.
recover the activity periodically without any cell dls_assemb oreover, activities normalized by ECSA revealed that H
To this end, we operated the gas-fed celbadhpotential of roduction was proportional to the ECSA, while the
2.2 V for 1 h before applying 0.1 V for 5 min, followed bJéonversion of CO into 8, was not aected by the ECSA
alternating 2.2 V for 30 min and 0.1 V for 5 mifiqure §. in the gas-fed cell. We also demonstrated that thecatiunfi
of the cell design to include an X-ray window faygéeando
study could change the reaction environment, which indicates
the importance of the performance characterization in the
operandccell. Post-mortem microscopic investigations of
morphological changes suggest that the electrochemical
oxidation and its subsequent reduction may generate a more
active Cu structure, surpassing the original activity. This
electrochemical oxidatiareduction process was utilized as a
regeneration method that restored the original catalyst activity
and selectivity in the GDE cell without requiring cell
disassembly. On the basis of our comprehensive study, we
believe that our results motivate the rational design of catalysts
for commercial CO reduction systems.

EXPERIMENTAL SECTION

Synthesis of Cu Catalysts with Di erent Oxidation
States. Cu was electrodeposited on graphite-based GDLs
(denoted as Cu-GDE, Sigracet, 39AA) in an electrolyte
containing 0.15 M Cug&2H,O (99.99%, Alfa Aeasar), 1 M

Figure 6. Restoring the cell performance by applyin anodié_|CI (37% ACS grade, Sigma—AIdrich)_, and 20% etha_nol
ox?dation. (a) Fara(?aic eiency aeld (b) partial czrreﬁfgengsity for (Koptek, 200 proof). Preferential deposition of Cu on one side
H, (red) and GH, (blue) of Cu-GDE as a function of repeated Of the GDL was achieved by applying polyimide tape (Kapton)
catalyst regeneration. During the catalyst regeneration periods (yell@wone side of the GDL and then immersing it in an electrolyte
region), the cell was treated by applying an anodic potential of 0.1bath. The cell consisted of the GDL as a working electrode, Cu
for 5 min without cell disassembly. mesh as a counter electrode, and Ag/AgCI (saturated (sat.)
KCI) as a reference electrode. Theéh5 V versus Ag/AgCI

The rst anodic oxidation increased the CORR activity (fronwas applied for a total charge of 4.5 C.ovter deposition,

15.7 to 28.4 mA crf) and selectivity (16.8 to 28.4%) toward the resulting Cu-GDE was taken out of the solution and
C,H, and suppressed, Hpbroduction, while the enhanced dipped into deionized water several times to rinse the excess
performance degraded over 30 min. Subsequent anodiectrolyte. After rinsing, the Kapton tape was removed from
oxidation cycles showed repeated degradation and recoviry backside, and the electrode was dried in #ir W&s also

of the GH, current density. During this periodic cycling, theelectrodeposited on GDLs (denoted agOGBDE, Sigracet,
initial current density and FE foHz were maintained even 39AA) in an aqueous electrolyte containing 0.2 M farg0

after 6 h. However, both the current density and FE,for H3.0 M lactic acid. The pH was adjusted to 12, using a
increased over time. Previous studies showed that this was darcentrated NaOH solution. Depositions were performed in a
to electrolyte crossover from the anode chamber, which limit&delectrode coguration using the GDL as a working
CO transport to the ooded catalyst layer, indicating that electrode, Pt coil as a counter electrode, and Ag/AgCl (sat.
water management is important to suppregsoduction in KCI) as a reference electrode. The®,5 mA cm? was
gas-fed celfs?® To suppress the parasitic HER, strategies foapplied to the working electrode for 1.1 h 4660 he rinsing
water management include integrating hydrophobic materiglsocess was the same as that of Cu-GDE. To fabricate the
(e.g., polytetraioroethylene) into the GDL and controlling CuO on the GDL, Cu-GDEs were electrodeposited as above,
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followed by oxidation in the air at 3&Dfor 16 h in a mue edge. Theperandexperiments were performed under CO gas
furnace (denoted as CuO-GDE). conditions using a GDE cell setup identical to the one used for
Characterization. A scanning electron microscope (SEM, evaluating the CORR,with a slight modcation of a
FEI Inc., NOVA NanoSEM 450) with an integrated energypolyimide (Kapton) window to allow for X-ray penetration on
dispersive X-ray (EDX) spectrometer was used to analyze e vapor side and with the cell positioned afrdf the
morphology and elemental composition, respectively. Imaggsident X-ray beam. The X-ray energy was tuned by a Si
were taken using an accelerating voltage of 15 kV. EDX image20) double-crystal monochromator, and the intensity of the
were taken with an accelerating voltage of 15 kV. X-raycident X-raysd4) was monitored by an Alled ion chamber
di raction (XRD) measurements were taken with a Bruker Df§, front of the GDE cell. Data were collecteduasescence
Discover X-ray diactometer using Cu Kadiation (1.54056  excitation spectra at room temperature using a Ge 30 element
A) in a BraggBrentano geometry. Baction images were gatector (Canberra). The data analysis of the Cu K edge X-ray

collected using a two-dimensional VANTEC-500 detector anthsorption near-edge spectroscopy (XANES) and extended X-
integrated into one-dimensional patterns using DIFFRAC,ay apsorptionne structure (EXAFS) spectra was performed
SUITE EVA software. Transmission electron microsco

_ _ F1¥sing the Athena software packagee-edge and post-edge
(TEM) was performed using an F20 UT Tecnai (FEl) yacrgrounds were subtracted from the XAS spectra, and the
microscope at an acceleration voltage of 200 kV.

Electrochemical Measurements.Electrochemical meas- resulting spectra were normalized by the edge height. For the

urements were performed using a Biologic SP-300 moa@( AFS spectra, three consecutive scans were avr—_zraged 0
grease the signal-to-noise ratio, and data reduction was

) ; |
potentiostat. The GDE served as a working electrode, Pt mes formed with Athena software. The procedures used for the
erabsorption correction and linear combinatttng

as a counter electrode, and Ag/AgCI (sat. KCI) as a referenE

electrode. The custom GDE cell consisted of two plates th% . ; . i .

sandwiched the Cu/@D/CuO-GDE, anion exchange mem- CF) e_malySIS are described in detail Smpporting

brane (FAA-3-50, Fumatech), and Pt mesh anode and wijormation . S . .

tightened with external screws. Then, 1.0 M KOH was Elec_troc_hemlcal Oxidation. Potentiostatic electroghem—

circulated through the anode chamber, which also contain&@! 0xidation of the GDEms was performed by applying 1.5

the reference electrode, as described &aditrmeasure- ©f 0-1V for 5 min after bulk electrolysi&.€ V, 1 h). After 5

ments were performed at room temperature®¢35and min of QX|dat|on, the cell was allowed to equm_brate at OCV

pressure (1 atm). The GDE cell was allowed to equilibrate £" 1 min, followed by second bulk electrolysis2at V.

OCV conditions until the OCV measureti0 V, typically 1 Cyclic voltammetry (CV) was performed fra to 0.5 V at

h. EIS measurements were taken at OCV conditions usingt&can rate of 50 mgor 20 cycles, with the scan ending at

range of frequencies of 1 MHz to 0.5 Hz and an amplitude &5 V.

10 mV. Electrochemical Active Surface Area (ECSA) Measure-
Product Analysis. Gas products were measured with ments. The electrochemically active surface area (ECSA) was

online gas chromatography (GC, customized SRI instrumerttstermined from the double-layer capacitance dirthén a

Model 8610C) every 6 min. A thermal conductivity detectonon-faradaic potential range, typicai9 mV of the open-

(TCD) was used to detect,Hwhile a ame ionization circuit voltage (OCV). CV scans were performed at scan rates

detector (FID) was used to detect £H,H,, and GHg of 10, 20, 50, 100, and 200 m¥ with the potential held at

products. A parallel column cgaration was employed using each vertex for 10 s before the next scan. The double-layer

a molecular sieve with a 5 A column fgr@4, N,, and CO capacitanceC;) is given by the following equation:

separation and a Haysep D column to separat€CHCQ, _

C,H,4 and GHg. An isothermal method was used with an oven I = Ca

temperature of 11, a TCD temperature of 106, a FID

temperature of 10C, and an injection valve of'€0 The Ar ~ Wheréi;is the charging current (mA) ani the scan rate (V

carrier gas was set to 20 psintéthanizer gas set to 20 psi, S 1). The charging current was plotted as a function of the scan

and air pump set to 5 psi. Liquid products were analyzed frofate, with the slope equalQg The ECSA was then calculated

the anode side of the cell with high-performance liquidising the following equation:

chromatography (HPLC, Dionex UltiMate 3000). The eluent

was 1 mM BSQ, in water with aow rate of 0.6 mL mih ECSA= &

and a column pressure of 76 bar. The column was an Aminex

HPX 87-H from Biorad, held at 8D with an internal heater.

The detector was a UV detector set to 250 nm. The injectiowhereC; is the electrolyte-dependent solution capacitance. We

volume was 10L. For the determination of liquid products chose to assumeQ value of 0.04 mF cf as previously

over time, 0.5 mL of anolyte was taken from the anolytdescribed®

reservoir every 6 min, in conjunction with GC measurements.

The faradaic eciency (FE) was calculated as follows: EE = ASSOCIATED CONTENT

x Fx n/Q=ex Fx n/(l xt), whereeis the number of

electrons transferref, is the Faraday constaf},is the Supporting Information

charge] is currentt is the running time, andis the total The Supporting Information is available free of charge at

*

amount of product (in moles). https://pubs.acs.org/doi/10.1021/acscatal.0c01670
Operando X-ray Absorption Spectroscopy and Data L .
Analysis. OperandoX-ray absorption spectroscopy (XAS) Sample characterizations (XRD), electrochemical meas-

measurements were conducted at the Stanford Synchrotron Uréments (electroactive surface area, faradeoaes
Radiation Lightsource (SSRL) on beamline 7-3 at the Cu kK for all products), and XAS analyses are proViieq (
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