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ABSTRACT

Electrochemical upgrading from CO, and CO to ethylene has typically been coupled with the oxygen evolution reaction (OER),
whose high standard reduction potential leads to full-cell voltages above 2.2 V at 200 mA/cm?. Here we explored an alternative
anodic reaction, where furfural is oxidized to furoic acid, a reaction having a low onset potential (E° ~ 0.05 V vs. RHE), and which
reaction is accompanied by the evolution of H,: an anodic hydrogen evolution reaction (a-HER). In early experiments, copper oxide
as a-HER catalyst exhibit limited stability (< 10 min) and activity (80 mA/cm? at 0.8 V;;). We found, using operando spectroscopy,
that hydroxide forms on the surface of copper and deactivates the desired a-HER process. When we screened candidate metal
dopants, we found the best to be Au, for it served to stabilize the Cu surface, enablinained a-HER: 260 mA cm ™2 at 0.8 V; and
stable operation for 16 h. Integrated into a paired CO-to-ethylene electrolyzer, this delivered 0.92 V.. at 400 mA cm 2, required
40 GJ electricity per ton of ethylene, and co-produced 460 kg H, per ton ethylene. To enable comparison with CO,-to-ethylene
reports, which require an additional CO,-to-CO step, we estimate ~ 69 GJ/tonC,H,.

1 | Introduction

Electrochemical carbon upgrade from CO, and CO offers
pathways to low-carbon-intensity fuels and platform chemicals.
Carbon monoxide electroreduction (COR) avoids carbonate
salt precipitation, allowing for stable electrolysis. Recent
efforts in catalyst design and cell engineering have improved
current density, faradaic efficiency (FE), and single-pass
conversion efficiency (SPCE) [1-5]. Nevertheless, producing

ethylene electrochemically still demands 110-170 GJ per ton
[6-9].

This arises in part from pairing with the oxygen evolution reaction
(OER), with its onset potential of 1.23 Vyy (Figure 1b). Previous
studies have explored pairing CO,R/COR at the cathode with the
oxidation of organic molecules at the anode, the aim to lower the
full cell voltage while producing value-added products. However,
even with these approaches, systems that involve pairing with
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FIGURE 1 | Schematic representation of the COR-a HER system studied herein. (a) Electrocatalytic biomass upgrading toward chemicals and

fuels. (b) iR-uncorrected voltage breakdown analysis of representative cathodic CO,R/COR reactions paired with candidate anodic reactions at 200 mA
cm™ in a membrane electrode assembly (MEA) configuration. The full-cell voltage is decomposed into anode, thermodynamic, cathode, and other
contributions. Detailed calculation methods and assumptions are provided in Note S1.

organic oxidation reactions have yet to unite (Table S1) [10, 11]
sub-1 V operation with high current density, ethylene selectivity,
and feedstock utilization (SPCE, single-pass conversion efficiency
of the feedstock).

Anodic hydrogen evolution (a-HER) is an anodic alternative, one
that offers a similarly lowered standard potential accompanied
by the production of H, at the anode outlet [12-15]. In this
approach, non-enolizable aldehydes serve as both proton and
electron donors, enabling electrocatalytic oxidative dehydrogena-
tion on Cu-based anodes at potentials of ~0.05 V versus RHE
accompanied by the evolution of H,. Among potential aldehyde
substrates, furfural is an attractive candidate because it can
be derived from lignocellulosic feedstocks such as corn stover,
thereby incorporating biogenic carbon into the paired electrolysis
scheme (Figure 1a).

Previous studies have explored a-HER from furfural on copper
anodes—including those coupled with cathodic hydrogen evo-

lution (c-HER)—but these showed < 10 min operating lifetimes
at > 400 mA/cm? current density [12-15]. We sought here to
develop anode catalyst materials that sustain efficient a-HER at
low overpotential and high current density (> 200 mA/cm?).

We find that the deactivation of the copper anodic catalyst arises
from the facile adsorption of hydroxide ions, which promotes
unwanted oxygen evolution (Figure 2d) [16, 17]. We explore a
doping strategy to stabilize the oxidation state of copper (Cu’ and
Cu™), thus preventing hydroxide occupation and suppressing the
OER pathway. Among the dopants screened, gold demonstrates
the best performance in a-HER, inhibiting hydroxide binding at
the active sites. Au-modified oxide-derived copper foam (AuCu)
exhibits stable a-HER performance (> 8 h, Figure 2d); and it
reduces the cell voltage by 0.24 V at 200 mA/cm? compared to
OD-Cu catalyst.

To tackle system-level issues, we sought to develop a cathode
catalyst that maintains high conversion at low CO partial pressure
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FIGURE 2 | Performance and characterization of a-HER. (a) Schematic illustration of OD-Cu deactivation through surface Cu-O(H) formation
during a-HER and the stabilization effect of Au modification. (b) Scanning electron microscopy (SEM) image of post-electrolysis AuCu foam. (c) Anode
product distribution for a-HER over AuCu foam at 100, 200, 300, and 400 mA cm™2, with the corresponding full-cell voltages of 0.62, 0.73, 0.84, and
0.92 'V, respectively. (d) Stability assessment of OD-Cu and AuCu catalysts for the anodic hydrogen evolution reaction (a-HER) in an H-cell configuration
at a potential of 0.5 Vyyg, conducted in a solution containing 250 mM furfural and 1 M KOH. Note that current density was not recovered even after
replenishing furfural in the anolyte for OD-Cu. However, AuCu performed stable operation with anolyte refreshment. (e) Capacitive current plotted
against the scan rate, measured in 1 M KOH, with scan rates ranging from 20 to 200 mV/s around the open circuit potential. (f) Roughness-factor analysis
of various catalysts utilized for the a-HER. (g) High-resolution Cu 2p XPS spectra of OD-Cu and AuCu after electrochemical conditioning at OCP, 0.3
Vgpe, and 0.5 Viyg. The Cu 2ps), features at 932.6, 932.2, 933.8, and 934.7 eV are assigned to metallic Cu, Cu,O/Cu*, CuO/Cu?*, and Cu(OH),/Cu?*
species, respectively. (h) Cu LMM Auger spectra of AuCu and OD-Cu foam measured at pristine, OCP, and 0.5 V_RHE. The Cu LMM features are
assigned to metallic Cu, Cu,0/Cu*, CuO/Cu?*, and Cu(OH),/Cu?* contributions. Detailed deconvolution, fitting parameters, and complementary of
Cu 2p3/2 and LMM Auger spectra are provided in Note S2. Operando Raman spectroscopy under reducing potential at —0.1 Vyyg of (i) OD-Cu foam
and (j) AuCu foam. Operando Raman spectroscopy with a-HER reaction from 0.1 to 0.4 Vyyg of (k) OD-Cu foam and (1) AuCu foam using 0.1 M KOH
and 50 mM furfural. The shaded Raman region highlights Cu-O(H)-related features formed during anodic operation. Time-resolved operando Raman
spectra of (m) OD-Cu and (n) AuCu recorded at 0.2 Vgygg under conditions of 0.1 M KOH with the addition of 50 mM furfural.

(targeting 20 vol%, relevant to biogenic syngas) while maximizing
SPCE. By developing carbon-based supports exhibiting tailored
porosity and gas transport properties, we SPCE of 90% and CO
conversion to ethylene using as feedstock CO at 20vol%, and
kept H, FE on the cathode below 9% under these conditions. 2 | Results and Discussion
When we pair this with the AuCu anode and carry out furfural

40 GJ/ton C,H, compared to COR-OER benchmark systems that
today remain above 100 GJ/ton C,H,.

oxidation, the co-electrolysis system delivers 63% ethylene FE at
400 mA/cm?, 0.92 V,;, and 93% furfural SPCE under stable 20-h
operation. The energy consumption in this system is lowered to

We began our investigations with high-surface-area oxide-derived
copper foam (OD-Cu) (Figure 2a; Figures S1and S2) to explore the
a-HER using furfural as the reactant. Compared to pristine copper
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foam, the OD-Cu catalyst demonstrated enhanced a-HER activity,
as seen in increased reaction rates (Figure 2d) and greater furoic
acid production (Figure S1b). The increased roughness factor, as
shown by the capacitive current versus scan rate plot, corresponds
to a larger electrochemically active surface area for OD-Cu
(Figures 2e,f and S3). When applied to a membrane electrode
assembly (MEA) cell, OD-Cu delivered a current density of
300 mA/cm? at 1.1 V,, (Figure 4c). Unfortunately, this class of
catalyst suffered performance decline after operating for 10 min
at 300 mA/cm? (Figures 2d and 4d).

Prior studies have shown that such hydroxide-rich surface layers
readily form on copper electrodes in alkaline media, particularly
under anodic potentials [16-20]. These adsorbed hydroxide layers
can block active sites and hinder the adsorption of organic
molecules such as furfural [13]. X-ray photoelectron spectroscopy
(XPS) of OD-Cu at open circuit potential (OCP), 0.3 and 0.5 Vyyg
revealed surface oxidation to Cu(OH), and CuO, indicated by
peaks at 933.76 and 934.67 eV [21] (Figure 2g and details in Note
S2). Strong satellite peaks of Cu(II) at 0.5 Vg, along with a Cu
LMM peak at 916.5 eV (Cu(OH),), indicate hydroxide adsorption
onto the copper surface (Figure 2h). Operando x-ray absorption
spectroscopy (XAS) of OD-Cu showed a predominance of Cu**
species, suggesting Cu(OH), formation on the surface (details in
Note S3).

Guided by prior work showing that metal dopants shift the
oxidation of Cu [22-24], we incorporated noble metals (Au, Pt)
into OD-Cu scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive x-ray spectroscopy
(EDX), and x-ray diffraction analysis (XRD) indicate metal
incorporation into OD-Cu (Figures 2b,g,h and S4-S8). Additional
analyses including grazing incidence x-ray diffraction (GI-XRD),
SEM-EDX, TEM-EDX, Au 4f XPS, and Au L;-edge XAS indicate
that Au is incorporated principally as surface-deposited Au-
containing domains with local Au-Cu interfacial motifs, rather
than through homogeneous bulk alloying or atomically-dispersed
Au (Note S2). This assignment is consistent with surface-limited
galvanic replacement/deposition during HAuCl, treatment, in
which AuCl,~ is reduced by surface Cu/Cu+ species without a
high-temperature alloying step. Both Au- and Pt-modified Cu
(AuCu and PtCu) showed improved catalytic activity and stability
(Figures 2c-f and 4c,d). AuCu provided the lowest overpotential
for a-HER (Figure 4c). We found a Cu:Au ratio of 10:1 to be
optimal: it provided the lowest overpotential and selectively
produced furoic acid and hydrogen (Figure S9).

We employed operando and post-electrolysis spectroscopy to
monitor the chemical state of Cu on OD-Cu and AuCu sur-
faces. Post-electrolysis XPS showed that AuCu combined metallic
copper (Cu®, 932.6 e€V) [21] and copper in the (I) oxidation
state (Cu,O, 932.4 eV) [21] at OCP, 0.3 Vgyg, and 0.5 Vgyg. In
contrast, OD-Cu evolved toward the copper (I) state characteristic
of hydroxide (Cu(OH),, 934.7 eV) [21] at 0.5 Vg (Figure 2g).
Because Cu’ and Cu* are difficult to distinguish using Cu 2p
spectra alone, we analyzed Cu LMM Auger spectra (Figure 2h).
From Cu 2p and Cu LMM fitting, OD-Cu becomes dominated
by Cu?* oxide/hydroxide species after applying a potential +0.5
Viue; Whereas AuCu retains a larger low-valent Cu fraction
(either Cu® or Cu®) under the same condition. The Cu?*
contribution at +0.5 Vyy is higher for Cu than for AuCu in

both Cu 2p and Cu LMM analyses. Thus the addition of Au
suppresses Cu hydroxylation/oxidation and stabilizes low-valent
Cu species under a-HER-relevant anodic potentials. Detailed
peak assignments, fitting constraints, and quantitative fitting
results are provided in Note S2.

Operando Raman spectroscopy indicated the stable coexistence of
Cu’ and Cu' species in AuCu over a wide potential range (—0.1 to
0.5 Vgyg), including a-HER conditions (Figure 2j,1). A persistent
broad band centered at ~550 cm™' indicates the presence of
disordered or amorphous Cu*-O domains, likely involving short-
range Cu*—O bonding stabilized by Au incorporation [25, 26].
This agrees with prior operando Raman studies, which associate
abroad signal around ~550 cm™ with a defect-rich, mixed-
valence Cu oxide network [27]. The chemical stability of AuCu
across both reducing and oxidizing potentials (0.1 to 0.5 Vyyg)
can be attributed to the electronic influence of gold: interfacial
Au withdraws electron density from neighboring Cu atoms,
generating partially cationic Cu (Cu®") sites that bind oxygen
more strongly and stabilize Cu-O coordination [28-32]. Time-
dependent operando Raman spectroscopy of AuCu indicates
stable Cu-O coordination over 3 h, consistent with the stable a-
HER performance of the AuCu catalyst (Figure 2n). At a mild
reducing potential (-0.1 Vi), OD-Cu exhibited complete reduc-
tion to metallic copper (peaks at 523 and 623 cm~! disappearing
within 30 min, Figure 2i), indicating a greater tendency for
changes in Cu-0O coordination under applied bias. These Raman
observations, together with XPS and in situ XAS data (Figure
S32 and details in Note S3), indicate that Au stabilizes a mixed
Cu®/Cu™ state over a broad potential window, whereas OD-Cu
readily undergoes redox transitions depending on the applied
potential.

We applied anodic (oxidative) potentials to OD-Cu to trigger a-
HER, upon which we measured hydrogen at the anode. Starting at
0.2 Viyi, @ Raman peaks at 548 and 603 cm~! emerged and inten-
sified with increasing anodic potential (Figure 2k). These Raman
features are specific to OD-Cu, as shown by peak deconvolution
of Raman spectra at 0.4 Vi (Figures S29-S31 and details in Note
S3), and the Raman features became more pronounced over time
(Figure 2m). Previous studies have identified the 548 and 603
cm~! Raman peaks as Cu-OH vibrations, formed via hydroxide
adsorption onto copper surfaces [16, 17]. We propose that the
strong hydroxide adsorption and the subsequent formation of
copper hydroxide layer on OD-Cu surface blocks furfural access
to active sites, suppressing a-HER (Figure 2a,d; Figures S37 and
S38). OD-Cu showed limited stability (<10 min) in both H-
cell and MEA configurations, whereas AuCu maintained stable
performance for 20 h at 0.8 V; (Figures 2d and 4c,i; details in
Note S8).

To investigate further the hydroxide-adsorbing behavior of OD-
Cu, we examined (i) OH adsorption across different charge
states and (ii) water interface interactions [33, 34]. DFT suggests
that hydroxide adsorption becomes favorable on OD-Cu as the
surface charge density increases (Figure 3a). We tracked, over
a 10 ps trajectory, both structural evolution and Cu—O bond
length fluctuations (Figures S34, S35, and S38) to evaluate the
stability of hydroxyl interactions. At higher surface charge and
in alkaline media, OH- adsorption on OD-Cu appeared more
favorable (Figure 3b), whereas the AuCu surface showed weaker
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water interactions with longer Cu—O bond lengths (2.1-2.4 A),
which may hinder surface hydroxylation (Figures S34 and S35).

We performed non-spin-polarized density functional theory
(DFT) calculations to assess furfural adsorption energies (AG)
across Cu(111), OD-Cu, AuCu, and hydroxylated Cu (Cu(OH)ads)
(Figures S29-S31). The calculated adsorption strength followed
the trend: AuCu > OD-Cu > Cu(11l) > Cu(OH),4. These cal-
culations are consistent with operando observations: OD-Cu’s
tendency to form hydroxylated Cu species is associated with
weaker furfural adsorption (details in Note S4), which favors
OER pathway, while AuCu’s moderated surface environment
correlates with stronger furfural adsorption and greater a-HER
activity. Furfural adsorption was strongest on the AuCu (AG =
—1.35 eV), which may be attributed to an upward shift in d-band
center induced by Au substitution (Figures 3c and S39). This
enhanced interaction stabilized furfural and facilitated key steps
in the oxidation process (in this case, anodic hydrogen evolution
reaction). The calculated AG for the rate-determining step-furoic
acid desorption-was lowest for AuCu (0.81 eV), compared to
OD-Cu (1.06 V) and Cu(111) (1.13 eV) (Figure 3d). In contrast,
Cu(OH),4, showed weak furfural adsorption (AG = —0.05 eV), as
active sites were blocked by OH groups. These findings provide
key insights into the catalytic behavior of both systems: OD-
Cu exhibits high activity toward the oxygen evolution reaction
(OER), while multi-valent AuCu preferentially facilitates a-HER.
By integrating AG trends, electronic structure analysis, and

stability investigations, our calculation links the d-band center
shift, adsorption strength, and catalytic performance. The elec-
tronic modulation induced by Au substitution enhances furfural
adsorption and also facilitates key reaction steps.

Taken together, these results suggest that Au doping stabilizes a
mixed Cu®/Cu* state over a broad potential window, whereas OD-
Cu readily undergoes redox transitions depending on the applied
potential. Specifically, under the a-HER potential range of 0.1-
0.5 Vg, OD-Cu more readily forms copper hydroxides, leading
to deactivation of the a-HER pathway, whereas AuCu maintains
stable Cu oxidation states and preserves catalytic activity.

We then turned our focus to developing a co-electrolysis system
coupling cathodic COR and anodic HER, focusing on high
single-pass CO conversion efficiency (SPCE) and efficient CO
utilization even under modest CO partial pressures (20%-45%),
conditions representative of biomass-derived syngas (Figure 1a).
In membrane electrode assembly (MEA) configurations, the local
environment at the catalyst surface differs from that in liquid-
electrolyte flow cells, as most of the proton source exists in vapor
form, requiring efficient gas transport near the catalyst interface
to sustain high selectivity and reaction rates [35-37]. Previous
reports suggest that introducing porous carbon nanoparticles into
electrode can enhance mass transport by forming local reactant
reservoirs, thereby increasing CO availability adjacent to active
sites [7, 38].
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FIGURE 4 | Enhanced co-electrolysis performance via CuO/C-supports coupling. (a) Transmission electron microscopy (TEM) image of CuO and
C-support_3 and CuO from post-electrolysis cathode. (b) N, adsorption-desorption isotherms over different C-supports. (c) Linear sweep voltammetry
(LSV) curve using OD-Cu, PtCu, AgCu, and AuCu catalyst for cathodic COR and anodic HER configuration without iR compensation and (d) Short-
term stability test of COR-a HER system using OD-Cu foam and AuCu foam. (e) Comparison of product distribution at 200 mA/cm? and SPCE for
various CuO and C-supports under limited CO flow and (f) ethylene FE and (g) hydrogen FE of CuO and CuO; and C-support_3 under simulated syngas
reduction. (h) Heat map illustrates the relationship between energy demand for ethylene production, FE/V, and SPCE values. (i) Long-term stability of
the optimized catalyst operated at V. = 0.8 V in a membrane electrode assembly (MEA). The previous explanation that the current decay originates
from furfural depletion and is fully restored after furfural replenishment should be replaced. Detailed component-level stability diagnostics are provided

in Note S8.

We first screened a series of copper catalysts—sputtered Cu, pas-
sivated Cu nanoparticles, Cu,0, and CuO—for their performance
toward ethylene formation in CO electroreduction (COR) (Figure
S14). Among these, CuO exhibited the highest ethylene selectivity
and was selected for further study. We then explored several
porous carbon supports (C-supports) as potential CO reservoirs
to enhance local CO availability near active sites (Figures 4e-
g and S12-S16; Table S4). All CuO/C-support electrodes that we
studied—including the control (bare CuO)—showed enhanced
ethylene selectivity under reduced CO feed rates (Figure 4e;
Figures S15 and S16). However, the maximum attainable ethylene
FE and SPCE varied with the choice of carbon support, sug-
gesting a correlation with their intrinsic gas-transport properties
(Figure S16). Brunauer-Emmett-Teller (BET) analysis showed
that C-support_3 had the highest surface area (725 m?/g) among

candidates (Figures 4b and S10a). Incorporating C-support_3 into
CuO electrodes and optimizing the catalyst-to-ionomer ratio led
to a peak ethylene FE of 63% and an SPCE of 93% at 400 mA cm 2
(Figures S12 and S13).

We used electrical impedance spectroscopy (EIS, Figure S10b)
to study C-support_3, finding that it had the highest relaxation
time constant (7,,) and static capacitance among supports studied,
consistent with prolonged local CO residence time and a larger
electrochemically accessible surface area [39-45]. Together with
TEM images showing uniform dispersion of Cu catalyst, ionomer,
and C-support_3 (Figures 4a and S8), and DFT results identifying
the CuO/C interface as a CO-stabilizing molecular reservoir
(Figure S33), we offer that C-support_3 sustains high local CO
availability under CO-limited conditions. Decreasing the CO
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partial pressure from 1 to 0.25 atm increased the ethylene FE to
55% for CuO-C-support_3, whereas CuO alone showed dominant
HER below 0.38 atm CO at 200 mA cm™~2 (Figure 4f,g). This agrees
with recent studies showing that excess CO coverage can saturate
the Cu surface and shift the rate-determining step away from C-
C coupling toward hydrogenation of CO-derived intermediates
[45-47]. Similar trends with H, dilution (Figure S16) highlight
the role of carbon supports with high CO retention and accessible
surface area in maximizing ethylene selectivity. Among the alkali
cations tested, 1 M LiOH delivered the highest ethylene FE of 55%
at 200 mA cm~2 under normal CO flow (Figure S17).

When we paired the cathodic COR reaction with the a-HER
reported above, the system had an ethylene FE of 63% together
with an SPCE of 93% at a full-cell voltage of 0.92 V and a current
density of 400 mA/cm?. The system provided stable performance
for over 20 h at 0.8 V, (Figure 4i). Extended stability diagnostics
showed that furfural-based operation was limited mainly by
furan-derived membrane/cell fouling, and not by AuCu anode
deactivation. To further evaluate AuCu anode stability while
minimizing this fouling pathway, we performed a formaldehyde-
based a-HER control test, which operated for 75 h with sustained
anode H, and formate FE (Note S8).

One recent assessment of ethylene from electrochemical carbon
upgrading has set a goal for OER-coupled ethylene production of
80 GIJ per ton ethylene [7]. The energy cost of the COR-a-HER
system is 69 GJ per ton ethylene (details Note S5), enabled by
its low cell voltage; we compare this with prior studies pairing
COR/CO,R with the oxidation of other organic molecules in
Figure 4h and Table S1. We estimated the plant-gate levelized cost
per ton of ethylene (details in Note S6), including separation costs
estimated by ASPEN simulation (Note S7) and including the cost
of consumed KOH and H,SO, for regeneration of furoic acid; and
found this total estimated cost to be less than the sum of hydrogen,
ethylene, propanol, and ethanol product values (Figure S41).

3 | Conclusion

Toward the goal of lowering cell potential for COR and improving
the technoecononics of low-carbon-intensity C,H,, we studied
pairing with a-HER of furfural to 2-furoic acid. OD-Cu is prone
to deactivation during a-HER, forming copper hydroxide species
on its surface, as observed using operando Raman and x-ray
spectroscopy. Au preserves the desired mixed Cu oxidation states
at the applied oxidative potential, resulting in improved stability
at 400 mA/cm?. This enabled us to build a paired electrolysis
system having SPCE of 93%, ethylene FE of 63%, and 69 GJ
per tonne ethylene accompanied by generation of a substantially
pure, separate, H, stream on the anode.

4 | Experimental Section
4.1 | Materials and Chemicals

Copper (II) oxide (CuO), ammonium persulfate ([NH,],S,05),
chloroauric acid (HAuCl,), and chloroplatinic acid (HPtCl,) were
purchased from Sigma-Aldrich. Potassium hydroxide (KOH) and
sulfuric acid (H,SO,) were purchased from Caledon Laboratory

Chemical. The gas-diffusion layer (Freundenberg H15C13) was
purchased from Fuel Cell store. Anion-exchange membrane
(Sustainion X37-50 Grade RT) were purchased from Dioxide
Materials. Titanium mesh was received from Fuel Cell Store.
The anion-exchange membranes were activated before use [33].
The Vulcan XC 72R, Super P conductive and Carbon black,
acetylene, 50% compressed were purchased from Sigma-Aldrich.
The activated carbon from Bamboo leaves was received from
US Research Nanomaterial. D10 carbon particle was received
from Norit. Copper foam was purchased from Aliexpress. The
deionized water was prepared with a resistivity of 18.2 MQcm.

4.2 | Electrode Preparation

To prepare the cathode, copper(II) oxide and carbon particles
(weight ratio 10:1) were dispersed in a mixture of ethanol and
Nafion perfluorinated resin solution (e.g., for 40 mg of copper(II)
oxide, 110 uL of Nafion solution was added) (5 wt% in a mixture
of lower aliphatic alcohols and water; Sigma-Aldrich). The dis-
persion was ultrasonicated for 4 h to ensure a homogeneous ink
suitable for spray coating. The resulting ink was then spray-coated
onto Freudenberg carbon paper (H15C13) with a catalyst loading
of 1 mg/cm?.

To synthesize oxide-derived Cu foam, Cu foam samples were
initially immersed in a 0.5 M H,SO, solution for 5 min to
eliminate surface impurities, followed by thorough rinsing with
water. Subsequently, the rinsed Cu foam underwent agitation
in a solution composed of 50 mL of 2.5 M KOH and 0.2 M
(NH,)S,0q for a duration of 20 min. The resulting Cu(OH),/Cu
foam was then washed with water and subjected to drying at 80°C
in an oven. Following the drying process, the Cu(OH), foam was
transferred to a CVD furnace, where argon gas (flow rate: 50-
100sccm) was employed to gradually increase the temperature to
550°C over a span of 2 h, followed by a 2-h hold at 550°C. For the
surface decoration with platinum and gold, 5 mL of 50 mM HPtCl,
and HAuCl, solutions, respectively, were evenly dispersed onto
the synthesized OD-Cu foam. The foams were then sufficiently
rinsed with deionized water and dried overnight at 80°C in an
oven. The synthesized foams (OD-Cu, AuCu, and PtCu) installed
at the working electrode were reduced at —0.1 Vyy under 1 M
KOH, using a Ag/AgCl electrode as the reference electrode and
Pt foil as the counter electrode, until the polarization curve
stabilized.

4.3 | Material Characterization

SEM imaging was conducted using a Hitachi FE-SEM SU5000
microscope. High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) imaging and EDX
elemental mapping were performed with a Hitachi HF-3300
microscope operating at 300 kV. Cathode structure and surface
composition analysis were carried out using XPS (model 5600,
PerkinElmer) with a monochromatic aluminum x-ray source,
respectively. X-ray diffraction (XRD) analysis was performed on
a MiniFlex600 system employing Cu Ko radiation.

Operando Raman measurements were carried out employing a
Renishaw Raman Microscope equipped with a water immersion
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objective (x63) and a 785 nm laser. The measurements were
conducted in a modified flow cell containing a 1 M KOH aqueous
solution as the electrolyte. Different prepared cathode catalysts,
an Ag/AgCl reference electrode (3 M KCl, BASi), and a platinum
coil served as the working electrode, reference electrode, and
counter electrode, respectively. CO or Ar gas was continuously
supplied to the chamber during the measurements. The potential
(E) recorded in the Raman spectroscopy were converted to
values versus the reversible hydrogen electrode (RHE) using the
equation: Eryg = Epg/agcr +0.210 V + 0.0591 X pH.

Operando XAS investigations were carried out at the 20-BM
beamline of the canadian light source (CLS), located at the
Saskatoon Research Institute. The same experimental conditions
were used as in the a-HER in a specially designed flow-cell
reactor with a window sealed with Kapton tape. The XAS signals
were collected in fluorescence-yield mode using a Vortex detector.
Cu K-edge XAS spectra were taken in the energy range of
8800-9600 eV. The raw data were processed with the ATHENA
software.

4.4 | Electrochemical Measurements

Without specification, all the COR performance was measured
in the MEA electrolyzer (SKU: 68732; Dioxide Materials) at
the room temperature. During MEA electrolyzer assembly, the
prepared cathode electrode (1 cm X 1 cm) was positioned on the
cathode side, followed by placement of the activated Sustainion
membrane (5 cm X 5 cm) and the synthesized anode electrode
on the anode side, successively, within the MEA electrolyzer.
The catholyte (1 M KOH) and anolyte (1 M KOH with 250 mM
furfural) were circulated using peristaltic pumps at a rate of
15 mL min~!. The applied current was regulated using an Autolab
potentiostat/galvanostat.

CO gas (Linde, 99.99%) was continuously directed to the humid-
ifier with distilled water at varying feed rates and then supplied
to the cathode chamber. For simulated syngas reduction exper-
iments, N, and CO flows were controlled and mixed to achieve
the desired CO local partial pressure in the feed gas.

The performance of the cathode electrode was evaluated in
a two-electrode system at different current densities using an
electrochemical station (AUT50783) equipped with a current
booster (10 A). Long-term operational testing was also conducted
within the same MEA electrolyzer configuration. In stability tests
of the device, the anolyte of 1 M KOH with 250 mM furfural was
refreshed to ensure a consistent furfural concentration.

Linear sweep voltammetry (LSV) was performed in a three-
electrode cell and MEA at a scan rate of 5 mV s™! to minimize
the effect of capacitance. Cyclic voltammetry (CV) was conducted
with a general three-electrode configuration from —0.9 to —0.4 V
(vs. Ag/AgCl) at scan rates of 20 to 200 mV s™! in Ar-saturated 1 M
KOH electrolyte to measure the electrochemically active surface
area (ECSA). Electrochemical impedance spectroscopy (EIS) was
obtained in the same cell configuration as CV using an EIS
instrument (VIONIC, Metrohm) under Ar-saturated 1.0 M KOH
to evaluate the mass-transfer process in C-supports (cathode). EIS

measurements in the MEA configuration were also performed for
voltage breakdown analysis following previous methods [42].

4.5 | Product Analysis

The cathode-side products underwent separation using a simpli-
fied cold trap to distinguish between liquid and gas products.
To prevent non-faradaic cannizzaro reactions, sulfuric acid was
immediately added to neutralize the collected anode side prod-
ucts. Gas products were analyzed using gas chromatography
(Shimadzu2014, PerkinElmer Clarus 580) equipped with a ther-
mal conductivity detector (TCD) and a flame ionization detector
(FID) with a Methanizer.

The liquid products were analyzed using an NMR spectrometer
(Agilent DD2 600 MHz) with dimethylsulfoxide as an internal
standard. The Faradaic efficiency (FE) of liquid products was
calculated by considering the total amount of products collected
from both the anode and cathode sides over the same period.

The Faradaic efficiency (FEi) for each product (i) was calculated
using the equation:

n;z;F
FE, = % X 100 %

where n; is the moles of product i; z; is the number of electrons
transferred for one product molecule; F is the Faraday constant
(96,485 C mol™); Q is the total charge passed through the
electrolytic cell.

The single-pass conversion efficiency (SPCE) can be calculated by
the equations as follows:

n 2Fn
SPCE=(1- —2 x100%=(1—ﬂ>x100%
nd, Q

4.6 | Techno-Economic Assessment (TEA) and
Energy Demand Analysis

TEA and energy demand analysis were performed following
previous method [5, 6]. For Aspen simulation, we used Aspen-
Plus v10 (AspenTech Inc., Bedford, MA) model and design the
purification process. Simulations are performed based on the gas
outlet compositions of this work to assess the overall separation
energy requirements to obtain a polymer grade ethylene. Detailed
information such as parameters, equations, and assumptions is
described in Supporting Information.

4.7 | Computational Method

Density functional theory (DFT) calculations were performed
using the Vienna Ab Initio Simulation Package (VASP) with the
projector-augmented wave (PAW) method to describe electron-
ion interactions, utilizing a frozen-core all-electron approach
[48, 49]. To capture dispersion forces, Grimme’s correction was
applied to the Perdew-Burke-Ernzerhof (PBE) functional [50,
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51]. Structural relaxations were performed using the conju-
gate gradient method, optimizing atomic positions along the
Hellmann-Feynman force direction until the residual force on
each atom was below 0.001 eVA~!. A plane-wave energy cutoff
of 520 eV was applied to ensure numerical accuracy. Adsorp-
tion energies (AG) were calculated, including zero-point energy
and entropy corrections, for four-layered surfaces constructed
with a 5%5 supercell of Cu(111), Cu,0(111), OD-Cu, AuCu, and
hydroxylated Cu (Cu(OH),4,). Water was modeled as an implicit
solvent using VASPsol++ [52, 53]. Au doping was introduced
by substituting Cu atoms on the top layer of mv Cu, showing
a thermodynamic preference for Au occupation at Cu® sites.
Periodic boundary conditions were used in the xy plane, with
a 30 A vacuum region along the z-axis to eliminate spurious
interactions between periodic images. A 3 X 3 x 1 k-point grid was
employed for Brillouin zone sampling to ensure convergence of
electronic states. Further details can be found in Note S3.
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