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Methanol-Facilitated Surface Reconstruction Catalysts for
Near 200% Faradaic Efficiency in a Coupled System

Qing Xia, Chengkai Jin, Yu Lun Huang, Yanjie Zhai, Wenkai Han, Jie Wu, Chuan Xia,

Chun Che Lin,* Xunhua Zhao,* and Xiao Zhang*

The coupling of the carbon dioxide reduction reaction (CO,RR) and methanol

oxidation reaction (MOR) holds great promise for the energy-efficient

production of HCOO~. However, anode catalysts’ limited selectivity (<80%)

and stability (<15 h) have impeded electron utilization and HCOO~
production rates. To overcome it, copper-copper(l) oxide-copper(ll) oxide
nanowires (Cu—CuO—Cu,O NWs) catalysts have been developed, which
exhibit exceptional performance in promoting the MOR with a faradic

1. Introduction

Formate (HCOO™) is an industrially impor-
tant chemical, widely employed in animal
feed (34%) and leather tanning (32%). The
market for the compound currently is ~#$6
billion and exhibits a steady growth trajec-
tory in terms of demand (Figure 1a).['l The
traditional chemical process for HCOO~

efficiency of nearly 100% at commercially viable current densities, and long
stability over 100 h at 100 mA cm~2. Interestingly, the unique structure of the
catalysts, when exposed to methanol, facilitates a transition from Cu/CuO to
Cu, 0. This phenomenon promotes the MOR while inhibiting the competitive
oxygen evolution reaction (OER). By coupling the anodic reaction with
cathodic CO, reduction, the system demonstrates exceptional performance in
HCOO™ production, achieving an overall faradic efficiency of nearly 200% at
100 mA cm~2 with a low cell voltage of 2.382 V. Techno-economic analysis
indicates that the production costs of HCOOH are ~US$0.37 and 0.35 kg~ at
100 and 150 mA cm~2, respectively, significantly lower than those associated ($0.5 kg,

with traditional electrochemical methods.

production relies heavily on the carbony-
lation of methanol, followed by hydrolysis
of methyl formate (HC(O)OCH,), which
accounts for 80% of the total production.!?’
However, this process requires to necessi-
tate considerable energy investment, pre-
dominantly fueled by fossil-based sources,
which in turn exerts a significant environ-
mental toll.] Additionally, the feedstock of
HC(O)OCH, holds a much higher value
($1.6 kg™') compared to HCOO~/HCOOH
thereby rendering the

process less economically viable.'**
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Figure 1. Preliminary comparison of traditional methods and electrochemically coupled methods for HCOO™ production. a) Application field and market
size of HCOO™. The data are obtained online, https://www.oxfa.eu/en/markets/. b) Onset potential comparison for CO,RR, MOR, and OER under
standard experimental conditions. c) Schematic diagram of electrocatalytic CO,RR coupled with MOR under alkaline conditions to produce HCOO™. d)
TEA of the electrochemical coupling process to estimate the HCOOH production cost at different current densities. €) Yearly profit comparison between
the traditional and coupling methods with a similar condition. f) Production cost changes for various parameters for HCOOH production, the values

shown in the figures indicate each optimistic and pessimistic parameter.

Conversion of the low-value carbon resources, powered by
clean energy, has emerged as a promising alternative to pro-
ducing HCOO~.’ One representative process is the electro-
chemical reduction of carbon dioxide (CO,) to HCOO~, which
has been widely investigated recently.] However, the overall
performance for the production of HCOO™ is strongly influ-
enced by the anodic reactions and the overall cell configura-
tions. For example, the practical implementation faces chal-
lenges as the anodic reaction often encompasses oxygen evo-
lution reaction (OER), which suffers from high overpoten-
tial and only produces low-value of oxygen gas (O,),”! limit-
ing electron utilization efficiency and the overall energy effi-
ciency of the electrolysis cell. Therefore, there is an urgent
need to develop efficient anodic coupled reactions that can
generate HCOO~ while simultaneously decreasing the energy
input.

One promising candidate for this purpose is the conversion
of methanol (CH;OH), the simplest monohydric alcohol, which
holds relatively low economic value (200-$400 ton~!) and can be
derived from diverse sources like woods, agricultural residues,
energy crops, and municipal solid wastes.®] The methanol oxida-
tion reaction (MOR) offers a favorable option as it delivers four-
electrons per molecule and exhibits an equilibrium potential of
0.103 V versus a standard hydrogen electrode, significantly lower
than the OER potential of 1.23 V (Figure 1b).®) Moreover, the
MOR can produce HCOO™ that can be coupled with the CO, re-
duction reaction (CO,RR), potentially doubling electron utiliza-
tion and enhancing production rates by 50% (Figure 1¢).'% To
evaluate the economic feasibility of this possible strategy, we con-
ducted a preliminary techno-economic analysis (TEA), assuming
moderate reaction performance (Note S1 and Table S1 (Support-
ing Information), the HCOOH is thought as the final product
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for the TEA analysis in this paper). The analysis underscores the
potential of this coupled method to significantly reduce the pro-
duction costs of HCOOH compared to traditional CO,RR with
OER (Figure 1d). The projected annual profit is roughly 50%
higher than traditional CO,RR (Figure 1e), with optimized condi-
tions potentially reducing costs further to $0.35 kg~ (Figure 1f),
highlighting the economic viability of this strategy. However, the
current implementation of industrial-scale production for the
electrochemical HCOO™ production faces a significant obstacle
mainly due to the low selectivity, activity, and stability of the an-
ode catalyst toward the desired four-electron MOR at a commer-
cial current density, which needs nearly 1.6 V to achieve 100 mA
cm~2 and can only keep stable below 15 h.['!] Such high voltages
intensify competition from the OER, resulting in the low pro-
duction rate of HCOO™. From the point of view of molecular ac-
tivation, the cleavage of the strong C—H bond of intermediate
species, “CH,0 and “CH,O0, is the main hindrance to the over-
all reaction and serves as the rate-determining step for various
catalysts.!?] To address this issue, designing a catalyst to achieve
low C—H bond energy is vital for the successful industrial-scale
deployment of this strategy.

In this study, we have successfully developed a highly effi-
cient catalyst comprising copper-copper(l) oxide-copper(Il) ox-
ide nanowires (Cu—CuO—Cu, O NWs) catalysts. The catalyst not
only decreases the dehydrogenation energy of intermediates but
also alters the rate-determining step to the “CH,OH — “CH,0
through a methanol-assisted catalyst surface restructuring pro-
cess. The unique structure of Cu—CuO—Cu,O NWs catalysts
enables them to exhibit exceptional performance in promoting
HCOO™ production, achieving a remarkable faradaic efficiency
of nearly 100% across a wide current density range of 100
600 mA cm~2, as well as excellent long-term stability over 100 h
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Figure 2. Characterizations of the Cu—CuO—Cu, O NWs catalysts. a) Scanning electron microscope (SEM) image of the prepared Cu—CuO—Cu,O NWs
catalyst. The inset is the magnified SEM image of the Cu—CuO—Cu,O NWs catalyst. b) TEM and ¢) HRTEM image of the prepared Cu—CuO—Cu,O
NWs catalysts. d) XRD pattern of the Cu—CuO—Cu,O NWs as well as standard XRD patterns of Cu,O, CuO, and Cu. e) High-resolution Cu 2p XPS
spectra for the NWWS. f) Normalized Cu K-edge XANES spectra of the NWWS, Cu,O, and CuO. The NWWS is the nanowire without Cu substrate.

at a current density of 100 mA cm~2. A noteworthy aspect of our
findings is the unexpected phenomenon we discovered, where
methanol not only serves as a reactant but also assists in the
reconstruction of the catalyst surface, which amplifies the four-
electron MOR and suppresses the undesired OER. By coupling
this efficient anode reaction with CO,RR, we achieved highly
efficient HCOO™ production at a low voltage with an impres-
sive faradaic efficiency of nearly 200% at a commercially viable
current density. Our design allowed for a production rate of
2.62 mmol cm~2 h™! (28.93 kg m~2 day~!) and a low production
cost for HCOOH at ~$0.37 kg~! when operating at 100 mA cm~2,
potentially yielding an annual profit of up to $14 million at the
same current densities.

2. Results and Discussion

2.1. Catalyst Design and Preparation

For the formation of HCOO~ through the four-electron MOR re-
action, two crucial steps typically take place. The initial step oc-
curs on the catalyst surface, preferably utilizing materials based
on transition metals,'3] where the O-H bond of the adsorbed
methanol CH;OH,,) is cleaved. The subsequent step involves
the dehydrogenation of "CH,0 and "CH,O. In this process, the
oxygen atom on the catalyst surface plays a critical role in re-
ducing the energy barrier for breaking the C—H bond, thereby
promoting the four-electron MOR.!"**'*] Inspired by this mech-
anism, we focused on the Cu-based oxide materials, specifi-
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cally Cu oxides grown directly on Cu foam, to initiate the reac-
tion. This approach offers two advantages for the MOR: first, it
enables efficient electron transfer due to solid conjunction be-
tween substrates and active compositions, enhancing the MOR
kinetics; secondly, it ensures resistance to catalyst deteriora-
tion during the electrolysis process, thus ensuring long-term
stability.

The Cu-based catalyst was prepared through a two-step pro-
cess, i.e., electrodeposition of Cu(OH), onto Cu foam in KOH
solution followed by annealing in an Ar atmosphere (see details
in methods). During the electrodeposition process, the surface of
Cu foam first underwent oxidation, forming Cu?*, which imme-
diately reacted with OH™ to form Cu-Cu(OH), nanowire (Figures
S1and S2 and Note S2, Supporting Information). After electrode-
position, the sample was then heat-treated to convert Cu(OH), to
Cu-based oxides. As shown in Figure 2a,b, the catalyst morphol-
ogy is maintained after annealing, and the nanowires are uni-
formly grown on the Cu foam substrate. The size of the nanowire
falls within specific ranges, with 3-8 pym in length and 100-
300 nm in diameter, and Cu and O elements are uniformly dis-
tributed throughout the nanowire structure (Figure S3, Support-
ing Information). The high-resolution transmission electron mi-
croscopy (HRTEM) image of the nanowire reveals a mixture of
(110), (111), and (002) planes of CuO, along with the (111) plane
of Cu,O. Notably, the (002) plane of CuO predominantly occu-
pies the catalyst surface (Figure 2c). The X-ray diffraction (XRD)
pattern showed typical peaks of Cu, CuO, and Cu,O, further con-
firming the formation of CuO and Cu,O on the Cu substrate
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(Figure 2d). Therefore, we name the catalyst as Cu—CuO—Cu, O
NWs.

The surface chemical state of the nanowire without substrate
(defined as NWWS) was then investigated using X-ray photoelec-
tron spectroscopy (XPS). The XPS analysis showed that only Cu
and O elements were present in the sample, with no other im-
purities detected (Figure S4a, Supporting Information). More-
over, the Cu 2p spectrum revealed that the Cu predominantly
existed in the divalent state on the catalyst surface with charac-
teristic peaks at 933.7 and 953.5 eV (Figure 2e),[*"] consistent
with the HRTEM results. Owing to the closely similar binding
energy values of Cu* and Cu® peaks in the Cu 2p spectra, which
complicates their distinction, we further analyzed the Cu LM2
peak to accurately determine the chemical valence states of Cu
(see Figure S4b, Supporting Information). The peaks at 917.7 eV
and 913.0 eV were identified as Cu!* and Cu®, respectively, in-
dicating the coexistence of both Cu'* and metallic Cu® in the
nanowires. The O 1s spectrum shows two main peaks, one at
529.4 eV can be assigned to the Cu-O bond coming from the
CuO and Cu,0, and another peak at 531.1 eV can be assigned
to O vacancies (Figure S4b, Supporting Information).!'®! Further-
more, the distinct electron paramagnetic resonance (EPR) sig-
nal (g = 2.003) observed in the Cu—CuO—Cu, 0 NWs also con-
firms the presence of oxygen vacancies, which may change the
structure of the Cu,O and CuO. To gain further insight into
the electronic and local geometric structural properties of the
NWWS, the Cu K-edge X-ray absorption spectra (XAS) were con-
ducted. As shown in Figure 2f, it displayed lower adsorption en-
ergy compared to the reference sample Cu,0O, suggesting the
presence of Cu® within the nanowire. In addition, the character-
istic peaks A and B, situated between the characteristic peaks of
Cu,0 and CuO, further supported the mixed valence of Cu?* and
Cu™. The Fourier transform (FT) k*-weighted y(k) function of
the extended X-ray absorption fine structure (EXAFS) spectrum
for the NWWS is depicted in Figure S5a (Supporting Informa-
tion). The first main peak is discernible at 1.47 A, aligning with
the primary feature peak for the bulk Cu,0.1'”] Another notable
peak is at 1.90 A, attributable to the Cu—O distances in defective
CuO.1"8] This peak supersedes the main feature peak of the bulk
CuO at 1.57 A, resulting from structural changes induced by the
presence of O vacancies in CuO. The structural alteration leads
to a configuration where four O atoms are bonded with Cu (as
depicted in Figure S5b, Supporting Information), which is also
confirmed by the XPS results (Figure S4b, Supporting Informa-
tion). Significantly, an additional peak at 2.60 A is apparent, rep-
resenting the Cu—Cu coordination within the Cu metal of the
nanowire.!*°]

2.2. Intrinsic Catalytic Performance of Cu—CuO—Cu,O NWs for
Methanol Oxidation

We then evaluated the intrinsic electrocatalytic performance of
the Cu—CuO—Cu,0 NWs toward methanol oxidation by em-
ploying a standard three-electrode H-type cell under ambient
temperature and pressure. In the presence of a 1.0 M KOH +
1.0 M CH,OH electrolyte, the catalyst demonstrated a low poten-
tial of 1.38 V versus RHE at a current density of 100 mA ¢cm™—
(Figure 3a,b), which was 288 mV lower than that required in a
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1.0 M KOH electrolyte to reach the same current density. No-
tably, an increase in CH;OH concentration in the electrolyte
resulted in a corresponding reduction in the potential neces-
sary to maintain the same current density (Figures S6 and
S7, Supporting Information), suggesting a high activity of the
Cu—CuO—Cu,0 NWs for MOR instead of the OER. The de-
creased Tafel slopes in electrolytes containing CH;OH further
corroborate this, showing more facile MOR kinetics compared
to OER (Figure S8, Supporting Information). Remarkably, the
Cu—CuO—Cu, O NWs catalyst exhibited an exceptionally low on-
set potential of 1.0 V in both electrolytes, which is much lower
compared with previous reports (1.2-1.4 V).[2%1 We postulate that
this behavior may be attributed to the catalyst reconstruction dur-
ing the electrocatalytic MOR (will be discussed in the following
section). The lower potential required of the Cu—CuO—Cu,O
NWs catalyst to drive the reaction compared with recent high-
performance MOR catalysts under similar testing conditions
(Figure 3c) further underscores the outstanding activity of our
catalyst.[10-20221]

Then electrochemical impedance spectroscopy (EIS) and elec-
trochemical surface area (ECSA) measurements were employed
to reveal the interfacial charge transfer kinetics and active sur-
face area of the Cu—CuO—Cu,0 NWs. As shown in Figure S9
(Supporting Information), the Cu—CuO—Cu,0 NWs demon-
strates a remarkably low impedance (less than 0.6 Q) when im-
mersed in electrolytes, facilitating a rapid electron transfer for
the MOR. This exceptional conductivity is attributed to the pres-
ence of metallic Cu within the nanowire structure. The ECSA was
evaluated by measuring the double-layer capacitance (Cy) from
cyclic voltammograms (CVs) at different scan rates. As illustrated
in Figure S10b (Supporting Information), the Cu—CuO—Cu,O
NWs deposited on the carbon paper indicate an ECSA with a
value of 0.059 mF cm=2.

The HCOO™ selectivity at the anode is key in determin-
ing the overall HCOO™ production rate in a full electrochem-
ical reactor. Therefore, the anodic HCOO~ product produced
by the Cu—CuO—Cu,0 NWs catalyst was collected and quan-
tified by proton nuclear magnetic resonance ('H NMR) spec-
troscopy (Figures S11 and S12, Supporting Information). We
found that the Cu—CuO—Cu,0 NWs delivered a maximum
HCOO™ faradaic efficiency (FE) of 99% at 50 mA cm ™2 and main-
tained a high FE plateau over 93% across a wide current den-
sity ranging from 10 to 600 mA cm~? (Figure 3d). Moreover, our
Cu—CuO—Cu, 0 NWs catalyst can efficiently work at high cur-
rent densities to deliver an industrial-relevant production rate
for HCOO™ product. By increasing current densities to 800 mA
cm~2 and 1 A cm™2, a small number of gas bubbles appeared on
the catalyst surface (Figure S13, Supporting Information), which
may be due to the possible occurrence of OER. Despite this, the
FEjjco0. remained consistently above 85%, and the HCOO™ pro-
duction rate reached an impressive value of 8.23 mmol cm=2 h~!
at 1 A cm™2. The carbon-13 nuclear magnetic resonance (*C
NMR) was then conducted on the electrolyte before and after 2 h
of operation at 100 mA cm~2 to examine the possibility of exces-
sive methanol oxidation leading to CO, formation. As shown in
Figure 3e, a small peak that arises from the CO;*~ (168.3 ppm)
was observed before the reaction, likely originating from the ab-
sorbed CO, by the KOH electrolyte due to air exposure. After
the reaction, the CO,2~ signal was still present. However, both
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Figure 3. Electrocatalytic performance of Cu—CuO—Cu,O NWs catalyst for MOR. a) Linear sweep voltammetry (LSV) curves of Cu—CuO—Cu,O NWs
in 1.0 Mm KOH electrolyte with and without 1.0 M CH;OH. b) Anodic potentials at varied current densities (50, 100, 200, 300, and 500 mA cm~2) in
1.0 M KOH electrolyte with and without 1.0 M methanol by using Cu—CuO—Cu,O NWs. c) The catalytic activity comparison of the Cu—CuO—Cu,O
NWs with the reported high-performance MOR catalysts. d) FE and production rate of HCOO™ obtained at different current densities in 1.0 M KOH
electrolyte with 1.0 M methanol. e) *C NMR spectra for the 1.0 M KOH + 1.0 M methanol electrolyte before and after 2 h continuous electrolysis at
100 mA cm~2. f) Chronopotentiometry experiment profile and FEs at a current density of 100 mA cm™~2 for long-term stability testing.

the intensity and area of this peak remain unchanged, indicating
no over-oxidation happens during the MOR process. Moreover, a
prominent HCOO™ signal (171.1 ppm) becomes visible, indicat-
ing that the catalyst exhibits high selectivity for the four-electron
MOR.[22]

We then directed our focus on assessing the stability of the
catalyst for MOR. To mitigate the influences of CH;OH deple-
tion and HCOO™ accumulation, we conducted extended opera-
tions at a current density of 100 mA cm™ in a continuous elec-
trolyte flow system (Note S3, Supporting Information). As shown
in Figure 3f, the catalyst demonstrates exceptional stability with
a high FE exceeding 90% during the initial 50 h of operation. Al-
though a slight degradation is observed during the subsequent
50 h, the FE remains above 82%. Impressively, after 100 h of
reaction, the potential only increased by 5.2%, making it one of

Adv. Funct. Mater. 2024, 34, 2314596 2314596 (5 of 10)

the best-performing MOR catalysts reported to date compared to
previously documented systems (Figure S14, Supporting Infor-
mation).

2.3. Methanol Assists Surface Reconstruction of Catalyst for
MOR

The exceptional performance of the Cu—CuO—Cu, O NWs cata-
lyst in the MOR has prompted us to explore any catalyst modi-
fications that contribute to its high activity and unravel the un-
derlying mechanisms involved. To begin with, we conducted an
analysis of the catalyst’s intrinsic properties, ruling out any sig-
nificant changes. Examination of the SEM image and XRD pat-
tern revealed no discernible alterations in morphology or the
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Figure 4. MOR promoting mechanism on Cu—CuO—Cu,O NWs catalysts. a) Bode phase plots of the in situ EIS on Cu—CuO—Cu, O NWs catalyst in
1.0 M KOH with 1.0 M CH;OH. b) Operando Raman spectra for the Cu—CuO—Cu,O NWs at various potentials in 1.0 M KOH with 1.0 M CH;OH.
c) Cu 2p XPS spectra of the Cu—CuO—Cu, O NWs after 1 h reaction at 100 mA cm~2. d) ATR-SEIRAS spectra during MOR in 1.0 M KOH containing
1.0 M methanol electrolyte. €) Free energy diagram for MOR proceeded on Cu,O(111) and CuO(002) facets at 298.15K, Ugye = 0.00 V. f) Free energy
diagram for OER proceeded on Cu,O(111) and CuO(002) facets at 298.15K, Ugye = 1.23 V. g) Schematic diagram of MOR promoting mechanism on

Cu—CuO—Cu, O NWs catalysts.

appearance of new phases after the MOR reaction (Figure S15,
Supporting Information).

Subsequently, we embarked on exploring the possibility of sur-
face reconstruction of the catalyst during the electrochemical re-
action. We first employed operando electrochemical impedance
spectroscopy (OEIS) to simultaneously monitor the alterations
occurring on the catalyst surface as well as the electrochemical
processes involved in MOR and OER (Figure 4a; Figure S16, Sup-
porting Information). Upon initial execution of the OEIS test in
a 1.0 M KOH electrolyte, a solitary peak was detected at a low
frequency, ascribed to the OER. In contrast, when the OEIS test
was conducted in a 1.0 M CH;O0H + 1.0 M KOH electrolyte,
two distinct peaks appeared. The peak at a lower frequency was
associated with the MOR, while an additional peak at a higher

Adv. Funct. Mater. 2024, 34, 2314596 2314596 (6 0f10)

frequency following 1.0 V indicates potential surface reconstruc-
tion during the electrocatalysis process. When the concentration
of CH,;OH was decreased, this peak remained, implying that the
catalyst construction process was not affected by the CH,;OH con-
centration (Figure S17, Supporting Information). Initially, we hy-
pothesized that this change might be solely attributed to the oxi-
dation of the Cu substrate, as a similar peak appeared at the same
position when

Cu foam was used as the catalyst (Figure S18, Supporting In-
formation). However, the in situ Raman spectroscopy specifically
utilizing the NWWs also shows an increase in the Cu,O signal
with increasing potential (Figure 4b).[*] This observation differs
when the electrolyte is devoid of CH;OH (Figure S19, Support-
ing Information). Furthermore, the Cu 2p XPS analysis after the
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MOR also indicated a significantly higher Cu* signal compared
to the unreacted catalyst (Figure 4c,e), suggesting that some CuO
may be transformed to Cu,O. In addition, the catalyst surface
presents the (111) plane of Cu,O, which was previously occu-
pied by the (002) plane of CuO, further supporting our findings
(Figure S20, Supporting Information). Thus, we propose that the
Cu,O originates from the Cu substrate and surface CuO, act-
ing as the active catalyst for promoting MOR. The conversion
process is likely closely associated with the reducibility of alde-
hyde species (“CHO),1?* an intermediate in the CH;OH oxida-
tion process. This intermediate can facilitate the conversion of
high-valent metal cations into their low-valent counterparts. As
demonstrated in the equation below, for Cu, the process may ini-
tially involve the oxidation of Cu to Cu?*, followed by a reaction
with OH™ to form Cu(OH), (step 1). Subsequently, Cu(OH), is
reduced to Cu,O, aided by the presence of “CHO (step 2). CuO
undergoes a similar reduction process (step 3).

Cu + 20H™ — Cu(OH),+2e" (1)
2Cu(OH),+ % CHO — Cu,0+ % COOH + 2H,0 )
2CuO+ % CHO — Cu,O+ % COOH 3)

Such unexpected phenomena motivated us to further in-
vestigate the MOR mechanism by in situ attenuated total
reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) and theoretical calculation. In the in situ ATR-
SEIRAS analysis performed in a 1.0 M KOH solution con-
taining 1.0 M CH,;OH (Figure 4d), we observed the increas-
ing intensity of server peaks in the spectra following the reac-
tion potential increase. The band at #1574 cm™ is assigned to
1,(CO0),[°! while the bands from 1300 to 1390 cm™' are as-
signed to §(CH)/p,(COO) signal of HCOO~.[?] The peaks at
1116 and 1574 cm™2 can be assigned to “CH;0 and “CHO,
respectively.?’] In addition, the band at 1220 and 1640 cm™! can
be assigned to water deformation.?®] Based on this result, we
propose that the methanol oxidation pathway on the catalyst is
CH,OH — *CH,0H — *CH,0 — “CH,0 — “CHO — "HCOOH
— HCOOH. In addition, the strong peak at 1351 cm™' shown in
Figure 4b also demonstrates the formation of the HCOO~, which
means the “CHO intermediate does not undergo further oxida-
tion to cleavage the C—H bond and form CO, but interacts with
OH~.[?

The density functional theory (DFT) calculations were fur-
ther employed to explore the influence of catalyst reconstruc-
tion on the MOR processes. The models of Cu,0O(111) and
CuO(002) facets are based on experimental characterizations
(Figures S21-S24, Supporting Information, more details are
given in the Computational Details Section). DFT+U calculations
based on computational hydrogen electrode model (CHEM)[3!
were performed to determine the free energy diagram for MOR
and OER on Cu,0(111) and CuO(002) facets (Figure 4e,f). For
MOR, the predominant four-electron oxidation pathway®*!l to
produce formic acid as computed under Uy of 0.00 V. Figure 4e
illustrates that “CH;OH to “CH,O0 is the rate-determining step
(RDS) for Cu,0(111) facet with AG of 0.93 eV, while “CH,0 to
“CHO serves as the RDS for CuO(002) facet with much higher
AG of 1.47 eV, indicating that the Cu,0(111) facet presents bet-
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ter MOR performance than CuO(002) facet. We also note that the
desorption of HCOOH on the Cu,0(111) surface has AG as high
as 1.10 eV, which may hinder the overall high rate. This step can
actually be speeded up by accumulating HCOOH on the surface.
Quantitatively, when the coverage is increased from 1/4 mono-
layer (ML) to 1/2 ML, 3/4 ML, and 1 ML (Figure S25, Support-
ing Information), the average desorption energies of HCOOH
will decrease to +0.54, +0.34, and +0.16 eV, respectively. We con-
sider the step of the desorption of O, . For OER, the four-electron
pathway is performed under Uy = 1.23 V. Figure 4f displays
that “O to “OOH and “OH to “O are the RDSs for Cu,0(111) and
Cu0(002) facets, with similar AG of 0.80 and 0.88 eV, respec-
tively. Different from the conventional OER process, affinity of
copper oxide to oxygen. It is found that the desorption of O, on
Cu,0(111) facet is much harder than that on the CuO(002) facet
(1.57 vs 0.60 eV). Moreover, the desorption energy of O, is still
as high as 0.96 eV when O, coverage increases to IML (Figure
S26, Supporting Information), thus such a large desorption en-
ergy on Cu,0(111) facet origins from the strong interaction be-
tween O, and Cu,, and is slightly impacted by O, coverage. We
speculate that the CuO(002) facet has better OER performance
than Cu,0(111) facet, owing to the formed O, being hard to des-
orb from Cu,0(111) facet.

Based on the experiments and calculations, the promotional
effects of the Cu—CuO—Cu,O0 NWs on MOR are proposed
(Figure 4g). Methanol in the electrolyte not only acts as a reac-
tant but also participates in the reconstruction of the catalyst sur-
face, facilitating a transition from Cu/CuO to Cu,O and ensuring
its stability. The surface Cu,O alters the rate-determining step
(RDS), requiring significantly less energy than the original CuO
surface to enhance the MOR. Additionally, the competitive O,
evolution process is suppressed due to the challenging desorp-
tion of O, on the Cu,O surface.

2.4. Integration of Cathodic CO,RR and Anodic MOR for
Continuous HCOO™ Production with Nearly 200% Efficiency

Prior to the assembly of the coupling cell, a cathodic bismuth
nanosheet (Bi NS) catalyst was prepared following a previously
reported method.3?] The as-prepared Bi NS shows a distinctive
2D lamellar structure with a uniform distribution of Bi element,
(Figure S27, Supporting Information and the inset of Figure 5a).
As an efficient catalyst for electrochemical reduction of CO, to
HCOO™, the Bi NS exhibits an impressively low potential of
—0.65 V versus RHE under a reduction current of 10 mA cm=2 at
in 0.5 M KHCO;, electrolyte (Figure 5a). Additionally, the Bi NS
consistently exhibited a high FE of over 90% across a wide range
of potentials (Figure S28, Supporting Information). To accurately
determine the FE, we employed a newly developed calibration
curve specifically tested in a 0.5 M KHCO, electrolyte to mini-
mize the influence of the electrolyte composition**! (Figure S29,
Supporting Information). Such distinctive features render Bi NS
well-suited for subsequent coupling procedures and ensure effi-
cient electron utilization. Moreover, to demonstrate the feasibility
of the couple reaction, we further evaluated the performance of
our anode catalyst in a three-electrode flow cell, which is more
practically available. As shown in Figure S30a (Supporting Infor-
mation), the observed MOR activity was slightly lower compared
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Figure 5. Electrocatalytic performance of the coupling cell. a) The I-V curve of Bi NS catalysts in Ar or CO, saturated electrolytes, the insets are the
scanning transmission electron microscope — energy dispersive X-ray (STEM-EDX) images of the prepared Bi NS catalysts. b) A schematic illustration
shows the flow cell, which couples CO,RR at the cathode with MOR at the anode, separated by the AEM (gray balls: C atoms, blue balls: H atoms,
orange balls: S atoms, purple balls: K atoms). c) Cell voltage comparison in coupling cell and traditional flow cell at different current densities. d) FE of
HCOO™ obtained at different current densities by using the coupling cell. HCOO~ production cost with cell voltage and current density as variables in
e) coupling cell and f) traditional flow cell, the white point is the estimated cost according to the tested results. g) A radar plot comparison of different

HCOO™ production technologies.

to that in an H-type cell, achieving 100 mA cm=2 at 1.397 V. This
variation in activity could be attributed to the mass transfer differ-
ences of the flowing electrolyte. The presence of bubbles might
prevent the entire catalytic area from establishing direct contact
with the liquid, resulting in a lower current density compared to
what is achieved in an H-type cell at the same potential. The selec-
tivity testing results were consistent with those from the H-type
cell (Figure S30b, Supporting Information), notably reaching an
outstanding FE of 97% at 100 mA cm™—2.

Aiming to boost the production rate and maximize elec-
tron utilization efficiency, we then assembled a two-electrode
flow cell integrating the MOR and CO,RR processes, utiliz-
ing the high-performance Cu—CuO—Cu,O0 NWs and Bi NS
catalysts, respectively (Figure 5b). An anolyte consisted of
1.0 M KOH + 1.0 M CH;OH, while the catholyte comprised of
0.5 M KHCO; + 0.25 M K,SO,, ensuring high ionic conductiv-
ity. A gas diffusion electrode (GDE) was employed to overcome

Adv. Funct. Mater. 2024, 34, 2314596 2314596 (8 of 10)

the mass diffusion limitation of CO, at the cathode, and an an-
ion exchange membrane (AEM) was used to separate the cath-
ode and anode. Figure 5c compares the cell voltage under differ-
ent reaction conditions, highlighting the significant role of the
anodic reaction in controlling the overall reactions. The replace-
ment of the OER with MOR results in a substantial decrease
in cell voltage, significantly reducing the energy consumption
for HCOO~ production. At a current density of 100 mA cm~2,
the CO,RR||MOR exhibits a cell voltage of 2.382 V versus RHE,
which is 1.114 V lower than the CO,RR||OER configuration, the
energy consumption of the coupling cell is only 68.1% of the
tradition way, and this value decreased further to 59.0% when
the current density increases to 200 mA cm~2 (Figure S31, Sup-
porting Information). Furthermore, our coupled cell also demon-
strated a high FE for HCOO™ production, nearly reaching 200%.
Specifically, the cell achieves FE values of 197%, 191%, and 182%
at 75, 100, and 150 mA cm™2, respectively (Figure 5d). High

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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production rates of 2.62 and 3.63 mmol cm=2 h~! (28.93 and
40.08 kg m~? day~') were achieved at 100 and 150 mA cm™2,
respectively (Figure S32, Supporting Information). Interestingly,
the anode FE exceeds 100% at a current density range of 50—
200 mA cm~? (Figure 5d), which might be attributed to the trans-
port of some HCOO™ produced at the cathode through the AEM
to the anode. This process slightly reduces the overall FE due to
the two-electron process involved in CO,RR for HCOO™ produc-
tion, whereas the MOR requires a four-electron process. Follow-
ing this, we conducted a stability examination. The results are
depicted in Figure S33 (Supporting Information). Intriguingly,
there was minimal variation in the cell voltage after 6-hour elec-
trolysis at a current density of 100 mA cm~2. However, a decrease
in the overall FE to 180% was observed, primarily attributed to
a reduction in the cathode’s FE. The primary factor for this re-
duction in cathode FE is theorized to be an accretion of carbon-
ate in the flow channel, coupled with flooding issues of the gas
diffusion layer.

Furthermore, we conducted a comprehensive techno-
economic analysis based on our data, considering various
cell configurations and evaluating production cost and potential
profit. The analysis revealed that the coupled cell configuration
offers significantly lower product costs compared to traditional
independent cells (Figure 5e,f). At current densities of 100 and
150 mA cm™, the cost in a coupled cell is ~0.37 and 0.35 $
kg™!, while traditional independent cells require 0.47 and 0.43 $
kg!. Moreover, the estimated yearly profit demonstrates that the
traditional method can only yield 59% of the profit achieved by
the coupled method at 100 mA cm~2 and less than half at 150 and
200 mA cm~? (Figure S34a, Supporting Information). Consider-
ing the net present value over 20 years, the traditional method
appears unprofitable, while the coupled method can generate a
profit of over 10 million when the current density exceeds 100 mA
cm~2 (Figure S34b, Supporting Information). Our analysis thus
illustrates that the coupled system holds several advantages over
traditional and industrial methods by using high-performance
Cu—CuO—Cu, 0 NWs, including enhanced energy efficiency,
cost savings, increased product rate, higher profit, and improved

safety.

3. Conclusion

We have successfully synthesized a high-efficiency Cu—CuO—
Cu, 0 NWs catalyst that demonstrates remarkable performance
in MOR, achieving an FE o0y near 100% over a broad cur-
rent density range from 100 to 600 mA cm™ while also ex-
hibiting outstanding longevity, remaining stable over 100 h at
a current density of 100 mA cm™2. Notably, we uncover the
crucial role of methanol in facilitating a surface reconfigura-
tion of the catalyst, resulting in the transformation of the Cu
substrate and surface CuO into Cu,O. This metamorphosis en-
hances the four-electron MOR while inhibiting the competing
OER. To fully harness the potential of our Cu—CuO—Cu, O NWs
catalyst, we develop a coupling catalysis system by integrating
it as the anode catalyst with an efficient cathodic CO,RR. This
integrated system achieves an impressive faradaic efficiency of
close to 200% at a low cell voltage of 2.382 V operating at
100 mA ¢m~ and substantial production rates of 28.93 and
40.08 kg m=2 day™! at 100 and 150 mA cm™2, respectively.
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Our techno-economic evaluation projects the production costs
of HCOOH at ~US$0.37 and 0.35 kg™' at 100 and 150 mA
cm™2, respectively, representing substantial improvements over
conventional electrochemical methodologies. We anticipate that
our study will accelerate the development and implementation
of integrated systems for efficient and cost-effective HCOO~
production, fostering advancements in sustainable energy
technologies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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