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ABSTRACT: Electrocatalytic oxidative dehydrogenation (EOD) of aldehydes enables H Cu-M bimetals
2 Ny

ultra-low voltage, bipolar Hz production with co-generation of carboxylic acid. Herein, we  furfural 2-furoic acid .
reported a simple galvanic replacement method to prepare CuM (M = Pt, Pd, Au, and Ag) *
bimetallic catalysts to improve the EOD of furfural to reach industrially relevant current
densities. The redox potential difference between Cu/ Cu?" and a noble metal M/M** can
incorporate the noble metal on the Cu surface and enlarge its surface area. Particularly,

galvanic replacement

dispersing Pt in Cu (CuPt) achieved a record-high current density of 498 mA cm ™ for F Roughess factor-hormaized patial current Geniaty o Fy (¥ )
bipolar H, production at a low cell voltage of 0.6 V and a Faradaic efficiency of >80% to

Ho. Future research is needed to deeply understand the synergistic effects of Cu—M toward Bvne  CuPt 1
EOD of furfural, and improve the Cu—M catalyst stability, thus offering great opportunities oSt
for future distributed manufacturing of green hydrogen and carbon chemicals with

practical rates and low-carbon footprints. e &, cdho
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1. INTRODUCTION Scheme 1. Comparison of Different Oxidative

Hydrogen (Hy) is regarded as the best means to store energy Transformations of Aldehyde

generated from intermittent renewable power sources.!> With Electrochemical Faradaic anodic reactions:
a large growing capacity of localized renewable energy sources 2R-CHO +40H™ = 2R-COO™ + 2H,0 + 2¢” + H, (RXN 1)
such as solar and wind energies, the storage system with a R-CHO + 30H- = R-COO" + 2H,0 + 2¢- (RXN 2)

similar magnitude is equally important.! Coupling renewable
electricity with water electrolysis can realize green H»
production.!** The green H; can serve as an ideal sustainable
energy carrier and be further converted to meet the energy
demands in the industrial and transportation sectors. However,
conventional water electrolyzers suffered from high over-
potentials, largely because of the sluggish oxygen evolution
reaction (OER) on the anode. The high thermodynamic
potential of OER (E’ = 1.23 V vs SHE, at pH = 0) and its slow
kinetics, with multiple proton and electron transfer steps
included, greatly hampers the overall efficiency of water
electrolysis.> Besides, the generation of reactive oxygen species
could damage the ion exchange membrane, and the potential

mixing of cathodic Hy (two-electron transfer) and anodic O,
(four-clectron transfer) because of their unbalanced gas

Non-Faradaic reactions:
R-CHO + OH = R-COO" + H; (RXN 3)
2R-CHO + OH- = R-COO- + R-CH,OH (RXN 4)

from the aldehyde group. The newly discovered EOD
mechanism is fundamentally different from a few related
known reactions, namely the conventional electrocatalytic

oxidation (ECO) of aldehydes (Scheme 1, RXN 2),!'-14
Eaﬁ 4{1;%%1 tlcjat%yzed oxldagon of aldeh rdes bchcmcl RXN

annizzaro 1spr0port10 auon reaction’
(Scheme 1, RXN 4) without H; evolution. Compated to
RXN 2, EOD is intrinsically more productive from the
perspective of atom economy because it utilizes the aldehyde
only for the production of Hy, instead of H>O, and non-noble
metal-based catalysts (i.e., Cu and Ag) can be employed to
achieve high current density at a significantly lower onset

pressures could lead to severe safety issues.”~7

One strategy to mitigate the abovementioned problems is to
replace OER with an economic oxidation at the anode with

more favorable thermodynamics.”~® Recently, Wang ef al.” and )
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our group!’ reported that Cu-based electrocatalysts can Accepted: July 5, 2023
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promote a novel electrocatalytic oxidative dehydrogenation
(EOD) pathway, through which H; and carboxylic acid canbe
co-generated from aldehyde oxidation (Scheme 1, RXN 1) at
anodic potentials near 0 V [vs reversible hydrogen electrode
(RHE)], and the H atoms in the formation of Hj are solely
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potential than RXN 2 (i.e., 0.05 V for EOD vs >1.0 V for
ECO). RXN 3 and RXN 4 are chemical transformations that
cannot be directly used to replace OER at the anode of
electrochemical cells.

Biomass-derived furfural has been selected as a model
aldehyde because of its mature production technology and
latge productivity (~0.43 million tons/year).?*=2¢ Coupling
the EOD reaction with the cathodic hydrogen evolution
reaction (HER) enabled a bipolar H> production system
(Scheme 2) with ultra-low cell voltages, a double production

Scheme 2. Reaction Equations for Bipolar Hz Production
Bipolar H; production system:
Anodic EOD: 2R-CHO + 40H = 2R-CO0O +2H,0+ 2¢ + H,
Cathodic HER: 2H.0 + 2¢ — 20H + H,
Combined reaction: R-CHO + OH™ — R-COO™ + H,

rate of Hp, and the co-production of the carboxylic acid
product [e.g., 2-furoic acid (2-FA)] at the anode. Our initial
techno-economic analysis (TEA) study based on such a
process has shown promising economic viability of Hj
production (i.e., $2.51/kg of H,) with co-generation of value-
added 2-FA.'® Although successful process design and in-
depth mechanistic investigation of reaction pathways among
different aldehyde oxidative reactions (Scheme 1, RXN 1—4)
were reported in our previous works,!” the kinetics of the
bipolar H production system are worth a further increase. In
such a process, the rate-limiting reaction is the anodic EOD,
since the overpotential of cathodic HER on noble metals can
be extremely low (e.g., <0.05 V on Pt catalysts at 100 mA
cm~?"). Therefore, develo%irﬁ efficient anodic catalysts is vital
to further enhancing the EOD kinetics and pushing the overall
bipolar H; production system to practically viable.

In this work, we developed Cu-based electrocatalysts by
galvanic replacement methods for EOD and achieved highly
selective and active H, generation under ultra-low anodic
potentials versus RHE. The standard potential difference
between Cu/Cu* and M/MY" (M = Ag, Au, Pd, and Pt)as
the driving force fully etched the Cu foam substrate and
oxidized its surface, resulting in a great increase in the surface
roughness. Specifically, dispersing Pt atoms into porous Cu
(i.e., CuPt/Cu) delivers the highest RF-normalized pattial

current density of anodic Hy (RF+ , 4 ) anda maximum j, ..

of 357 mA cm 2 at 0.4 Virus among four bimetallic catalysts.
More importantly, when implementing this CuPt/Cu catalyst
in a zero-gap membrane electrode assembly (MEA)-based flow
cell, the high EOD activity enables a bipolar H, production to
achieve an industrially relevant partial current density of 498

-2
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of ~100% and a co-generation of 2-FA from the anode.

2. EXPERIMENTAL METHODS

2.1. Materials Synthesis. The copper foam was first sonicated in
2 M HCI solution for 5 min to clean its surface, followed by rinsing
and sonicating in DI water. The cleaned Cu foam was then sonicated
(RF-power, 90 W; operating frequency, 35 kHz) in 50 mM solutions
of the precursor M (Pt, Pd, Au, and Ag) at room temperature for 30 s,
to etch the Cu surface, and to exchange M with Cu galvanically, in
order to form the CuM/Cu eclectrode. The precursor solutions
containing metal M include HPtCly, AuCls, PA(NO3)2, and AgNOs.
Finally, the surface copper oxides in CuM/Cu electrodes wete in situ

electroreduced at —0.1 Vgyg for 3 min. The detailed optimization of
synthesis conditions was shown in our previous work.!0

The Pt-based electrode was prepared by spray-coating Pt/C (0.5
mgp: cm’z) on an acid-treated carbon cloth substrate. The carbon
cloth was first treated in 67—70 wt % HNO3 at 110 °C for 1 h 45 min
to improve its hydrophilicity. The catalyst ink was prepared by
dispersing Pt/C particles (10 mgp, mI.™") in a mixture of DI water,2-
propanol, and an anion-exchange ionomer (AS-4) by ultrasonication.
The mass ratio of Pt/C and the ionomer was 4:1. The catalyst ink was
then air-brushed onto the substrate to reach the final loadings.

2.2. Electrochemical Measurements in the H-Type Cell. To
test EOD performances in an H-type cell, a three-electrode cell was
set up with a Ag/AgCl reference electrode and a Pt foil counter
electrode. Potentiostatic electrochemical impedance spectroscopy
(PEIS) was used to measure the resistance between the working
and reference electrodes with 90% IR-compensation applied for all
electrochemical measurements. A Nafion membrane (K" form) was
used to separate the anode and cathode compartments, and the
working electrode has a geometric area of 1 cm?. 1.0 M KOH solution
was used for preparing 15 mL electrolyte for each compartment. It is
worth mentioning that the as-prepared furfural-containing electrolyte
was immediately used to conduct electrochemical tests, in order to
avoid its degradation to humins as well as to minimize the side
Cannizzaro reaction in the alkaline solution.

Linear sweep voltammetry (LSV) and chronoamperometry (CA)
tests were performed with a constant flow of argon (Ar) through the
catholyte to deaerate and online analyze the evolved H, by a GC (SRI
8610C). LSV was conducted at 10 mV s~' without magnetic stirring.
During the CA tests, the catholyte and the anolyte were separately
stirred by two polytetrafluoroethylene (PTFE)-coated magnetic bars
(20 X 6 mm, Chemglass Life Sciences) at 350 r.p.m. Potentials versus
RHE were reported; RHE relative to those versus Ag/AgCl was
calculated by the following equation

Expie = Eng/aga + 0197 V + 0.059 V X pH

2.3. Electrochemical Measurements in the MEA-Based Flow
Electrolyzer. The flow reactor setup and conditions were adopted
from our previous works.!0 Specifically, the flow electrolyzer
contained two stainless-steel flow-field plates with serpentine
channels, PTFE and silicone gaskets, and the MEA composed of
two electrodes and a membrane was fabricated after assembling the
cell hardware. The catholyte and the anolyte were circulated at 10mL
min~! by a peristaltic pump (Masterflex L./S). To avoid current
density exceeding the limit of the potentiostat, we applied a custom-
designed flow cell with an active surface area of 1 cm? (1 X 1 cm?) for
the anode and an active surface area of 6.25 cm? (2.5 X 2.5 cm?) for
the cathode. This cell configuration was based on the rate-limiting
step of the anodic EOD in the EOD-HER paired system, since HER is
much favorable thermodynamically (E° = 0 vs SHE, at pH = 0) and
kinetically (on noble metal Pt/C catalysts). The applied potential ot
current was well controlled by a potentiostat/galvanostat (Biologic
SP-300) with 70% IR-compensation. A piece of anion exchange
membrane (Tokuyama A201, ~29 um) was used to separate the
catholyte and the anolyte. All experiments were performed at room
temperature.

2.4. Product Analysis. The details of product analysis can be
found from our previous work.!0 In brief, the electrolyte was analyzed
by a high-performance liquid chromatograph equipped with a variable
wavelength detector with the wavelength of 260 nm. The Bio-Rad
column (Aminex HPX-87H) was used for analyzing anodic species
(including furfural and 2-FA). A C18 HPLC column (Gemini 3 um,
110 A, 100 X 3 mm) was used to quantify furfuryl alcohol produced
from the Cannizzaro reaction. Hy was quantified by an on-line gas
chromatograph equipped with HaySep D and MolSieve 5 A columns
and a thermal conductivity detector. The calibration curve was built
by analyzing the standard calibration gases with different concen-
trations (10—10,000 ppm). The H generation rate was calculated
based on the H, concentration and the volumetric flow rate of inlet
gas, and the total produced Hz was obtained by integrating the H»
production rate vs reaction time with polynomial curve fitting. !
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Figure 1. Synthesis and characterization of Cu-based bimetallic catalysts. (a) Scheme of synthesis of Cu—M bimetals by the galvanic replacement
method. (b) SEM image of the Cu foam. (c) XRD patterns, (d) Auger Cu LM spectrum, and (¢) SEM image of as-synthesized CuPt/Cu. (f)
STEM image and (g) HR-STEM image of CuzO and Pt regions. The inset image is the FFT pattern. HR-STEM images show the lattice spacing of
Pt, which agree with the calculated lattice spacing from FFT. (h) HAADF-STEM EDS elemental mapping, which shows Pt (red color) distributed
on a Cu substrate (blue color). It should be noted that because of the close lattice parameters, we cannot simply assign the observed lattice fringe to
CuO(111) or Pt(111), and a mixture of Pt with CuzO is possible according to the EDS mapping results.

The Faradaic efficiency (FEi) and partial current density of H» (iHZ peak at 284.8 V. Scanning electron microscopy-energy-dispersive X-

) can be calculated using following equations ray spectroscopy (SEM-EDS) was carried out with a field-emission

scanning electron microscope (FEI Quanta-250) equipped with an
nz,F . ) . .

FE,; = X 100% Oxford Aztec energy-dispersive X-ray analysis system and a light-

Q element X-ray detectot. The nanopowder from the CuPt/Cu surface

was scratched for preparing the transmission electron microscopy

Ju = QX FE (TEM) analysis samples, and it was then dispersed in ethanol and

2t ultrasonicated for 5 min, followed by drop-casting on the grid.

Aberration-corrected scanning transmission electron microscopy

(STEM) images and EDS mappings were taken with a Titan Themis

300 probe corrected transmission electron microscope equipped with

where ni is the moles of product i; zi is the electron-transfer number
for one product molecule; F is the Faraday constant (96,485 C
mol™"); Q is the total charge passed through the electrolytic cell; and #

is the electrolysis time (s). It should be noted that the 2-FA produced a Super-X EDS detector. All the CuM samples were temporarily
from the EOD pathway was calculated by subtracting 2-FA generated stored under inert gas before characterizations, in order to avoid any
from the Cannizzaro pathway (through quantifying furfuryl alcohol) possible oxidation in air.

from the total quantified 2-FA. 2.5.2. Determination of the Roughness Factor. Surface roughness

2.5. Materials Characterization. 2.5.1. Physical Character-

L . . factors for the electrodes relative to the copper foam were determined
ization. X-ray diffraction (XRD) crystallography was performed on a

X—ray diffractometer (SiCﬁlCﬂS D500, CuKa sourcc,A =1.5432 A) by comparing their double-ltayer capacitances (Cdl)- CyCIiC voltam-
with a tube voltage of 45 kV and a tube current of 30 mA. The scan metry (CV) was performed in a three-electrode, one-compartment
was carried out at a rate of 10° min~! and a step size of 0.02°. X-ray electrochemical cell with 1.0 M KOH without stirring. CV  was
photoelectron spectroscopy (XPS) was performed on an X-ray conducted in the potential regions where no Faradaic processes
photoelectron spectrometer (Kratos Amicus/ESCA 3400, with Mg occurred, and the difference in geometric current density (Af) was
KaX-rays, 1253.7 eV). All XPS spectra were calibrated with the C 1s plotted against different CV scan rates (20—200 mv 5‘1),

C https://doi.org/10.1021/acsami.3c06783
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Figure 2. EOD performance on Cu-based bimetallic catalysts in the H-type cell. (a) LSV (2nd cycle) on Cu-based electrodes, including the Cu
foam and CuM/Cu (M = Ag, Au, Pt, Pd), with or without 200 mM furfural in 1.0 M KOH electrolyte. (b) Online GC to detect H, from EOD

under different experimental conditions. The retention time of H, was around 3 min. (c—f) Faradaic efficiency and passed charge for half-hour
electrolysis on different electrodes: CuAg/Cu, CuAu/Cu, CuPt/Cu, and CuPd/Cu. The electrolyte was 200 mM furfural in 1.0 M KOH.

3. RESULTS AND DISCUSSION

3.1. Catalyst Synthesis and Morphology Character-
izations. The bimetallic Cu—M catalysts (M = Ag, Au, Pd,
and Pt) were prepared through a galvanic replacement method
(Figure 1a). A pre-cleaned Cu foam was immersed in the
precursor solutions of metal M under sonication to form
CuM/Cu bimetals. Figure 1 shows the synthesis and
characterization results of the CuPt/Cu electrode. The control
samples, including CuAg/Cu, CuAu/Cu, and CuPd/Cu, were
also prepared, characterized, and evaluated, whose details are
shown in Figures S1—S8.

SEM images (Figure 1b,e) show the morphology trans-
formation from a smooth Cu surface to a highly rough, nano-
sized surface after galvanic replacement under sonication.
SEM-EDS analysis (Figures S1—S4) show the homogeneous
distribution of M atoms on the Cu foam and a considerable

amount of oxygen associated with Cu, indicating the formation
of copper oxides on the surface. Double-layer capacitance (Cay)
was further measured to assess the roughness of each Cu—M
material and then normalized to the plain Cu foam. Figures
S5—S8 indeed suggest a significant increase in the roughness
factor (RF) in four kinds of Cu—M bimetals: CuPt/Cu (4.75
+ 0.18), CuAg/Cu (476 = 0.88), CuPd/Cu (13.1), and
CuAu/Cu (22.3). These RF values can be applied to normalize
the geometric current density and compare intrinsic activities
among different bimetals (details shown in the next section).
XRD, XPS, and high-resolution transmission electron
microscopy (HR-TEM) were further carried out to analyze
the crystallographic structure and electronic properties of the
bimetallic catalysts. XRD analysis on CuPt/Cu suggest the
presence of polycrystalline Cu and CuO (Figure 1c). A minor
intensity of the CuCl phase originates from incorporating
chloride in the HPtCly precursor into Cu. The slight peak

https://doi.org/10.1021/acsami.3c06783
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shifts on Cu0 to lower degrees indicate the formation of Cu—
Pt alloys, and the disappearance of Pt peaks is probably
because of its alloying with Cu.?%?° Furthermore, a dominating
peak was observed in the deconvoluted Cu 2ps/; spectra from
XPS at the binding energy of 932.6 eV (Figure S5e),
representing the signals of Cu(0)/Cu20.*’ Two minor peaks
at 933.6 and 934.8 ¢V correspond to CuO and Cu(OH)a,
respectively.’’ Auger electron spectroscopy (AES) spectra of
Cu LM with a kinetic energy peak at 916.4 eV further suggest
that the surface is dominated by CuzO species (Figure 1d). Pt
4f spectra are undiscernible from XPS owing to their
overlapping with the Cu 3p signal and the much stronger
intensity of Cu 3p than that of Pt 4f. High-resolution STEM
(HR-STEM) images show the lattice spacing of Pt, in line with
the lattice spacing calculated from the fast Fourier transform
(FFT) (Figure 1f,g). High-angle annular dark-field STEM
(HAADF-STEM)-EDS elemental mapping further suggests the
uniform dispersion of Pt on the Cu substrate (Figure 1h).

Similar characterizations were carried out in other bimetallic
catalysts (see details in Supporting Information Figures S6—
$8). XRD analysis suggests the co-existence of Cu, M (i.e., Ag,
Au, or Pd), and CuO phases in all samples. The much broader
peaks of M than Cu indicate that the M domains/crystallites
are small. No evidence of alloy formation was observed in the
CuAg/Cu sample because of neatly no shift in Cu diffraction
peaks (Figure S6d), which agreed well with our previous
observations.!? The appearance of peak shoulders or significant
skews to the right in CuAu/Cu (Figure S7d) and CuPd/Cu
(Figure S8d) indicate the incorporation of Au/Pd into Cu
domains and the formation of alloys. The observation of alloys
on CuPd, CuAu, and CuPt but not on CuAg is due to their
more favorable mixability between two metal atoms, which is
supported by the phase diagram of Cu-based alloys.’!=3* In
addition, similar to CuPt/Cu, XPS analysis of all bimetals show
the CuO-dominated surfaces and that M exists in its metallic
chemical state.

The above characterization results suggest that the galvanic
replacement methods indeed etched and oxidized the Cu
surface, resulting in a significant increase of the surface area
and a well dispersion of small domains of metal M on the
CuyO-rich surface. In addition to the thermodynamic driving
force between Cu and M, we found that the synthesis
condition of sonication is also crucial to increasing substrate
surface areas. The synthesis of highly rough bimetals reported
herein has simplified preparation procedures as compared to
previous works:*>=3 in those cases, a high-surface-area Cu
substrate was first synthesized by various methods (e.g.,
electrodeposition, electroanodizing, sputtering), followed by
the galvanic replacement treatment in a precursor solution for
placement in a certain time period without sonication.

3.2. Electrocatalytic EOD Performance. The EOD
petformance (Scheme 1, RXN 1) on CuM/Cu catalysts was
investigated in a standard three-electrode H-type cell. The as-
synthesized CuM/Cu was first held at —0.1 Vryg for 3 min to
reduce surface Cuz0 to metallic Cu in the furfural-containing
electrolyte. LSV was performed in 1.0 M KOH with and
without furfural. As shown in Figure 2a, the EOD reaction with
apparent current densities is mainly dominated in the potential
range of 0.1—0.5 Vgug on five Cu-based electrodes. A further
positive shift of the anodic potential would oxidize Cu to its
oxides and trigger the electrocatalytic oxidation (ECO) of
furfural without Hy evolution (Scheme 1, RXN 2).10 The
cutrent density profiles (without stirring of the anolyte) show

the EOD activity on different bimetallic electrodes, following
the otder of CuPt/Cu > CuAu/Cu > CuPd/Cu > CuAg/Cu,
much higher than that of the Cu foam (Figure 2a).

EOD activity on CuM/Cu electrodes was further tested
under static electrolysis conditions at different anodic
potentials (Figure 2b—e). Hy was quantified by online gas
chromatography (GC, Figure 2b), and 2-FA and furfural
alcohol were quantified by offline high-performance liquid
chromatography (HPLC). The FEs of 2-FA and H; are defined
as the moles of 2-FA or 2 times of moles of Hy produced
divided by the total moles of electrons applied. It is noted that
the reported FE of 2-FA from the EOD pathway was calculated
after subtracting 2-FA co-produced from the non-Faradaic
Cannizzaro reaction (quantified from the amount of produced
furfuryl alcohol, Scheme 1, RXN 4). A control experiment
showed that furfuryl alcohol is unreactive for the EOD pathway
in Hy evolution (Figure S9). Table S1 shows a detailed
calculation of FE of 2-FA from the EOD pathway. With 30 min
electrolysis at different potentials, we obtained ~100% FEsof
both 2-FA and H, on CuAg/Cu and CuAu/Cu electrodes in
the potential range of 0.1—0.4 Vgup. The passed charge
(Figure 2c¢,d, right y-axis) increased from 0.1 to 0.4 Vgrug,
consistent with the LSV trend. These results suggested that
EOD is the dominant, sole Faradaic reaction under this
potential range.

The EOD activity on CuPt/Cu and CuPd/Cu presents a
different trend in terms of the FEs of product (Figure 2e,f). At
0.1—0.2 Vgug, we observed >95% FEs of 2-FA and Ho,
approaching that on CuAg/Cu and CuAu/Cu electrodes.
When the anodic potential >0.3 Vrpg, we observed a decrease
in the FEs of 2-FA and H». The H; FE dropped to ~70% and
~50% for CuPt/Cu and CuPd/Cu catalysts, respectively, likely
due to a hydrogen spillover pathway (Figure S10). That is, the
C—H cleavage along with the aldehyde oxidation to acid
occurred on Cu sites; instead of producing Hs through a Tafel
step for self-coupling of adsorbed H (H*) on Cu, certain H*
would spill over to the adjacent noble metal sites for its
conversion toward H' through a reverse Volmer step. The
detailed mechanism will be studied in our futute work.
Additional control experiments (Figure S11a) on commercial
nanoparticles (Pd/C, Pt/C, Au/C, and Ag/C) confirmed the
favorable hydrogen oxidation reaction (HOR) toward H' on
noble metals (i.e., Pd/C and Pt/C) even under low anodic
potentials (e.g., 0—0.4 Vrgp), while HOR was suppressed on
Ag/C and Au/C, in line with the FE trend of EOD on those
four Cu—M bimetals and the proposed hydrogen spillover
mechanism. The oxidation of H* to H" can be minimized by
negatively shifting the anodic potential, in accordance with our
experimental observation of high Hy FE (>95%) for EOD on
CuPt/Cu and CuPd/Cu at 0.1 and 0.2 Vrug, tespectively.
Besides, this H* oxidation to H" on noble metal sites mainly
occurred through the surface diffusion of H* at local regions,
rather than the reabsorption of the EOD-produced Hy for its
further oxidation through HOR. This can be supported by the
control experiment of the inactive nature of Cu—M catalysts
(e.8., CuPt/Cu) for HOR, particularly in the potential range of
0—0.4 Vrpn with excessive Hz supply (100 mL min~", Figure
S11b).

Additionally, during EOD, the dynamic surface reconstruc-
tion rearranged the lattice of the Cu—M catalysts and
maintained the high-surface-area porous structure. SEM
images (Figure S12) show a significant morphology trans-
formation after a half-hour EOD at 0.2 Vgryg. For instance, the
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sutface motphology of the CuAu/Cu and CuPd/Cu catalysts
changed from spherical nanoparticles to nanosheets. Interest-
ingly, post-electrolysis characterizations showed that those
electrochemically induced surface reconstructions caused an
increase in their surface roughness (Figure S12), which could
be beneficial for stabling the EOD performance (details are
discussed in the last section). These dynamic surface
morphology changes are driven by the significant mobility of
Cu and M at room temperature and the anodic biasing during
EOD. A similar observation of dynamic surface reconstruction
of catalysts with an enhancement in electrocatalytic activity has

been. observed in_recent wi iffetent electrochemical
reactions, such as NG AtoAgﬂif ,%9”%%2.H

3.3. Strong Synetgistic Effects on the CuPt/Cu
Catalyst. Despite a slight H, FE decrease on the CuPt/Cu
catalyst, especially at more positive potentials, the key
advantage of CuPt/Cu is its strong synergistic effect between
Cu and Pt for EOD. In terms of j, Hz,7C2uPt/Cu showed the

highest values of 239 and 357 mA cm at 0.2 and 0.4 Vgug,
respectively, among all four CuM/Cu catalysts (Figure 3 right
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Figure 3. Comparison of the roughness factor (RF)-normalized
pattial current density of Hy and partial current density of Hz among
different Cu-based bimetallic catalysts.

y-axis). It is worth mentioning that we accounted for the partial
curtent density at the eatly stage of steady-state EOD (i.e., 3
min) to avoid the mass transport limitation, which resulted
from the furfural consumption during electrolysis in the batch
reactor (15 mL) that caused a gradual decrease in the current
density (Figure S13). Moreover, we carried out electrokinetic
studies and fitted the apparent activation energy (E;) on the
CuPt/Cu electrode to be 53.8 £ 8.7 kJ mol 'at 0.1 VRruE, by
changing the temperature from 25 to 43 °C (Figure S14).

To compare the intrinsic activities of the catalysts
considering their distinct surface areas, we normalized j, 1 _ ,

to the roughness factor (i.e., RF+f , ;) (Figure 3 left y-axis).

Importtantly, CuPt/Cu with the lowest RF (i.e., 4.75 = 0.18)
displayed the highest RF-j,_ g, at both 0.2 and 0.4 Vrug,
following the otder of CuPt/Cu > CuAg/Cu > Cu foam >
CuAu/Cu > CuPd/Cu. Supported by our previous DFT
calculation of the EOD pathway on different metals (Pt, Au,
and Cu),'” we proposed that the strong synergistic effects on
the CuPt/Cu catalyst take advantage of the facile interaction
between furfural and Pt sites, considering its binding energy on
Pt of —2.11 eV as compared to that on Cu (—1.06 ¢V) and

other metals (e.g., Au, —0.96 ¢V), and the favorable C—H
cleavage on Cu sites as opposed to that on Pt (limited by CO
poisoning) and Au (limited by slow C—H activation). Besides,
CuAu/Cu showed a high absolute j, H, because of its highest
surface roughness (RF = 22.3) among tour bimetallic catalysts.

However, the RF+j, ; on CuAu and CuPd is greatly

minimized and lower than that on the Cu foam, resulting
from the inactive EOD property on Au and Pd.!” In such a
manner, the incorporation of Au and Pd occupied surface Cu
sites, leading to a decrease in EOD performance and lower

than that on a monometallic Cu sutface (i.e., Cu foam). In
contrast, CuAg/Cu exhibited a second high RF-j because

of the catalytic EOD activity on both Cu and Ag tékals, but
the lower j, y,and RF, y,0n CuAg than that on CuPt

could be due to the minimal synergistic effect between Cuand
Ag. It is worth noting that the experimental screening of
different metals for EOD was also reported in our previous
work.!? These results clearly demonstrated that the superior
EOD petformance on CuPt/Cu is not only from its high
surface area but also from the synergistic effects of Cu and Pt
with higher intrinsic activity. The EOD performance on the
CuPt/Cu anode has outperformed the recent publications for
aldehyde oxidation with H» evolution (Table S1).

3.4. Bipolar H; Production Flow Systems. Based on the
facile EOD kinetics on Cu-based electrodes and the optimized
bimetal combinations, we implemented an MEA-based flow
cell for bipolar H; production (Figure 4ab). The MEA
contained a Pt/C cathode, an anion exchange membrane
(AEM, Tokuyama A201), and a CuM/Cu anode in a zero-gap
configuration. 1.0 M KOH with and without furfural were used
as the anolyte and the catholyte, respectively, each with a
volume of 250 mlL.

LSV measurement of the HER-EOD paired bipolar H»
production displayed ultra-low cell voltages (Figure 4c). At
the current density of 100 mA cm™?, the cell voltages were
below 0.3 V for all four Cu-based bimetals, following the order
of CuPt/Cu < CuAu/Cu < CuPd/Cu < CuAg/Cu. At steady-
state electrolysis at 0.6 V (Figure 4d), the j, H, attained 498

mA ¢cm 2 on the CuPt/Cu electrode, with the anodic H, FE of
80.5%. These high performances benefit from the facile EOD
kinetics on Cu-based bimetals and the largely facilitated mass
transport by flow cell implementation. Our observed ultra-low
cell voltages and industrially relevant current densities for
bipolar Hz production (Supporting Information Movie S1)
with valuable 2-FA co-production have outperformed recently
reported values.” Besides, our work’s cell voltages and current
densities are also supetior to conventional ECO-HER paired
systems (e.g., organic ECO-HER,*”?~* inorganic ECO-
HER*70) for cathodic H, production: in those cases, the
cell voltages are >1.0 V with current densities <100 mAcm ™2,
e 5 I ATt R R e
electrolyzers (Figure S15). After 5 successive cycles of 1 h
electrolysis (i.e., refreshing catholyte at 1 h interval) at the cell
voltage of 0.4 V, CuAu/Cu showed the best durability with
only a 4.5% performance decrease. Indeed, we noticed a slight
increase in activity on CuAu/Cu (10.7%) and CuAg/Cu
(0.9%) during the second 1 h cycle, benefiting from the surface
reconstruction-induced roughness increase. We observed
relatively poor durability of CuPt/Cu and CuPd/Cu electro-
des, which are not because of the surface roughness decrease
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volume was 250 mlL..

since RFF only showed a slight change after 5 h electrolysis
(Figures S16 and S17). The primary reason for catalyst
deactivation could be due to the complete phase trans-
formation of metallic Cu toward Cu(OH)2 (as supported by
XPS Cu 2p and O 1s spectra in Figures S16 and S17), which is
not the reactive phase for EOD.!" In the meantime, a small
amount of CO-like intermediates generated from furfural
oxidation may also poison the Pt/Pd catalysts. Developing
more durable Cu-based electrocatalysts, especially under harsh
electrolytic conditions of high alkalinity and anodic biasing,’!
remains a challenge that needs to be addressed in future
studies.

4. CONCLUSIONS

In summary, this work reported a simple galvanic replacement
method to prepare Cu-based bimetallic catalysts for EOD
toward practical rate, bipolar Hz production. Taking advantage
of the thermodynamic driving force between Cu and other
metals (M), the Cu foam surface can be etched and oxidized,
resulting in a significant increase in the surface area and well
dispersion of M. In particular, the CuPt/Cu catalyst has

achieved f AH, values of §§7 mA cm ?at 0.4 Vryug in the batch

reactor and 498 mA cm at the cell voltage of 0.6 V in the
MEA-based flow electrolyzer. Our work presented ultra-low
cell voltages and industrial-level current densities toward
bipolar Hz production in a sustainable manner, with the co-
production of valuable carboxylic acid. Further development of
more durable Cu-based catalysts, exploration of alternative
large-scale aldehyde feedstocks, and demonstration of cost-
effective processes will bring exciting new opportunities for

distributed manufacturing of green hydrogen and carbon
chemicals with low energy consumption and low carbon
footprint in the future.
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