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ABSTRACT: A phosphate mediated (photo)electro-reduction
process has been developed to activate cuprous oxide (Cu,O)
to copper—cuprous oxide (Cu/Cu,O) for high efficient
hydrogen evolution reaction (HER) in water at neutral pH.
The activated copper-based electrode can efficiently catalyze
HER with an impressive onset potential of —30 mV vs
reversible hydrogen electrode (RHE), low Tafel slope of 60—
80 mV-decade™" and exchange current density j, of 3.0 X 107°
A-cm™. This represents the first highly active copper-based
electrocatalyst that could be used as a low-cost alternative to Pt
for water electrolysis.
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he urgent need for clean and renewable energy has

stimulated considerable interest in developing solar
hydrogen technologies, either by combining photovoltaics
with water electrolyzers or by constructing photoelectochemical
cells (PEC). In both cases highly efficient electrodes/catalysts
are required to achieve high efficiencies of energy conversion to
hydrogen. Electrolyzers and PEC systems consist of two
electrodes: anode where the oxygen evolving reaction (OER)
occurs and cathode where the hydrogen evolution reaction
(HER) is achieved.'”* For the best systems the electrodes/
catalysts are required to work in aqueous solutions at neutral or
near-to-neutral pH with a small overpotential requirement, high
catalytic rate (high exchange current density), and low Tafel
slope. Moreover, for a cost-effective large scale technology,
these systems should be made of components of earth-
abundant and nontoxic elements. Unfortunately, these desirable
criteria are difficult to achieve. For example, Pt shows the best
performance for HER, but its high cost and nonabundance
hinders its application for the development of scalable solar
hydrogen technologies.

Over the past decade, significant advances have been
achieved in designing efficient alternatives to Pt for HER
based on first-row transition metals such as iron, cobalt, and
nickel.”~"* Besides these earth-abundant elements, copper is an
attractive low cost metal and relatively less harmful to the
environment compared with elements like cobalt and nickel.
However, catalytic water splitting with copper-based electro-
catalysts has not been well explored. It is only recently that a
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handful of molecular copper complexes have been shown to
electrocatalyze OER.'®™"" Regarding HER, for a long time,
copper had been considered to be an ineffective catalyst both in
acidic and basic solution requiring a high overpotential of ca.
250—300 mV for hydrogen generation.”’~** Recently, Sun et al.
reported the very first copper(Il) complex as a molecular
catalyst for the H, from water which requires however a huge
overpotential of 500 mV for functioning.”

In this paper, we report for the first time a highly active
copper-based electrode for hydrogen generation from water at
neutral pHs. This copper catalyst was prepared by a
(photo)electrochemical reduction of Cu,O in phosphate or
carbonate buffer solution. The activated Cu/Cu,O electrode
catalyzes the HER in phosphate or carbonate solution with a
very low overpotential of 30—50 mV vs reversible hydrogen
electrode (RHE; all the potentials in this report are versus
RHE), low Tafel slope of 60—80 mV-decade™ and high
exchange current density of 3.0 X 107> A-cm™2.

Cu,O starting electrode was electrodeposited onto molybde-
num coated glass slide employing a copper lactate bath.*®
Molybdenum substrate was preferred to the readily available
fluorine-doped tin oxide (FTO) because the Cu,O/Mo
electrode showed enhanced mechanical stability compared
with a Cu,O/FTO counterpart from which Cu,O layer is
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detached during electrochemical measurements at high current
densities. Typically, the compact Cu,O film of 1.5-3.0 pum
thickness was grown. The Cu,O electrode was then held at
constant potential of +0.12 V vs RHE in a degassed pH 7
phosphate buffer solution (0.1 M) and illuminated for 10 min
with 1 sun (Figure 1). The applied potential vs RHE was
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Figure 1. Cu/Cu,O electrode characterizations. (a) Morphology
evolution from Cu,O electrode to final Cu/Cu,O electrode during the
photoelectrochemical (hv) and following electrochemical (dark)
reduction process. (b) Evolution of current and H, yield (sum in
headspace and solution) during electrochemical equilibration of Cu/
Cu,O electrode at —0.26 V vs RHE in a pH 7 phosphate buffer. The
detailed calculation of dissolved H, in solution using Henry’s law is
shown in Figure S3. (c) XRD probing on Cu,O electrode during the
photoelectrochemical and electrochemical reduction process, corre-
sponding to morphology evolution in part a. (i) Cu,O; (ii) +0.12 V,
hv, 10 min; (iii) —0.26 V, dark, 10 min; (iv) —0.26 V, dark, 30 min.

calibrated by HER/HOR (hydrogen evolution/oxidation
reactions) on a Pt disk electrode in the hydrogen saturated
electrolyte (Figure S1). After this exposure, the electrode was
found to be no longer photoactive because of the formation of
Cu/Cu,O, which was previously explained as a Cu,O-to-Cu
corrosion process inhibiting the photoresponse of Cu,0.”** It
was then further equilibrated at —0.26 V vs RHE in O2-free
phosphate solution for 30 min to achieve steady cathodic
current.

Scanning electron microscopy (SEM) showed the evolution
of the morphology of Cu,O electrode during the photo-
electrochemical reduction process: from a compact structure
which consisted of large grains to highly porous morphology
made of small nanoparticles (Figure la). Corresponding
sequential cross-section images are provided in Figure S2.
Apparently, the electrochemical preparation resulted in an
increase of specific surface area of Cu,O electrode. X-ray
diffraction was used to probe the reduction of Cu,O into Cu
during the preparation process (Figure 1c). As seen, the Cu,O
peaks decrease while those of Cu increase when the
photoelectrochemical reduction process is prolonged. Remark-
ably, Cu,O still remains when the steady-state electrode,
showing steady catalytic current at —0.26 V vs RHE, was
achieved. This steady-state was confirmed by XRD test for an
electrode after 2 h electrolysis (Figure S4). Thus, we denote the
as-prepared steady electrode (iv) as Cu/Cu,O. We note that
this Cu/Cu,O electrode can be also obtained just by
equilibrating a freshly prepared Cu,O electrode in a pH 7
phosphate buffer solution at constant potential of —0.26 V vs
RHE for a time period longer than 1 h. However, the Cu/Cu,O
electrode obtained through photoelectrochemical reduction
exhibited higher stability.

Interestingly, during the equilibration at —0.26 V vs RHE, H,
bubbles appeared on the electrode surface. Checking the
amount of generated H, with time showed a negligible current-
to-H, yield (detailed calculation method is given in the
Supporting Information) of less than 1% for the first 500 s of
bulk electrolysis. During this time the current is high but
rapidly decreased (Figure 1b). Thus, the current passed
through electrode is mainly due to the reduction of Cu,O to
Cu. However, with the increasing of Cu content, the catalytic
HER was accelerated. When the Cu/Cu,O electrode reached
steady state, H, was produced with a current-to-H, yield close
to unity and a Faradaic efficiency of 98% during 2000 s (~33
min) electrolysis at —0.26 V vs RHE. To exclude the influence
of molybdenum substrate on Cu/Cu,O electrode, polarization
curves were measured under the same experiment conditions
(see Figure SSa). The possibility of CuMo alloy formation can
be excluded based on XRD analysis and EDS mapping on the
electrode after 2 h electrolysis (Figure S4). The electrode
exhibited a stable performance and the -catalytic activity
remained unchanged for more than 4 h (Figure SSb). Carbon
paper was also used as substrate to fabricate the Cu/Cu,O
electrode. The film exhibited similar performance as shown in
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Figure 2. HER catalytic activities of the Cu/Cu,O electrode in phosphate solution. (a) Catalytic currents versus applied potentials. (inset) Tafel plot.
The steady currents were recorded by 15 min electrolysis at each applied potential step. (b) Plotting of potentials required as a function of electrolyte
pHs to sustain constant catalytic currents j, of 0.2, 0.6, or 1.2 mA-cm ™2 (c) Catalytic activities (j,) recorded at overpotential of 130, 160, 200, and

260 mV as a function of phosphate concentration.
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Table 1. Activities of Non-Pt Electrocatalysts for HER

catalyst electrolyte onset potential [mV]” Tafel slope [mV-decade™] refs
Cu/Cu,0 0.5 M KPi (pH 7) -30 65 this work
Cu acid/alkaline —(300—400) 200300 20, 21, 30, 31
MoS, 0.5 M H,S0, ~120 50 3
MoB and MoC, 1.0 M H,SO, —100 54-59 33
NiMoN/C 0.1 M HCIO, -78 36 29
WS, 0.5 M H,S0, ~100 48 34
NiP/Ti 0.5 M H,SO, ~=50 46 35
CoP/Ti 0.5 M H,S0, ~—40 50 36
CoP/CNT 0.5 M H,SO, —40 54 37
CoSe,/CF 0.5 M H,80, ~—100 40 38
MoS, -@NPG 02 M KPi (pH 7) ~120 60 39
Co—S/FTO 1.0 M KPi (pH 7) -3 93 40
Cu,MoS, 0.1 M KPi (pH 7)/0.5 M H,SO, ~135 95 41

“Onset potential: the potential at which the hydrogen evolution occurred measured versus RHE, calculated according to ref 29.

Figure S6. However, during the electrolysis, the film detached
and cracked, indicating a weak attachment of Cu/Cu,O film on
carbon paper.

The above results indicated Cu/Cu,O electrode to be a
promising electrocatalyst for HER in aqueous media at neutral
pH. Consequently, we assayed in detail its catalytic activities in
pH 7 phosphate buffer solution (0.5 M KPi). To do so, bulk
electrolysis was carried out at different constant cathodic
potentials until steady currents were achieved. The potential
increment was 20—30 mV per experimental point. Current—
voltage (I—V) characteristic curves and the corresponding log j
versus overpotential # curves are presented in Figure 2a.
Remarkably, a very low overpotential  of ca. 30 mV was
determined following the method described by Chen et al.”” In
order to confirm the capability to catalyze H, generation at very
low overpotentials, bulk electrolysis was carried out at constant
potential of —0.055 V vs RHE for S h. Stable catalytic current
was obtained and H, could be produced with current yield
close to unity (Figure S7). Within the overpotential range from
30 to 130 mV, the Tafel slope was determined to be 65 mV-
decade™, suggesting the fast kinetics for HER. Higher slope
values of ca. 200 mV-decade™ were found at higher
overpotentials ( > 180 mV), presumably because of the
mass transport limitation of proton substrate. The geometric
exchange current density j, was determined to be 3.0 X 1075 A-
cm™% Thus, the current Cu/Cu,O represents one of the best
Pt-free electrocatalysts for the hydrogen generation measured
in aqueous media (Table 1). As shown in Table 1, our catalyst
is among the most active non-Pt electrocatalysts at neutral pH,
which is a more practical condition for water electrolysis.
Compared with Pt, to achieve a current density of 1 mA/ cngeo,
Cu/Cu,0O electrode requires about 90 mV more overpotential
than Pt (Figure S8). We also normalized the current density by
the real electrochemical surface area (ESA) of the electrode
(Figure S9—11), which confirm that the excellent performance
of our copper-based electrode is not due to the high surface
area.

We suggest that the presence of phosphate anions are most
likely acting as proton transport mediators and that this is the
key factor contributing to the unprecedented activities of our
copper catalyst. We therefore investigated how the phosphate
electrolyte concentration impacts on the performance of the
Cu/Cu,O catalyst. To do so, steady catalytic currents were
measured on the same Cu/Cu,O electrode in electrolyte with
different phosphate concentrations, buffered at pH 7. At low
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overpotentials ( = 130—160 mV), slopes of 0.4—0.5 were
determined from the log j.. versus log C (phosphate
concentration) plot (Figure 2c). Increased slopes of ~0.8
were determined at higher overpotential of 260 mV. These
results are consistent with the increase of Tafel slope when
overpotentials are increased to higher values (Figure 2a). In
other words, at high overpotentials, the kinetic of HER on Cu/
Cu,O catalyst is fast and therefore the reaction rate is limited by
the mass transport of protons to the catalytic sites. This in turn
is dependent on the availability of phosphate anions. However,
the involvement of phosphate anions at low overpotentials
when the H, generation rate is slow is unexpected. Moreover, at
low catalytic currents (j, 0.2, 0.6, or 1.2 mA-cm™2), pH
titration shows a dependence of ca. S0 mV-pH™" (Figure 2b),
indicating the H, evolution is limited by a le”, 1H"
electrochemical process. Therefore, it seems that the
involvement of phosphate anions contributes to efficiency of
transferring protons to vicinity of the catalytic sites on electrode
surface.

We assume there is equilibrium between phosphate anions in
the bulk solution and those chemically adsorbed on Cu/Cu,O
electrode surface. To investigate the impact of adsorbed
phosphate anions, we carried out potential polarization studies
on Cu/Cu,O electrode in pH 6.9 Na,SO, (0.1 M) solution free
of any phosphate anions. We found that the catalytic activities
are significantly lower than those observed in phosphate
solution. As shown in curves P-S-1 to P-S-5 in Figure 3, HER
occurred at overpotential of ~180 mV while in phosphate
buffer an overpotential of only 30 mV is required (Figure 2a).
Prior to the HER catalytic event, we observed two reduction
peaks at —0.055 and —0.15 V, assigned to electrochemical
desorption of adsorbed phosphate anion from Cu/Cu,O
surface.”” This desorption is completed once potential is
polarized to —0.45 V and is accompanied by a drastically
decrease of catalytic activity (P-S-S). This electrode now display
similar activity compared to the electrode counterpart prepared
in a sulfate solution (S-S-1). We also note that the morphology
of this copper-based electrode is unchanged when prepared in
different electrolyte solution with or without phosphate, e.g.
SO,*", ClO,”, halide (Figure S12—S14). Therefore, we
conclude that the phosphate anions contribute to enhance
catalytic activity of the Cu/Cu,O catalyst rather than the high
specific surface area caused by the mesoporous structure, a
factor important for conventional crystalline copper electrodes.
The adsorption of phosphate anions on Cu/Cu,O electrode
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Figure 3. HER activities of Cu/Cu,O electrode in phosphate-free
solution. (P-S-1 to P-S-4) Four consecutive potential polarizations on
Cu/Cu,O electrode in pH 6.9 Na,SO, (0.1 M) solution. (P-S-S)
Potential polarization to more negative potential. (S-S-1) Polarization
curve obtained in the same Na,SO, solution employing a control Cu/
Cu,O electrode which was prepared following the electrochemical
reduction process described but in Na,SO, solution instead of
phosphate solution.

was also confirmed by energy dispersive X-ray spectroscopy
(EDS) mapping (Figure 4). In contrast, no phosphorus exists
on the electrode surface when treated in phosphate-free
electrolyte solution e.g. SO,*~ (Figure S15).

10 pm

10 pm

Figure 4. SEM and EDS mapping images of Cu/Cu,O electrode after
treatment in pH 7 phosphate buffer (0.1 M) solution.

It is known that phosphate and carbonate/carboxylate ions
are chosen in nature to construct proton transfer networks.”>**
Furthermore, carbonate and phosphate display similar chemical
adsorption properties on electrode surfaces composed of
crystalline Cu(111)." Therefore, it is interesting to investigate
the catalytic activities of the Cu/Cu,O electrode in a carbonate
buffer solution. Indeed, we found that in a CO,-saturated
NaHCO; (0.5 M) solution at pH 7.4, the Cu/Cu,O electrode
displayed comparable catalytic currents to those obtained at
same overpotentials in phosphate electrolyte (Figure S16). The
onset potential # and Tafel slope value were determined to be
~50 mV and 80 mV-decade™, respectively. The catalytic
current was also dependent on the concentration of carbonate
anions (Figure $17). Bulk electrolysis carried out at both low (1
= 240 mV) and higher (7 = 540 mV) overpotentials showed
current-to-H, yields close to unity. Neither CO nor formate
were found as products (refers to the SI for details). This
finding contrasts to those reported by Qiao et al.** and Li and
Kanan"' who showed high selective CO,-to-CO reduction
employing nanostructured copper electrodes. The obvious
difference between our current copper electrode and those
reported is the remaining of the Cu,O phase. This oxide phase
acts as anchoring sites for the chemical absorption of
phosphate/carbonate ligand producing Cu'-O-PO; or Cu'-O-
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COj; species which serves as actual catalytic active sites for the
proton reduction reaction. The possible adsorption state of the
species could be derived from FT-IR spectroscopy (Figure Sa).
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Figure S. (a) FTIR spectra of (i) the Cu/Cu,O activated in phosphate
pH = 7 and (ii) free phosphate buffer solution pH = 7. Peaks at
approximately 1300—2500 and 3400—3900 cm™' are due to
atmospheric H,0/CO,. (b) Several possible molecular geometries
for the monodentate complex of Cu and phosphate species according
to refs 48 and 49: state I-monoprotonated monodentate mononuclear;
state II-deprotonated monodentate mononuclear; state III-monop-
rotonated monodentate mononuclear with H-bonded to surface water;
state IV-deprotonated monodentate mononuclear with H-bonded to
surface water.

A broad peak (PO,’”) comprised of overlapping bands
corresponding to frequencies of 1096, 1048, and 1004 cm™
was observed for the phosphate on Cu/Cu,O electrode.
Compared with free phosphate, the splitting pattern and the
frequencies of the adsorption bands indicate a monodentate
surface complex with lower symmetry upon adsorption, as
shown in Figure 5b.**>'

Employing the Cu/Cu,O electrode, we achieved catalytic
CO, reduction activities from a CO,-saturated DMF solution
containing 1% water. Products analysis carried on the basis of 1
h electrolysis at —1.5 V vs Ag/AgCl showed production of
HCOOH (64%), CO (6.2%), and H, (4.5%). This result
together with those of selective H, production from aqueous
carbonate buffer solutions suggest that the catalytic reaction
was initiated by reduction of protons providing hydride
intermediates, type [Cu"=H"]*.>* Thus, we propose mecha-
nistic pathways for the reduction reactions centered on Cu'-L
catalytic centers where L is chemically adsorbed phosphate or
carbonate ligands (eqs 1—S5). The formation of hydride
intermediates via the le”, 1H" electrochemical reduction
process of protonated Cu'=LH" species (eq 2) is believed to
be rate-limiting step. This is supported by a dependence of ca.
50 mV per pH was determined for external applied bias to
sustain a constant catalytic current in different pH solutions
(Figure 2b). The hydride intermediate species lead sub-
sequently to electrophilic attack of CO, molecules resulting
in production of formate (eq 4). Alternatively when the proton
activities of the medium are high e.g. within carbonate buffer,
the protonation of the hydride intermediates is favored (eq 3),
which hinders the CO, reduction.

Cu'-L + H" & Cu'-LH" (1)
Cu'-LH" + le” + 1H" - (Cu"-H")-LH" )
(Cu"-H7)-LH" - Cu"-L + H, 3)

Or
DOI: 10.1021/acscatal.5b00556
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(Cu"-H7)-LH" + CO,
— (Cu"-HCO,)-LH"
(4)

)

In summary, we report here a (photo)electrochemical
approach to activate the copper-based electrode for high
efficient hydrogen evolution from water. We show for the first
time that a copper-based electrocatalyst, Cu/Cu,O, can
selectively generate H2 in an aqueous environment at neutral
or near-to-neutral pH with a small over potential requirement.
Chemically adsorbed phosphate plays an important role in
accelerating the catalytic hydrogen evolution rate on the Cu/
Cu,O catalyst surface. This catalyst represents an attractive
alternative to Pt for HER.

— Cu"-L + HCOOH

Cu'-L + 1le” - Cu'-L
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