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Crystalline Copper Selenide as a Reliable Non-Noble
Electro(pre)catalyst for Overall Water Splitting

Biswarup Chakraborty®,” Rodrigo Beltran-Suito®,”” Viktor Hlukhyy,™ Johannes Schmidt,™
Prashanth W. Menezes,* and Matthias Driess*"

Electrochemical water splitting remains a frontier research
topic in the quest to develop artificial photosynthetic systems
by using noble metal-free and sustainable catalysts. Herein, a
highly crystalline CuSe has been employed as active electrodes
for overall water splitting (OWS) in alkaline media. The pure-
phase klockmannite CuSe deposited on highly conducting
nickel foam (NF) electrodes by electrophoretic deposition
(EPD) displayed an overpotential of merely 297 mV for the re-
action of oxygen evolution (OER) at a current density of
10 mAcm 2 whereas an overpotential of 162 mV was attained
for the hydrogen evolution reaction (HER) at the same current
density, superseding the Cu-based as well as the state-of-the-
art RuO, and IrO, catalysts. The bifunctional behavior of the
catalyst has successfully been utilized to fabricate an overall

Introduction

Rapid depletion of fossil fuels is driving the urgent require-
ment for alternative systems to harness energy." Splitting of
water into oxygen (O,) and hydrogen (H,) is one of the promis-
ing ways to overcome the current energy crisis, and this pro-
cess is vital in natural photosynthesis, which directly converts
photon energy to chemical energy.” In this regard, the devel-
opment of artificial photosynthesis by mimicking nature’s strat-
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water-splitting device, which exhibits a low cell voltage
(1.68 V) with long-term stability. Post-catalytic analyses of the
catalyst by ex-situ microscopic, spectroscopic, and analytical
methods confirm that under both OER and HER conditions, the
crystalline and conductive CuSe behaves as an electro(pre)cata-
lyst forming a highly reactive in situ crystalline Cu(OH), over-
layer (electro(post)catalyst), which facilitates oxygen (O,) evolu-
tion, and an amorphous Cu(OH),/CuO, active surface for hydro-
gen (H,) evolution. The present study demonstrates a distinct
approach to produce highly active copper-based catalysts
starting from copper chalcogenides and could be used as a
basis to enhance the performance in durable bifunctional over-
all water splitting.

egy has become an essential pathway for a clean and sustaina-
ble energy-based society.”! However, the high thermodynamic
barrier of the overall water splitting (OWS), which comprises
two half-cell reactions—oxygen evolution reaction (OER) at the
anode and hydrogen evolution reaction (HER) at the cath-
ode—makes this process extremely demanding.”! Therefore,
the design of efficient bifunctional OER and HER catalysts to
perform OWS remains a great challenge and deserves signifi-
cant attention.® Currently, the state-of-the-art electrocatalysts
to perform water splitting (WS) mainly rely on the noble-
metal-based materials (RuO, and IrO, for OER, and Pt for
HER).® However, the low abundance of these precious ele-
ments limits their wide practical application. Conversely, recent
studies infer that higher OER or HER catalytic activity could be
achieved by a subtle choice of Earth-abundant transition-metal
(TM) based catalysts, particularly the first-row TMs.” However,
only a few of them have been shown to mediate efficient bi-
functionality for OWS.

On the other hand, copper is one of the most abundant
metals and has immense biological significance.”’ Moreover,
high catalytic activity and conductivity of metallic copper and/
or copper-based materials have widely been used for organic
transformations,” photothermal,"” electrical and electronic de-
vices."" Apart from this, copper and copper oxide nanomateri-
als have also been employed as efficient CO, reduction cata-
lysts with profound catalytic efficacy.”'? Most recently, in a
handful cases, copper-based nanomaterials have also been ap-
plied as efficient electrocatalysts for OER."® In this direction,
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copper pnictides and chalcogenides such as Cu;N, Cu;P, and
Cu,S; have gained considerable interest owing to their favora-
ble OWS activity with low cell potential in alkaline electro-
lytes.'" Under electrochemical conditions, both Cu;N and Cu,P
nanostructures act as electro(pre)catalysts. They undergo an in
situ transformation to form the electro(post)catalyst CuO, over-
layer, which efficiently accomplishes OER, HER, and OWS with
remarkably low overpotential and cell potentials."* In this
context, copper chalcogenides are relatively less explored as
OWS catalysts, and in the recent reports, Cu,S and Cu,Se have
only been used as OER catalysts."” Consequently, the lack of
activity for HER in copper chalcogenides prompted us to inves-
tigate a copper-based selenide (CuSe) as a potential bifunc-
tional catalyst for OWS."***! Over the years, numerous TM sele-
nides, mainly based on Fe, Co, and Ni have been uncovered as
attractive bifunctional electrocatalysts in alkaline media.’™'®
Although much is known about the electrical,® electronic,
and conducting"™® properties of CuSe,""™<'” its bifunctionality
for OWS has never been documented.®

Herein, we report, for the first time, a highly crystalline
klockmannite CuSe as a bifunctional electro(pre)catalyst for the
OWS reaction in alkaline electrolyte. CuSe has been synthe-
sized from a high-temperature calcination approach, and with-
out altering its chemical identity, the material has been depos-
ited on highly conducting electrode substrates (nickel foam,
NF, and fluorinated tin oxide, FTO) through the electrophoretic
deposition (EPD) technique for simultaneous oxidation and re-
duction of water to O, and H,, respectively. Impressively, the
recorded overpotentials at a current density of 10 mAcm™
(297 mV for OER and 162 mV for HER) are among the best
values reported for copper-based materials. When both anode
and cathode are fabricated by using CuSe deposited on NF as
electro(pre)catalyst for OWS, a low cell potential (1.68 V) with a
faradaic efficiency of near 100% has been achieved. The de-
tailed post-OER and HER analyses indicate the formation of a
crystalline Cu(OH), overlayer as an active phase for OER where-
as an amorphous Cu(OH),/CuO, overlayer on the CuSe behaves
as the active catalyst for the HER . Additionally, the conductive
CuSe core accelerates the electron transport between the
active layer and the electrode substrate. As Cu-based materials
have a limited exposure for OER, HER, and OWS, the presented
study opens a promising scope to explore new bifunctional
catalytic systems based on copper.

Results and Discussion

CuSe crystalline particles were synthesized by the high-temper-
ature calcination of metallic copper and selenium powder in
an inert atmosphere at a 900°C (see the Experimental Section
and the Supporting Information)."”® High crystallinity and
phase purity of the as-prepared powder sample was confirmed
by powder X-ray diffraction (XRD) analysis. The obtained dif-
fraction patterns were consistent with the klockmannite CuSe
(ICSD-82331; Figure 1a), and the crystal structure of the com-
pound synthesized herein belongs to a hexagonal P6;/mmc
group with lattice parameters a=3.9428(1)A and c=
17.2574(7) A'® The arrangement of the Cu and Se atoms in
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the unit cell results in a layered-type structure (Figure S1a in
the Supporting Information) where each Cu" ion is surrounded
by four Se atoms possessing a tetrahedral geometry with a
Cu—Se distance of 2.384-2.435 A and Cu' ion is trigonal-planar
coordinated by Se atoms with Cu—Se distances of 2.276 A. Two
geometrically distinguishable (five- and four-coordinate) Se
atoms present in the layered framework, and each four-coordi-
nated Se atom is positioned in such a way that a Se—Se cova-
lent type interaction occurs at a distance of 2.340 A (Fig-
ure S1b in the Supporting Information).'®

Transmission electron microscopic (TEM) analysis of the as-
prepared CuSe revealed large particles (ca. 200x 120 nm; Fig-
ure 1b, Figure S2 in the Supporting Information). The high-res-
olution TEM image of a crystal provided lattice fringes match-
ing with the d(006) planes of CuSe with an inter-planar dis-
tance of 0.288 nm (Figure 1c¢). Selected area electron diffrac-
tion (SAED) analysis conducted on the particles displayed well-
defined diffraction rings which could be correlated to the
Miller indices {(101), (006), (110), (116), (212), and (218)} of
CuSe (Figure 1¢, inset). Scanning electron microscopic (SEM)
images also illustrated the block morphology of the particles
with varying sizes (Figure S3 in the Supporting Information). EI-
emental mapping of the particles confirmed the homogeneous
distribution of Cu and Se (Figure 1d-f) whereas energy-disper-
sive X-ray (EDX) analysis showed a Cu/Se ratio of approximate-
ly 1:1 (Figures S4, S5, and Table S1 in the Supporting Informa-
tion). An identical elemental composition was further con-
firmed by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) analysis of the powder sample (Table S1 in
the Supporting Information).

To ascertain the elemental (oxidation) state of the CuSe ma-
terial, X-ray photoelectron spectroscopic (XPS) studies were
performed with the as-prepared powder. In the high-resolution
XPS, the Cu2p envelope consisted of two peaks corresponding
to Cu2ps,, and Cu2p,,, at the binding energies of 932.1 eV and
952.2 eV, respectively (Figure S6a in the Supporting Informa-
tion). The spin-orbit coupling spacing value (2p;,-2p;,) of
20.1 eV and the detailed deconvolution indicated the presence
of Cu' with an appreciable amount of Cu" (Cu'/Cu" 1:0.11 ratio,
Figure S6a in the Supporting Information). The Cu' species be-
longs to the CuSe and Cu" arises from the surface passivation
owing to aerial oxidation. The presence of the latter species is
consistent with earlier reports of Cu, ,Se and CuSe materi-
als."<1819 The Se3d envelope recorded with the powder
sample showed an overlapped spin-orbit component with two
maxima for 3ds, and 3d,, peaks at 53.8 and 54.5eV (A=
0.7 eV). These energy values (after deconvolution) are consis-
tent with the presence of Se'", as shown for reported CuSe
materials."'“"® % Moreover, a weak loss feature at 56.1 eV and
a weak peak corresponding to Se" arising from surface passiva-
tion at 58.3 eV, as observed in other metal selenides (Fig-
ure S6b in the Supporting Information)."%%%%

After an in-depth microscopic and spectroscopic analysis,
the ground CuSe was deposited on NF (a three-dimensional
and high surface area electrode substrate) through EPD. The
as-deposited films of CuSe on NF were further analyzed by mi-
croscopic and analytical techniques, which confirmed the ex-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characterization of CuSe crystals. (a) Powder XRD pattern of the as-prepared CuSe, which consists of a sharp diffraction pattern matching CuSe
ICSD-82331 (the crystal structure shown in the inset). (b) TEM images of the powder CuSe showing smaller crystals. (c) High-resolution TEM image with
atomic fringes matches with the (006) lattice plane of CuSe, and SAED pattern exhibiting diffraction rings of CuSe (inset). (d) SEM image of CuSe particle with
(e, f) EDX mapping, which displays a homogeneous distribution of elements Cu (blue) and Se (orange).

cellent chemical stability of CuSe after EPD (Figures S7-S9 in
the Supporting Information). The electrocatalytic properties of
CuSe were measured and compared with that of CuO and Cu
nanoparticles. A three-electrode set-up in 1M aqueous KOH
electrolyte where catalysts deposited on NF served as the
working electrode was used. The linear sweep voltammetry
(LSV) curve displayed a slow increase in current density with
the applied potential (Figure2a) and reached up to
500 mAcm™2 at 1.7 V (vs. reversible hydrogen electrode, RHE),
indicating catalytic oxidation of water. The overpotentials re-
corded for the OER with CuSe/NF were 297 mV and 382 mV at
10 mAcm™2 and 100 mAcm™, respectively. A much lower cur-
rent density resulted when CuO/NF and metallic Cu/NF were
used as OER electrodes. The overpotential recorded with CuO/
NF was 339 mV (at 10 mAcm ?), whereas an overpotential of
389 mV (at 10 mAcm %) was achieved for Cu/NF. The bare NF
measured in similar LSV conditions was almost inactive. Inter-
estingly, the overpotential (297 mV) achieved with CuSe is
slightly higher than the recently reported Cu,Se (270 mV),
which could arise from the stability of Cu,Se under OER, the
substrate effect (Cu substrate), different mass loading (5 mg),
and the higher accessibility of Cu sites of Cu,Se at the surfa-
ce.™ The mass normalized activity and TOF of CuSe/NF, CuO/
NF, and Cu/NF is summarized in Figures S10 and S11 (in the

ChemSusChem 2020, 13, 3222 -3229 www.chemsuschem.org

Supporting Information), which further presented the superior
activity of the CuSe/NF. Recent studies by the groups of
Mayer, Brudvig, and Lin have highlighted that electrooxidation
of water catalyzed by Cu" complexes proceeds through an in
situ formed active Cu" intermediate and, in all the cases, a
similar redox feature was observed.”” By analogy to these
studies, as well as other reported Cu-based heterogeneous cat-
alysts, it could be proposed that under applied potentials,
Cu"O(OH) species were formed at the surface to catalyze the
OER.[Ma'zZ]

To understand the electrokinetics of the OER, Tafel slopes
were calculated from the Tafel plot (Figure 2b). For CuSe/NF, a
Tafel slope of 89 mVdec™" was attained, which was significantly
lower than CuO/NF (92 mV dec™") and Cu/NF (161 mVdec™),
indicating faster OER kinetics of CuSe/NF. To evaluate the elec-
tron transfer capacity, electrochemical impedance spectra (EIS)
were recorded. The semicircular Nyquist plot depicts a consid-
erably low charge-transfer resistance (R.,) for CuSe/NF (Table S2
in the Supporting Information) compared with those of other
materials, suggesting a facile electron transfer between the
substrate electrode surface and CuSe catalyst providing better
OER activity (Figure 2c).?® The electrochemical double-layer ca-
pacitance (C4) was further determined by collecting CVs in a
non-faradic region (Figure S12 in the Supporting Information)

3224  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrochemical study of CuSe, CuO, and Cu on NF. (a) Polarization curves from LSV for OER, (b) Tafel plot, (c) Nyquist plot from EIS analysis, and
(d) the chronopotentiometry (CP) measurements at a current density of 10 mAcm~? (OER) for 10 h. (d, inset) LSV measured before (black) and after 10 h of CP
(OER) experiment (red), exhibiting almost overlapped polarization curves demonstrating the remarkable stability of CuSe. The LSV and Tafel slopes were re-

corded at a scan rate of 1 mVs ™.

and, consequently, the electrochemically active surface area
(ECSA), which is proportional to the C, was obtained.”™ A C,
of 1.45 mFcm™2, calculated for CuSe/NF was higher than that
of CuO/NF (1.0 mFecm™2) and Cu/NF (0.98 mFcm 2 as well as
nine-fold larger compared with bare NF (0.16 mFcm™;
Table S3 in the Supporting Information).”” A higher value of
the ECSA normalized current density further pointed out the
better intrinsic activity (Figure S13 in the Supporting Informa-
tion) of CuSe/NF within the investigated materials. To assess
the long-term durability of CuSe/NF, a chronopotentiometry
(CP) measurement was conducted, maintaining a current den-
sity of 10 mAcm™2, which substantiated the inherent stability
of the catalyst in the long run (Figure 2d). The sustainable ac-
tivity of CuSe/NF was further demonstrated by measuring the
LSV before and after OER CP catalysis (Figure 2d, inset). Fur-
thermore, the performance of CuSe/NF was compared with
the benchmark RuO,/NF and IrO,/NF catalysts (Figure S14 in
the Supporting Information), and the resulting overpotential of
CuSe/NF was strikingly better than that of noble-metal-based
catalysts, making it one of the most proficient OER catalysts
designed from earth-abundant first-row transition metals. In
addition, the catalytic OER activity achieved here is not only
superior to well established copper oxide and/or hydroxides
but also comparable to Cu,Ss, Cu;N, Cu;P, and Cu,Se materials
(Table S4 in the Supporting Information)."%%15¥1 Moreover,
the overpotential of CuSe/NF even surpasses some of the Co,

Fe, and Ni-containing active electrocatalysts reported in the lit-
erature.”® %

Recent reports have revealed that metallic copper and
copper-based materials can act as potential reduction cata-
lysts.®'22° Additionally, the bifunctional behavior of the previ-
ously reported Fe,™™ Co,'* and Ni"® selenide materials to-
wards WS inspired us to study HER with CuSe/NF films. Subse-
quently, the CuSe/NF catalyst was tested as a working elec-
trode for HER in 1 M aqueous KOH solution in a similar fashion
as that of OER. A graphite rod, instead of Pt as the reference
electrode was used to rule out the influence of Pt (leaching
and redeposition on the working electrode). From the LSV po-
larization curves, an overpotential of 162 mV was achieved for
CuSe/NF at a current density of —10 mAcm™2 (Figure 3a),
whereas CuO/NF (245 mV) and Cu/NF (186 mV) recorded signif-
icantly high overpotentials at the same current density. Similar
to OER, NF showed limited activity; however, Pt was the most
active for HER among the tested catalysts. Notably, the overpo-
tential of CuSe/NF is closely comparable to the recently report-
ed copper and other transition metal-based HER catalysts
(Table S5 in the Supporting Information).””” The mass and ECSA
normalized activity and TOF of CuSe/NF, CuO/NF, and Cu/NF
are shown in Figures S15-S17 (in the Supporting Information).
Further, a Tafel slope of 129 mVdec™' resulted from CuSe/NF,
which was lower than Cu/NF (136 mVdec ') and CuO/NF
(140 mVdec™) displaying faster kinetics for HER catalysis (Fig-
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Figure 3. Electrochemical HER and OWS with CuSe/NF. (a) Polarization curves of HER of CuSe/NF compared with Cu/NF, CuO/NF, Pt, and bare NF. (b) Tafel plot
(along with Tafel slopes) obtained from the LSV curves for HER measurements with CuSe, Cu, CuO, and Pt. (c) HER CP of CuSe at a constant current of
—10 mAcm 2 in a three-electrode set-up. (d) Polarization curve of OWS in the two-electrode set-up (c, inset) using CuSe/NF as both cathode and anode.

ure 3b). The CuSe/NF catalyst was tested under CP conditions
at a constant current density —10 mAcm~2 for HER (Figure 3¢),
and a marginal drop in overpotentials was observed, highlight-
ing its superior stability.

It has been documented previously that the electrode sup-
port plays a crucial role in electrocatalysis.”"9?® To verify this,
CuSe, CuO, and Cu were electrophoretically deposited on FTO,
characterized (Figures S18-521 in the Supporting Information),
and then measured similarly to that of the NF substrate in 1™
aqueous KOH electrolyte (Figures S22-523 in the Supporting
Information). Under the tested OER conditions, the overpoten-
tial of CuSe/FTO was found to be 380 mV at a current density
of 10 mAcm™, whereas CuO/FTO and Cu/FTO displayed an
overpotential of 455 and 610 mV, respectively (Figure S22 in
the Supporting Information). Similarly, CuSe/FTO also outper-
formed CuO/FTO and Cu/FTO in HER conditions (Figure S23 in
the Supporting Information). Notably, the catalytic per-
formance of CuSe for both OER and HER based on FTO fol-
lowed the same trend as that of NF.

Inspired by the promising catalytic half-cell activities for OER
and HER, we designed an OWS device with a two-electrode
configuration by using CuSe/NF as both anode and cathode in
1M aqueous KOH electrolyte at room temperature (Figure 3d,
inset and Figure S24 in the Supporting Information). The polar-
ization curve in Figure 3d shows the high performance of
CuSe/NF, reaching a current density of 10 mAcm 2 with a re-
quirement of cell voltage of 1.68 V whereas bare NF displayed

ChemSusChem 2020, 13, 3222 -3229 www.chemsuschem.org

a large cell voltage (>2V). Notably, the catalytic OWS per-
formance of CuSe/NF is clearly higher than the recently report-
ed monometallic selenides, better than mono and bimetallic
chalcogenide materials, and comparable with other highly
active non-noble based bifunctional electrocatalysts (Table S6
in the Supporting Information).'®'4%1**) The |ong-term stability
(CP) of this bifunctional catalyst was also tested in similar con-
ditions at a current density of 10 mAcm™2, which demonstrat-
ed the superior durability of the electrodes (Figure S25 in the
Supporting Information). To demonstrate the efficiency of the
catalysts, an inverted (graduated) electrolyzer cell was con-
structed and the relative evolution of H, to that of O, gas was
collected separately at atmospheric pressure (Figure S26 in the
Supporting Information). The measured volume of the evolved
O, and H, at the anode and cathode followed the theoretically
predicated 1:2 ratio (Figure S27 in the Supporting Information).
In a separate experiment, under a closed electrochemical cell,
the evolved gases were further quantified by GC analysis, and
that gave almost 90% and 98 % faradaic efficiency for OER and
HER, respectively (Table S7 in the Supporting Information).
After obtaining successful results for each half-reaction of
OER and HER, the structure of the active catalysts on the elec-
trode was systematically investigated through various ex situ
methods. Previous studies have confirmed that under alkaline
electrochemical OER and HER operational conditions, the sur-
face of non-oxide materials such as TM chalcogenides, phos-
phides, phosphates, as well as intermetallic compounds, under-

3226  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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goes a rapid structural change forming a highly reactive metal
oxide/hydroxide/oxyhydroxide.”*"?? In this regard, we exam-
ined the CuSe electrodes separately after CP measurements
(termed as OER CP and HER CP hereafter) by spectroscopic, mi-
croscopic, and analytical methods to gain detailed insights.
The TEM measured after OER CP suggested a severe morpho-
logical and structural change compared with the as-prepared
material. The high-resolution TEM images provided concrete
evidence in support of the formation of crystalline Cu(OH),
(Figure 4a and Figure S28 in the Supporting Information) on
the surface and were further evidenced by the well-defined dif-
fraction rings of Cu(OH), in the SAED pattern (Figure 4a, inset,
JCPDS 42-746). The TEM also showed the remaining crystalline
CuSe core identified by the lattice fringes matching with the
d(102) planes with an inter-planar distance of 0.301 nm. The
elemental analysis (SEM and EDX) of the catalyst after OER CP
exhibited a significant loss of Se from the catalyst surface and
concomitant oxygen incorporation into the structure (Figur-
es $29-530 in the Supporting Information). This is in accord-
ance with the formation of a layer-type Cu(OH),.*” The ratio of
Cu and Se in the electrolyte solution was determined by ICP-
AES analysis, which also supported the loss of Se (~40%;
Table S8 in the Supporting Information). However, under HER
CP, TEM and SAED analyses showed the formation of an amor-
phous overlayer on the crystalline CuSe, which was predicted
to be an amorphous copper oxide/hydroxide (Figure 4b, Fig-
ure S31 in the Supporting Information). Elemental mapping
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Figure 4. Post-catalytic characterization of CuSe catalysts. (a) The high-reso-
lution TEM image of the catalysts after OER CP where the Bragg’s planes
match perfectly with Cu(OH), and the remaining CuSe core. The SAED (inset
a) shows the diffraction rings matching to (002) and (122) from Cu(OH),.
(b) TEM image after HER CP displaying the formation of an amorphous CuO,
layer surrounding the crystalline CuSe core. The SAED (b, inset) confirms the
formation of an amorphous layer. Plots of XPS analysis for (c) Cu2p and

(d) Se 3d scans of the catalysts before (black), after OER CP (blue) and after
HER CP (red).
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(SEM and EDX) confirmed the presence of oxygen in the amor-
phous layer structure (Figures $32-S33 in the Supporting Infor-
mation). ICP-AES analysis of the electrolyte after HER indicated
a similar extent of Se loss (Table S9 in the Supporting Informa-
tion) in comparison to that observed for OER CP.

To analyze the change in the surface structure, XPS was con-
ducted after OER CP and HER CP and compared directly with
the deposited CuSe electrode. The binding energy values of
Cu2p and Se3d, in addition to their spin-orbit coupling values
(2p;,,—2p;),), differ dramatically after CP for both OER and HER
(Figure 4c-d). In the deconvoluted Cu2p spectrum recorded
after OER CP (Figure 4¢, blue curve), two higher binding
energy peaks (Cu2p,;, 933.3eV and Cu2p,, 953.7 V) ap-
peared with two major satellite peaks (at 944.8 and 961.7 eV)
indicating a higher amount of Cu" from Cu(OH), on the surface
in comparison to the as-prepared film, which is almost pure
Cu' (Figure 4c, Figure S34a in the Supporting Information). De-
spite the oxidation of Cu' to Cu" on the surface, peaks for Cu'
were still present (Cu2p;, 932.8eV and Cu2p,, 952.2¢eV),
demonstrating that the CuSe core was preserved after OER
(Figure S34a in the Supporting Information)."* However, in
the high-resolution XPS of Se, two strongly overlapped Se 3d;,,
and 3d;,, binding energies (Figure 4d, black curve, and Fig-
ure S34b in the Supporting Information) mostly disappeared
after OER CP and a broad peak appeared at 57.8 eV confirming
the presence of Se" from SeO,, formed during the alkaline
electrochemical condition by oxidation of Se (blue and red
curves). Such oxidation of Cu and Se under OER in strongly al-
kaline conditions has already been well documented for
copper selenides 1% 16¢1819.201 |ntarastingly, the O 1s spectrum
after OER CP displayed a sharp peak at 531.2 eV, suggesting
the formation of Cu(OH), (Figure S34c in the Supporting Infor-
mation), in accordance with TEM and SAED results. On the
other hand, similar to OER CP, slightly oxidized Cu2p and com-
pletely oxidized Se3d spectra were obtained after HER CP (Fig-
ure 4c-d, red curves). However, the O 1s spectrum of HER CP
showed two prominent peaks 529.2 and 531.3 eV, strongly
supporting the formation of CuO, and Cu(OH), surface (Fig-
ure S35c in the Supporting Information). Moreover, this obser-
vation can also be linked to the amorphous surface structure
as displayed by TEM images (Figure 4d and Figure S31 in the
Supporting Information). Detailed comparison of the high-reso-
lution XPS spectra for Cu2p, Se3d, and O1s of OER and HER
CP has been provided in the Supporting Information (Figur-
es S34-535). From the detailed investigation, it was clear that
during OER, a crystalline Cu(OH), overlayer behaves as the
active catalyst whereas a mixed amorphous Cu(OH),/CuO, sur-
face boosts the HER activity. Also, the conductive CuSe core in
both cases accelerates the electron mobility between the
active catalyst to the electrode substrate, illustrating the dual
benefit of the CuSe for electrocatalysis.”™ 42531

The post-(electro)catalytic characterization of CuSe con-
firmed the formation of two different active phases under OER
and HER conditions. Based on the obtained results, the higher
catalytic activity of CuSe for OER can be attributed to the for-
mation of the in situ crystalline Cu(OH), overlayer, which could
form Cu" species to facilitate O—O bond formation.*

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1 Alternatively, the amorphous Cu(OH),/CuO, overlayer
possibly creates a low-valent Cu species to catalyze the reac-
tion of HER, as known for other Cu-based materials.['* 4272
Moreover, it has also been shown that selenides have optimum
bond strength to adsorb protons and can act as a base to ac-
celerate deprotonation to furnish H, evolution.7¢"'%® Ag the
core of the particle still contained CuSe, the possibility of
having selenium on the surface cannot entirely be ruled out.
Similarly, the loss of Se from the surface of CuSe in both OER
and HER could provide abundant defects and disorders, which
has often been shown to be beneficial for electrocatalysis.”
9142296331 Most importantly, the conductive core of CuSe sand-
wiched between the surface layer and the electrode substrate,
enhances the charge mobility for both OER and HER (as also
shown by EIS).5>7"4 Finally, the large ECSA of CuSe furnishes
the increased number of active sites, favoring the efficient ad-
sorption and transfer of reactants to accelerate the electro-
chemical reaction.”f9-25¢280.33,34

Conclusions

CuSe crystalline particles have been synthesized by using a
high-temperature solid-state synthetic approach. The CuSe
nanostructure behaves as an effective electro(pre)catalyst in al-
kaline media, displaying considerably low overpotentials for
both reactions of OER and HER. Under OER conditions, the as-
prepared CuSe generates an in situ crystalline Cu(OH), overlay-
er that acts as the active site to facilitate O—O bond formation,
whereas in HER, an amorphous Cu(OH),/CuO, shell is formed,
which generates low-valent Cu species (alongside Se) to effi-
ciently adsorb protons to evolve H,. The superior conductivity
of CuSe present at the core also plays a vital role by enhancing
the charge transport between the active layer and the elec-
trode surface for both OER and HER. Additionally, the loss of
Se creates surface defects by increasing the active surface area
to boost the catalytic activity of CuSe precatalyst. Keeping the
activity and conductivity of the presented catalyst in mind, we
have examined CuO and Cu for OER and HER, which validates
our reasons for the higher activity of CuSe. Finally, the bifunc-
tionality of CuSe has also been demonstrated by fabricating a
two-electrode alkaline electrolyzer for OWS, which only re-
quires a cell voltage of 1.68V to reach 10 mAcm™ In the
quest to design a novel catalyst relying on noble-metal-free
and earth-abundant sources, the present study opens up new
opportunities to modulate the active and electronic structure
of electrocatalysts for practical water electrolysis.

Experimental Section
General considerations and instrumentation

All synthetic procedures related to the preparation of CuSe were
carried out under inert conditions by using standard Schlenk tech-
niques or an MBraun inert atmosphere dry box containing an at-
mosphere of purified nitrogen. The commercial RuO, (99 %), IrO,
(99%), and copper(ll) acetate monohydrate were purchased from
Alfa Aesar. Nickel foam (NF) and fluorine-doped tin oxide (FTO, re-
sistivity 8-12 Qsq ') were obtained from Racemat BV and Sigma-
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Aldrich, respectively. Microscopic and spectroscopic characteriza-
tions and details of electrochemical measurements are provided in
the Supporting Information.

Synthesis of CuSe

For the synthesis of the CuSe, all materials were handled in an
argon atmosphere by using an argon-filled glovebox (MBraun,
H,0/0, level < 1.0 ppm) and other standard inert gas techniques.
A binary CuSe compound was prepared from elemental copper
and selenium in a stoichiometric ratio: Cu wire (5.62 mmol, purity
99.9%, Chem Pur) and Se granules (5.62 mmol, purity 99.999 %,
Chem Pur) were filled in double-walled silica glass ampules and
sealed by using a O,/H, flame in argon atmosphere (0.6 atm). The
ampule was heated in a muffle furnace (Nabertherm, P330 control-
ler) to 500°C at a rate of 3 Kmin~', held at this temperature for
4 h, then heated to 900°C at a rate of 3 Kmin~', and held at this
temperature for 5h. In the next step, the sample was slowly
cooled to 300°C at a rate of 5 Kmin', held at this temperature for
20 h, and finally cooled down to room temperature at a rate of
10 Kmin~". An air-stable crystalline dark product was obtained
from the reaction. The powder XRD pattern of the product shows
the presence of the CuSe phase (see Figure 1a).

Synthesis of Cu and CuO

Copper(ll) acetate monohydrate (300 mg) was heated to 300°C
while the temperature was increased slowly with a heating rate of
5°Cmin~" and in the presence of a H, flow (slow, 2-3 Lh™") and
the temperature was maintained for 2 h. The resulting black
powder sample was thoroughly washed with water and ethanol
(3x50 mL) and dried at 60°C to obtain 100 mg (yield >90%) of
phase pure Cu. Following a very similar procedure, CuO (yield
>959%) nanoparticles (NP) were obtained whereas the heating was
done in presence of O, flow.
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