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ABSTRACT: Developing low-cost electrocatalysts with high
efficiency for water splitting is a critical task to make this
technology viable for large-scale clean energy generation.
Transition metal selenides, comprising earth abundant
elements, such as Fe, Co and Cu, have gained attention as
superior electrocatalysts for oxygen evolution reaction (OER)
in the alkaline medium. In this article, we have systematically
investigated the evolution of OER catalytic activity as a
function of composition for a series of Fe−Co−Cu quaternary
selenides by exploring a trigonal phase diagram. The OER
activity was dependent on the quantity of Cu and Fe in the
Fe-Cu-Co-Se quaternary selenide electrocatalysts, while
surprisingly, Fe−Cu ternary selenides exhibit reduced OER activity in comparison to their pure parent compounds FeSe
and Cu3Se2. Quaternary selenides exhibited more efficient catalytic activity with increasing amount of Fe or Cu in the catalysts,
and the quaternary mixed metal selenide thin film of composition (Fe0.48Co0.38Cu0.14)Se showed the best catalytic performance
with a small overpotential of 256 mV at 10 mA cm−2 and a low Tafel slope of 40.8 mV dec−1 in N2-saturated 1.0 M KOH
solution. The outstanding catalytic performance of quaternary selenides may be explained by the possible electron cloud
delocalization among the transition metal sites in the catalytic system through d-bands, leading to lower charge transport
resistance at the catalyst−electrolyte interface as well better film conductivity, as has also been observed through
electrochemical impedance spectroscopy. Such enhanced charge transfers eventually facilitate the rate of O2 release from the
catalyst surface, leading to enhanced activity.
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■ INTRODUCTION

Hydrogen has been widely considered as an ideal alternative
for sustainable energy to diminish the utilization of fossil fuels,
especially in recent times when fossil fuel depletion has
reached an all-time high along with the environmental
pollution caused by carbon dioxide, a byproduct of fossil fuel
combustion.1−3 While hydrogen fuel holds tremendous
promise as a clean source of energy, the production of pure
hydrogen is a challenge that must be met before hydrogen fuel
can replace the mature conventional technologies. Alkaline
water electrolysis is a well-established technology to produce
high-purity hydrogen in copious quantities for use in fuel cells
and other energy storage devices.4,5 Water splitting includes
two critical half-cell reactions: hydrogen evolution reaction
(HER) at the cathode (2H2O + 2e− → H2 + 2OH−) and
oxygen evolution reaction (OER) at the anode (4OH− → O2 +
4e− + 2H2O).

6−9 Among these, OER is the more challenging
kinetically sluggish process with multistep four-electron
transfers involved which has greatly reduced the efficiency of

water splitting reaction, thereby limiting the applicability of
this technology to produce hydrogen on a large scale. An
efficient electrocatalyst is required to speed up OER by
lowering the activation barrier and reducing the overpotential
required for water oxidation. In this context, a large number of
research endeavors have been devoted to designing high-
efficiency and low-cost OER electrocatalysts.10−14 Although
research over the last several decades has identified some state-
of-the-art OER electrocatalysts based on noble metal based
oxides, such as IrO2 and RuO2 exhibiting low overpotentials
and excellent stability, the scarcity and high cost of these
precious metals have hindered their large scale industrial
applications.15,16 Consequently, over the past several years,
researchers have focused on exploring earth abundant
transition metal based chemistry to identify and develop low-
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cost electrocatalysts comprising first row transition metals
(primarily Fe, Ni, and Co). The quest for these transition
metal electrocatalysts has led to oxides and (oxy)hydroxides,
which could potentially replace precious metals due to their
comparable activity and durability.17−24 Continued research
conducted by our group as well as by other groups over the last
couple of years has made it quite apparent that transition metal
based selenides are more likely to exhibit an improved OER
catalytic activity and a reduced overpotential compared to
oxides. Such enhancement of OER catalytic activity is
attributed to the increased covalency of the metal−ligand
bond as well as lowering the electrochemical redox potential of
the catalytically active transition metal site.25−30 It was also
observed that the smaller electronegativity of selenium
compared to oxygen led to the enhancement of preferential
attachment of hydroxyl ions on the catalytically active metal
sites and facilitated further steps of the OER process.31−33

Accordingly, binary metal selenides (Ni3Se2, NiSe2, CoSe, and
Co7Se8) have been widely investigated as excellent OER
electrocatalysts with impressively low overpotentials.26,34−36

Ternary mixed metal selenides such as NixFe1−xSe2,
Ni0.89Co0.11Se2, FeNi2Se4, and NiCoSe2 exhibit more efficient
catalytic activity, suggesting that introduction of transition
metal dopants improves catalytic activity.37−40 Further studies
revealed that transition metal doping increased the number of
actual catalytically active sites and accelerated the rate-
determining steps by modulating the OH− adsorption kinetics
on the catalyst surface through tuning the local electron
density around the catalytic site.41,42 Similar effects can also be
observed in the transition metal oxides/(oxy)hydroxides, such
as Fe or Co doped NiO/NiOOH exhibiting a much higher
catalytic activity than NiO/NiOOH itself.43−46 More recently,
we have systematically studied how transition metal doping in
catalytically active selenide compositions affect OER activity
through the exploration of a trigonal phase diagram of Ni−Fe−
Co selenides and demonstrated that quaternary mixed metal
selenides exhibited better OER activity than binary or even
ternary selenides.33 In the Ni−Fe−Co selenide system,
quaternary selenides with a progressively increasing amount
of Fe showed higher catalytic activity and the optimal
composition was identified as (Ni0.25Fe0.68Co0.07)3Se4 which
could achieve 10 mA cm−2 at a small overpotential of 230 mV
and showed remarkable durability in alkaline medium.33 While
Ni and Co have traditionally shown excellent OER activity and
have been given primary attention due to their relative
abundance on the earth’s crust compared to precious metals,
another abundant element with high d-electron occupancy,
namely copper, has been explored far less for electrocatalytic
water splitting. Cu based OER electrocatalysts will be even
more impactful since copper is one of the most abundant
elements on the earth’s crust found in lots of minerals.47 Very
recently, there has been a couple of reports where Cu2O has
been reported as an OER active catalyst.48,49 We have
synthesized Cu2Se via electrodeposition as well as hydro-
thermal and high temperature chemical vapor deposition
methods and have shown that Cu2Se exhibited better
electrocatalytic activity compared to the oxide analogue.50

Additionally, introduction of Cu with highly occupied d-levels
imparts enhanced conductivity to the matrix which will
improve charge transport on the catalyst surface. Hence, to
understand the effect of transition metal doping in copper
selenide on the OER catalytic activity, we have performed a
systemic study of the phase diagram of Co−Ni−Cu

selenides.51 These studies reveal that OER catalytic activity
is influenced by the amount of Cu introduced into the catalytic
system, specifically for quaternary selenides, and the best-
performing catalyst composition in this case was identified as
(Co0.21Ni0.25Cu0.54)3Se2 thin film, which required an over-
potential of 272 mV to reach 10 mA cm−2.51 Fe has been
shown to act as an enhancer for OER catalytic activity in
oxides and selenides,33,52,53 and quaternary selenides incorpo-
rating both Cu and Fe are expected to have better OER
catalytic activity. Inspired by this idea, we have systematically
investigated a series of mixed metal selenides comprising
various amounts of Fe, Co, and Cu by exploring a trigonal
phase diagram through combinatorial electrodeposition as has
been reported in this article. Surprisingly, Fe−Cu ternary
selenides showed reduced OER activity in comparison to their
pure parent compounds FeSe and Cu3Se2, indicating that
neither Fe nor Cu doping can improve the activity of Cu3Se2 or
FeSe, respectively. On the other hand, with introduction of Co
dopant into the composition, all Fe−Co−Cu quaternary
selenides showed enhanced catalytic activity with low over-
potential as well as lower Tafel slopes. The catalytic activity of
the quaternary selenides improved as the relative amounts of
either Fe or Cu increased in the catalysts. The optimal catalyst
composition in this phase space was identified as
(Fe0.48Co0.38Cu0.14)Se, which required an overpotential of
256 mV to achieve 10 mA cm−2 and showed Tafel slope of
40.8 mV dec−1. The low value of the Tafel slope indicates that
the catalyst has favorable kinetics for OER in alkaline medium.
It is interesting to note that even in the absence of Ni, which
has been recognized as one of the most active catalytic sites, it
is possible to have high-efficiency catalytic activity for OER
through transition metal doping. The enhanced catalytic
activity can be attributed to the possible electron cloud
delocalization through formation of d-bands between the
different transition metal centers within the catalytic
system.7,54 This systematic exploration of mixed metal
selenides composed of iron, cobalt, and copper offers more
opportunities to understand the evolution of the catalytic
property as a function of covalency and d-electron occupancy
of the transition metals and will have far-reaching implications
in practical application of electrocatalytic water splitting.

■ EXPERIMENTAL SECTION
Materials. The metal precursors comprising iron(II) sulfate

[FeSO4·7H2O, 99.0%], cobalt(II) sulfate [CoSO4·7H2O, 99.0%],
copper(II) sulfate [CuSO4·5H2O, 99.0%], selenium dioxide [SeO2],
ammonium sulfate [(NH4)2SO4, 99%], and potassium hydroxide
[KOH, 85.0%] were obtained from Fisher Scientific and used as
received. All solutions were prepared in deionized (DI) water (18
MΩ/cm). The Au-coated glass substrates used in electrodeposition
were purchased from Deposition Research Lab Incorporated (DRLI),
Lebanon, Missouri.

Combinatorial Electrodeposition of Thin Films. Systematic
exploration of a trigonal phase diagram was carried out to synthesize a
series of transition metal doped ternary and quaternary selenide films
through combinatorial electrodeposition as shown in Figure S1. This
method is very similar to our previously reported work featuring Co−
Fe−Ni selenides, and the process has been described in detail in a
previous publication.33 Specifically, the electrolyte contained a
combination of freshly prepared 10 mM FeSO4·7H2O, CoSO4·
7H2O, and CuSO4·5H2O solutions along with 10 mM SeO2 and 25
mM (NH4)2SO4. Before electrodeposition, all electrolytes were
purged with N2 for 30 min to remove dissolved oxygen. Prior to
electrodeposition, Au-coated glass substrates were sonicated in micro-
90, isopropyl alcohol followed by rinsing with deionized water to
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obtain a clean surface.33,51 To ensure the same geometric area for all
electrodeposited thin films studied in this article, the cleaned
substrates were confined with Teflon tape punched with a hole of
known geometric area. An IviumStat potentiostat was used for all the
electrodeposition experiments. The films were deposited on Au-
coated glass working electrode using a three-electrode electrochemical
cell consisting of a Ag|AgCl (KCl saturated) reference electrode and a
glassy carbon (GC) counter electrode. The electrodeposition
potential was maintained at −0.8 V vs Ag|AgCl (KCl saturated) for
300 s at room temperature.
Characterization. A KRATOS AXIS 165 X-ray photoelectron

spectrometer along with the monochromatic Al X-ray source were
used to conduct X-ray photoelectron spectroscopy (XPS) of the
catalyst. All XPS analysis was collected on the as-prepared sample
surface without any sputtering. The morphologies of the thin film
before and after electrochemical activity were observed with scanning
electron microscopy (SEM) using the FEI Helios NanoLab 600 FIB/
FESEM at an accelerating voltage of 15 kV and a working distance of
around 5.0 mm. Energy dispersive spectroscopy (EDS) from the same
SEM microscope was used to evaluate the elemental compositions of
all electrodeposited films. In this work, the elemental analysis was
obtained at three to five different spots on the surface of each
compound and the average EDS data was considered for obtaining the
relative atomic ratio of the constituent elements. For all compounds,
the molecular formula was written as (FexCoyCuz)Sen, where x, y, z,
and n were the EDS atomic ratios of the transition elements to total
amount of selenium, respectively.

■ ELECTROCHEMICAL MEASUREMENTS

A typical three-electrode electrochemical cell connected to an
IviumStat potentiostat was used for measuring the electro-
catalytic performances. Linear sweep voltammetry (LSV) was
carried out to study the OER catalytic activity, while the
catalyst stability was investigated by carrying out constant
potential chronoamperometry for an extended period of time
in N2-saturated 1.0 M KOH at room temperature. In all the
electrochemical experiments, the deposited thin films served as
the working electrode, while GC was used as the counter
electrode and Ag|AgCl (KCl saturated) as the reference
electrode. The Nernst equation as shown in eq 1 was used to
convert the experimentally measured potentials vs Ag|AgCl
(KCl saturated) to the reversible hydrogen electrode (RHE).

= + +| |E E E0.059 pHRHE Ag AgCl Ag AgCl
o

(1)

The standard potential of Ag|AgCl (KCl saturated) at 25.1 °C
was 0.197 V. All the potentials reported in this article have
been iR corrected.

■ CALCULATION OF TAFEL PLOT

Tafel equation relating the overpotential η with the current
density j as shown in eq 2 was used to study the
electrochemical kinetics of the (FexCoyCuz)Sen thin films for
OER.

η
α

= +a
RT
nF

j
2.3

log( )
(2)

Here η refers to the overpotential and j represents the current
density. The Tafel slope is given by 2.3RT/an. The Tafel plots
in this work were calculated from the LSV collected at a scan
rate of 2 mV s−1 in a nonstirred N2-saturated 1.0 M KOH
solution.

■ ELECTROCHEMICALLY ACTIVE SURFACE AREA
(ECSA)

Electrochemical double layer capacitance was used to measure
the ECSA of these catalysts following standard methods
described in detail in previous reports.17,33 In the measurement
of ECSA through double layer capacitance, it is assumed that
the current obtained in the non-Faradaic region is caused by
double-layer charging instead of electrochemical reactions or
charge transfer. The double layer current (iDL) was obtained by
performing cyclic voltammograms (CVs) with various scan
rates in a nonstirred N2-saturated 1.0 M KOH solution. The
ratio of double-layer current iDL and the scan rate (ν) of CV
yielded specific electrochemical double-layer capacitance (CDL)
as shown in eq 3. The cathodic and anodic charging currents
were a function of scan rates, and the CDL can be calculated by
averaging the absolute values of cathodic and anodic slopes.
Equation 4 can be used to calculate ECSA.

= ×i C vDL DL (3)

= C CECSA /DL s (4)

Here, double-layer capacitance (CDL) is in units of mF. Based
on other reported values, the specific capacitance (Cs) was
assumed to be 0.040 mF cm−2 in the alkaline solution.17,26

Roughness factor (RF) was estimated from the ratio of ECSA
and the geometric area (0.07 cm2).

■ RESULTS AND DISCUSSION
Structural and Elemental Compositions of Electro-

deposited Thin Films. The trigonal phase diagram as shown
in Figure S1 was systematically explored to electrodeposit a
series of mixed metal selenides. This method, referred to as
combinatorial electrodeposition, is similar to our previous
published reports where the process has been described in
detail with different transition metals.33,51 In the trigonal phase
diagram, the vertices represented three binary selenides (CoSe,
FeSe, and Cu3Se2), while the sides of the triangle referred to
the ternary selenides FexCoySen, FexCuySen, and CoxCuySen,
respectively. The interior of this trigonal phase diagram
represented the quaternary mixed metal selenides
(FexCoyCuzSen). It should be noted here that all the
electrodeposited thin films of ternary and quaternary
compositions were amorphous in nature and did not yield
clear powder X-ray diffraction (PXRD) patterns, making
proper phase determination from PXRD alone less probable.
The elemental composition of the electrodeposited films, on
the other hand, were determined from the average relative
atomic ratio obtained from EDS analysis as listed in Table S1,
juxtaposed with the precursor ratio in the electrolyte that
produced the respective film. Typically, EDS was collected at
several regions on the sample surface and, interestingly, it
showed similar quantification results for the elemental ratio,
indicating that while the films were not crystalline, they were
indeed of uniform composition throughout each catalytic
surface. As can be seen in Table S1, three as-prepared binary
thin films were composed of Fe, Co or Cu and Se with
approximate atomic ratios of 1:1 (Fe: Se), 1:1 (Co: Se), and
3:2 (Cu: Se) respectively, hence the molecular formula of three
binaries were written as FeSe, CoSe, and Cu3Se2 as shown in
Table S2, respectively. The molecular formulae identified in
the various current voltage plots of the ternary and quaternary
selenides can be found in Table S2. Careful observation of
Table S1 revealed that increasing (or decreasing) amounts of
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the metal precursor in the electrolytic bath led to an increase
(or decrease) of the relative atomic percentage of the
corresponding element in the electrodeposited film. This
demonstrates the ability to control thin film composition
through combinatorial electrodeposition.
Electrochemical Characterization. Linear sweep voltam-

metry (LSV) was carried out in N2-saturated 1.0 M KOH at a
scan rate of 10 mV s−1 to measure OER catalytic activity of the
deposited films. The electrocatalytic performance was bench-
marked in comparison with other highly active catalysts by
comparing the onset overpotential (onset η) and the
overpotential required to reach a current density of 10 mA
cm−2 (η at 10 mA cm−2) obtained from the LSV data.17 Table
S1 lists the onset overpotential, overpotential at 10 mA cm−2,
and the corresponding EDS atomic ratios of all the
electrodeposited selenides reported in this work. The OER
polarization curves of the three binary selenide films can be
found in Figure S2, demonstrating the OER catalytic activity
trend of binary films was CoSe > Cu3Se2 > FeSe. The LSV
plots for all the ternary selenide films are shown in Figure 1. In
Figure 1a, Co−Cu selenides were obviously the best group in
comparison to the other two, and the optimal composition in
this group was identified as (Co0.93Cu0.07)3Se2 where onset
overpotential was 235 mV and overpotential was 272 mV at 10
mA cm−2. Interestingly, the LSV plots of the Fe−Cu selenide
group in Figure 1b displayed the worst catalytic activity among
the three ternary groups. The ternary composition in this

group that exhibited the best catalytic activity with an onset
overpotential of 307 mV and an overpotential of 347 mV to
reach a current density of 10 mA cm−2 was identified
as(Fe0.78Cu0.22)3Se4. Some of the LSV plots from the Co−Fe
selenide group shown in Figure 1c were also included in our
previous work on combinatorial electrodeposition of Ni−Co−
Fe multinary selenides.33 In this group, (Co0.90Fe0.10)3Se4
exhibited the lowest onset overpotential of 257 mV and
overpotential of 295 mV at 10 mA cm−2.33 It is worth
mentioning that several preoxidation peaks were observed in
these LSVs prior to the OER process corresponding to
oxidation of transition metal ions within the catalyst composite
as shown in Figure 1a,d. Preoxidation peaks are commonly
observed in the Ni- and Co based electrocatalysts, which result
from the change in oxidation state of transition metal during
the anodic scan.55−58 As can be seen in Figure 1a,d, the peaks
observed around 1.10 V vs RHE were attributed to the
conversion of Co2+ to Co3+.33,57,59 Interestingly, the intensity
of Co preoxidation peaks increased with increasing the amount
of Co in the electrocatalysts, which further confirmed
combinatorial electrodeposition as a feasible method for
compositional control. The polarization curves of the most
efficient ternary selenide composition from each group has
been compared with those of the binaries in Figure 1d to
illustrate the effect of transition metal doping on OER catalytic
activity. It was observed that doping CoSe with 7% Cu
improved the OER catalytic activity by decreasing η at 10 mA

Figure 1. OER electrocatalytic performances of the various ternary metal selenides obtained along the edges of the trigonal phase diagram
measured through linear sweep voltammetries (LSVs). (a) Co−Cu group, (b) Fe−Cu group, and (c) Co−Fe group. (d) OER activity of the most
active ternary composition (solid line) from each group was compared with the three binary compositions (dotted line). The dashed black line in
each panel indicates the current density at 10 mA cm−2.
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cm−2 by about 26 mV. Similarly, 22% Cu dopant in FeSe
lowered the overpotential by 46 mV to reach a current density
of 10 mA cm−2. However, it should be noted that the catalytic
activity of (Fe0.78Cu0.22)3Se4 was still observed to be worse than
the binary copper selenide, Cu3Se2. Doping of of 10% Fe into
CoSe did not lead to any observable change in the OER
catalytic activity. It has been widely reported that incorporation
of transition metal dopants improved the OER catalytic
activity: for example, a small amount of Fe doped into Ni- or
Co based electrocatalysts can radically ameliorate the OER
activity.43,60−66 It is interesting to note that in these ternary
metal selenides, transition metal doping forces the formation of
a different stoichiometry and structure type compared to the
binary selenide. The ternary films of Co−Cu selenides formed
the M3Se2 composition, and accordingly they could be
described as Co-doped Cu3Se2. On the other hand, the Co−
Fe selenide group formed the structure type M3Se4.
Interestingly, the Fe−Cu group exhibits different stoichiome-
tries at different relative ratios of Fe and Cu. At high Cu
concentration with minimal Fe doping, the deposition adopts
M3Se2 composition and can be described as doped Fe-doped
Cu3Se2. At a high relative ratio of Fe with minimal Cu doping,
the structure can be described as M3Se4 (Cu-doped Fe3Se4). At
comparable relative ratios of Fe:Cu, the stoichiometries
obtained were closer to monoselenides, and can be described
as MSe. It should also be noted that each of these
stoichiometries are distinctly different from each other with
respect to crystal structure and may also contain different
coordination geometry around the transition metal ions, as
discussed later. Different stoichiometries of the metal selenides
also give rise to different catalytic properties, as has been
observed with the Ni-selenide, Ni3Se2, NiSe, NiSe2, and
Ni3Se4.

26,27,67,68 Additionally, for mixed metal catalysts, it has
been shown that the OER activity depends not only on the
quantity of transition metal dopants but also is strongly related
to the location of metal dopants in the catalytic system. D.
Friebel et al. have reported that Fe in Ni1−xFexOOH showed a
500-fold increase in OER activity when Fe was doped into the
octahedral sites where the edge-sharing of [NiO6] and [FeO6]
occurred affecting the local electronic structure of the
catalyst.69 We have also previously reported through density
functional theory (DFT) calculations that introducing dopants
into the surface layers altered the adsorption energy of
hydroxyl ions on the active metal sites, thereby lowering the
potential to initiate OER and leading to enhancement of the

catalytic activity.33 Hence, it is not surprising to see Fe−Cu
selenides showing less efficient OER catalytic activity, which
can be a reflection of the inherent property of the structure
type and composition.
The trend of OER catalytic activity in the family of Co−Fe−

Cu−Se quaternary selenides comprising 66 individual
compositions is shown in the contour plots of Figure 2,
created from the two overpotential values (onset and η at 10
mA cm−2) shown in Table S1 and the EDS atomic ratios.
Contour plots were constructed to investigate the trend of
OER onset potential and overpotential at 10 mA cm−2 as a
function of composition as shown in Figure 2a,b, respectively.
The range of overpotentials obtained is represented with a
color gradient, with the catalytic activity becoming better from
bottom to top of the gradient scale corresponding to the lower
value of the overpotential. Typically, regions with red color
showed better catalytic activity compared to the blue colored
regions which showed the highest overpotentials. The very
interior region in the trigonal phase diagram showed the lowest
overpotential as shown in Figure 2a, demonstrating the best
catalytic activity, while the areas adjacent to three axes
exhibited less efficient catalytic activity. This demonstrated
that heavily doped quaternary selenides were most likely to
exhibit higher OER catalytic activity in comparison to binary
or ternary selenides in this Cu−Co−Fe phase space. As can be
seen, the best quaternary selenides were confined to the region
where Cu was around 10−50%, Co was about 15−50%, and Fe
was roughly 30−70%. The trends indicated that the quaternary
selenides showed the best catalytic performance when the level
of Fe was higher, suggesting that while Fe played an important
role in improving the catalytic activity, it probably was not the
main catalytic site, since Fe-rich ternary phases showed poor
catalytic activity as can be observed in the Co−Fe group
(Figure 1c). Meanwhile, the amount of Cu affected the
catalytic activity as well with the OER activity being enhanced
by a modest amount of Cu. It should be noted that a relatively
higher amount of Fe or Cu compared to that of Co in the
catalyst is more likely to produce better activity with lower
overpotentials. However, as explained above, Fe−Cu−Se
ternary selenide still showed poor performance, indicating
that Fe and Cu sites by themselves do not have higher catalytic
activity. However, the inductive effect of these ions on the
neighboring Co sites increased the catalytic activity of Co,
thereby lowering the overpotentials. These observations

Figure 2. Trend of OER catalytic activity within the entire Fe−Co−Cu trigonal phase space. Mapping of overpotential η (in units of V) (a) at the
onset of OER activity and (b) at a current density of 10 mA cm−2. These contour plots were created by using the actual relative atomic ratio of the
elements as obtained from EDS. The color gradient represents the overpotential measured in volts.
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further confirmed the benefits of such systematic studies in
discovering untargeted mixed metal based electrocatalysts.
Figure 3 indicates the LSV polarization curves of the six best

performing quaternary mixed metal selenides measured in N2-
saturated 1.0 M KOH at scan rate of 10 mV s−1. These six
compounds showed excellent catalytic activity for the OER
process. The onset η of (Fe0.09Co0.29Cu0.62)3Se2 was 248 mV
and it needed a η of 272 mV to reach a current density of 10
mA cm−2. The onset η and the η at 10 mA cm−2 of
(Fe0.25Co0.61Cu0.14)Se were 258 and 278 mV, respectively. The
onset η of (Fe0.29Co0.51Cu0.2)Se was 256 mV and it generated a
current density of 10 mA cm−2 and a η of 278 mV. The onset η
of (Fe0.44Co0.41Cu0.15)Se was 250 mV and required 271 mV to
achieve a current density of 10 mA cm−2. The onset η and the
η at 10 mA cm−2 of (Fe0.55Co0.26Cu0.19)Se were 255 and 276
mV respectively. The thin film (Fe0.48Co0.38Cu0.14)Se displayed
the best catalytic activity in this work, with an onset η of 235
mV and η of 256 mV at 10 mA cm−2. It is important to note
that most of the quaternary compounds adopted the
monoselenide MSe structure type except for the ones with
high Cu concentration, which adopted the M3Se2 structure
type.
The Tafel slopes of all electrocatalysts were obtained, and

the results are listed in Table S1. The Tafel plots (η vs log j)
and slopes of the six best performing quaternary selenides are
shown in Figure 3b. The Tafel slopes of (Fe0.55Co0.26Cu0.19)Se,
(Fe 0 . 0 9Co0 . 2 9Cu0 . 6 2 ) 3 Se 2 , (Fe 0 . 4 4Co0 . 4 1Cu0 . 1 5 )Se ,
(Fe0 . 4 8Co0 . 3 8Cu0 . 1 4)Se, (Fe0 . 2 9Co0 . 5 1Cu0 . 2)Se , and
(Fe0.25Co0.61Cu0.14)Se were 45.2, 59.5, 41.1, 40.8, 41.8, and
41.3 mV dec−1, respectively. Tafel slopes are closely related to
the number of electrons involved in the rate-determining step
of the OER process. For the six quaternaries with small Tafel
slopes, it is likely that the second electron transfer step of OER
is the rate-determining step, suggesting that they have faster
kinetics for oxygen evolution.7,70 (Fe0.48Co0.38Cu0.14)Se showed
the lowest overpotential as well as the lowest Tafel slope,
which further confirmed that it is indeed the best catalyst
composition in this quaternary phase space.
Electrochemical double-layer capacitance of the

(Fe0.48Co0.38Cu0.14)Se thin film was measured to estimate its
ECSA. Double-layer charging current was measured in the
non-Faradaic region at various scan rates using CVs. In this
study, (Fe0.48Co0.38Cu0.14)Se thin film as the working electrode
was suspended in N2-saturated 1.0 M KOH and the CVs,
found in Figure 4, were measured from −0.16 to −0.05 V vs

Ag|AgCl (KCl saturated) at scan rates of 2.5 to 20 mV s−1. The
ECSA was calculated using eq 4, and the value was estimated
to be 1.38 cm2 with a roughness factor (RF) of 19.7. The high
value of RF confirmed the highly granular surface of the film as
seen in the SEM image of Figure 5b. Since rough surfaces allow
for amplified contact of the electrolyte with the catalytically
active sites, catalytic activity tends to increase with increasing
surface roughness.
The catalytic activity of the best performing quaternary

(Fe0.48Co0.38Cu0.14)Se was compared with those of CoSe, FeSe,
and Cu3Se2 in N2-saturated 1.0 M KOH at a scan rate of 10
mV s−1 to understand the effect of transition metal doping on
catalytic activity as shown in Figure 5a. The onset over-
potentials of the binary selenides were 263, 346, and 270 mV
for CoSe, FeSe, and Cu3Se2, respectively. To achieve an OER
current density of 10 mA cm−2, the overpotentials were 298,
393, and 330 mV for CoSe, FeSe, and Cu3Se2, respectively. As
a result of transition metal doping, the onset η and η at 10 mA
cm−2 of (Fe0.48Co0.38Cu0.14)Se were decreased to 235 and 256
mV respectively, which were lower than those of any of the
binary selenides. The Tafel slope of (Fe0.48Co0.38Cu0.14)Se
(40.8 mV dec−1) was also lower than those of CoSe (62.9 mV
dec−1), FeSe (103.5 mV dec−1), and Cu3Se2 (93.4 mv dec−1)
as shown in Table S1, suggesting the OER activity on the
quaternary selenide surface is increased kinetic factors

Figure 3. (a) OER activity of the six best quaternary compositions measured by conducting LSVs in N2-saturated 1.0 M KOH solution at a scan
rate of 10 mV s−1. (b) Tafel plots of these catalysts.

Figure 4. ECSA for the (Fe0.48Co0.38Cu0.14)Se thin film was measured
by performing cyclic voltammograms in N2-saturated 1.0 M KOH
solution at different scan rates from 2.5 to 20 mV s−1. The inset shows
the plot of both anodic and cathodic currents measured at −0.10 V vs
Ag|AgCl (KCl saturated) as a function of scan rate.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b01095
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b01095/suppl_file/sc9b01095_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b01095/suppl_file/sc9b01095_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b01095


compared to that on the binaries. This can be attributed to
transition metal doping, which increases the amount of actual
catalytically active sites as well as influence the energetics of
hydroxyl attachment, thereby facilitating the OER reaction
rate.7,14,71−73 The LSV curve of (Fe0.48Co0.38Cu0.14)Se was also
compared with the catalytic performance of the best ternary
phases from each group, viz . (Fe0 .78Cu0 .22)3Se4 ,
(Co0.93Cu0.07)3Se2, (Co0.9Fe0.1)3Se4 shown in Figure S3. As
can be seen, (Fe0.48Co0.38Cu0.14)Se exhibited ameliorated OER
activity compared to the best ternary composition
(Co0.93Cu0.07)3Se2 with a decrease in η at 10 mA cm−2 by 16
mV. Overall, the OER catalytic activity was decidedly
enhanced in mixed metal selenides in terms of both
overpotential and Tafel slope.
The morphology and composition of the best performing

quaternary selenide was further studied through surface

analytical techniques. Detailed SEM imaging of the
(Fe0.48Co0.38Cu0.14)Se film as shown in Figure 5b suggested
that the morphology of the thin film surface was composed
primarily of cauliflower-like microstructures with a wide size
distribution of 0.5 to 2.5 μm. XPS was carried out to further
study the elemental composition and identify oxidation states
of the constituent elements in (Fe0.48Co0.38Cu0.14)Se thin film.
The XPS spectra of Fe 2p, Cu 2p, Co 2p, and Se 3d are shown
in Figure 5c−f. It should be noted that the binding energies in
all XPS spectra have been calibrated with respect to the
standard C 1s (284.5 eV) reference spectra. The spectrum of
Fe 2p in Figure 5c showed peaks at 708.45 and 722.27 eV
corresponding to Fe2+, while peaks at 710.26 and 724.75 eV
were assigned to Fe3+ with satellite peaks at 716.08 and 730.57
eV.74−76 In the Cu 2p spectrum as shown in Figure 5d, peaks
at 930.32 and 950.12 eV were attributed to Cu+, and those at

Figure 5. (a) Polarization curves of (Fe0.48Co0.38Cu0.14)Se compared with the three binary catalyst films. (b) SEM image of (Fe0.48Co0.38Cu0.14)Se
film deposited for 300 s. (c−f) XPS spectra of the as-deposited (Fe0.48Co0.38Cu0.14)Se showing, (c) Fe 2p, (d) Cu 2p, (e) Co 2p, and (f) Se 3d.
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932.16 and 952.23 eV corresponded to Cu2+ respectively.
Peaks at 939.75 and 960.15 eV were assigned to the satellite
peaks.77,78 In the Co 2p spectrum shown in Figure 5e, peaks at
779.14 and 794.48 eV referred to Co2+, and those at 783.80
and 800.61 eV corresponded to its satellite peaks, respec-
tively.79,80 In the Se 3d spectrum shown in Figure 5f, peaks at
55.24 and 56.22 eV were assigned to Se 3d5/2 and Se 3d3/2
respectively, while the big sharp peak around 59.0 eV was
attributed to SeOx which might be a result of the surface
oxidation of selenide.81,82 The deconvoluted spectra revealed
that both Fe 2p and Cu 2p were mixed valence metal cations,
while Co 2p was present as only divalent ions. The XPS spectra
also confirmed that the film composition was exclusively
selenide with no indication of presence of other metal oxide/
oxyhydroxide impurity.
The Faradaic efficiency of the electrodeposited

(Fe0.48Co0.38Cu0.14)Se thin film for OER was assessed with
the water displacement method,83 and the measured quantity
of O2 evolved was compared to the theoretical yield as shown
in Figure 6. A Faradaic efficiency of nearly 100% was measured
for this electrocatalyst.

As mentioned above, transition metal doping is expected to
influence electron density through an inductive effect around
the catalytic centers, and hence will influence charge transport
at the catalyst−electrolyte interface as well as through the
catalyst composite. Electrochemical impedance spectroscopy
(EIS) was executed on the best performing quaternary
composition along with the three binary selenide films to
examine the result of transition metal doping on the various
charge transfer pathways. Figure 7 shows the Nyquist plots of
the best-performance quaternary selenide, (Fe0.48Co0.38Cu0.14)-
Se, compared with those of three binary selenides (FeSe, CoSe,
and Cu3Se2), which were collected at an applied potential of
0.5 V vs Ag|AgCl (KCl saturated) in N2-saturated 1.0 M KOH
solution. The Nyquist plots were fitted to an equivalent circuit
as shown in inset of Figure 7, which included the electrolyte
resistance (Rs), interfacial electron charge transfer resistance
(Rct), and the constant phase element of double layer (CPEdl).
The values of these parameters are listed in Table 1. In the
higher frequency region, the low value of Rs of ca. 5.0 Ω was
attributed to the uncompensated solution resistance of 1.0 M
KOH (Figure S4). Derived from the equivalent circuit, the
charge transfer resistance (Rct) and constant phase element of

double layer (CPEdl) were obtained in the lower-frequency
region. The charge transfer resistance Rct is related to the
electron transfer across the electrode−electrolyte interface and
hence represents the kinetics of the electrocatalysis and its
value is inversely proportional to the reaction rate.84−86 From
Table 1, it can be seen that (Fe0.48Co0.38Cu0.14)Se showed the
smallest Rct value, indicating that, at the film−electrolyte
interface, the charge transfer rate was kinetically faster for
(Fe0.48Co0.38Cu0.14)Se than those of binaries (CoSe, Cu3Se2,
and FeSe). Fast interfacial charge transfer leads to high
catalytic efficiency of (Fe0.48Co0.38Cu0.14)Se by facilitating the
rate of intermediate formation on the catalyst surface and
decreasing the OER onset overpotential as a result.87,88

Likewise, the catalytic activity can be influenced by the thin
film resistance (Rf) by enhancing electron transfer within the
bulk of the catalyst composite, leading to an increased current
density. It can be observed that (Fe0.48Co0.38Cu0.14)Se showed
the smallest Rf value in comparison to those of three binaries in
Table 1, indicating the quaternary selenide had an enhanced
conductivity and helped the local electron transfer in the
catalytic system. From these studies, it is very apparent that
transition metal doping improves surface electronic structure
and thereby enhancing various charge transport pathways for
OER catalytic activity.
The stability of any OER electrocatalyst is a critical factor to

evaluate its potential in large-scale industrial application.
Hence, the stability of (Fe0.48Co0.38Cu0.14)Se thin film under

Figure 6. Amount of theoretically calculated oxygen (black dots) and
experimentally measured oxygen (red dots) obtained for
(Fe0.48Co0.38Cu0.14)Se versus time at 0.7 V vs Ag|AgCl (KCl
saturated).

Figure 7. EIS measurements and the corresponding Nyquist plots for
(Fe0.48Co0.38Cu0.14)Se, CoSe, Cu3Se2, and FeSe catalysts obtained at
an applied potential of 0.5 V vs Ag|AgCl (KCl saturated) in N2-
saturated 1.0 M KOH solution. Symbols indicate the raw data, while
solid lines represent the corresponding fit to equivalent circuit model
(inset).

Table 1. Equivalent Circuit Parameters Obtained from
Fitting of EIS Experimental Data

Catalysts
Rs
(Ω) Rct (Ω)

CPEdl
(F) Rf (Ω)

CPEf
(F)

(Fe0.48Co0.38Cu0.14)Se 5.0 10.9 0.24 113.1 0.80
CoSe 5.0 13.2 0.30 248.9 0.83
Cu3Se2 5.0 18.4 0.48 1022.3 0.87
FeSe 5.0 291.9 0.75 2040.0 0.93
aRs is the resistance of the electrolyte; Rct is the electron transfer
resistance; CPEdl is the constant phase element of double-layer
nonideal capacitance; Rf is resistance of the catalyst layer; and CPEf is
the capacitance.
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continuous oxygen evolution for an extended period of time
(18 h) was estimated through a chronoamperometric study, as
shown in the inset of Figure 8a. The chronoamperometric
study was performed at a constant potential of 1.50 V vs RHE,
where the thin film reached a current density of 10 mA cm−2 in
1.0 M KOH solution. It can be observed that
(Fe0.48Co0.38Cu0.14)Se catalyst showed outstanding stability
without any current density loss even after 18 h in the harsh
alkaline medium. To confirm further the stability, the LSV of
(Fe0.48Co0.38Cu0.14)Se was remeasured with chronoamperom-
etry after 18 h and was compared with that of the as-deposited
catalyst shown in Figure 8a, which revealed the quaternary
selenide showed almost the same catalytic activity before and
after the stability study with a similar onset potential and
overpotential at 10 mA cm−2. The SEM shown in Figure 8b

exhibited that the surface morphology of (Fe0.48Co0.38Cu0.14)Se
had been slightly modified by making the surface rougher
possibly due to the evolution of large amounts of O2 on
catalyst surface, resulting in the production of pores. The
compositional stability of the catalyst after electrochemical
measurement was corroborated using XPS spectra, shown in
Figure 8c−f, which revealed that the catalyst was predom-
inantly composed of Fe, Co, Cu, and Se which were still in the
mixed oxidation states. The XPS peak positions for Fe, Co, and
Cu did not show any changes, indicating that the composition
of the film was still selenide based. The comparison of EDS
before and after chronoamperometry in Table S3 further
demonstrated that the relative elemental ratio was preserved
even after prolonged catalytic activity, signifying the composi-
tional stability of the catalyst.

Figure 8. (a) Comparison of LSVs before and after 18 h chronoamperometry in N2-saturated 1.0 M KOH solution. The inset is the
chronoamperometry plot of (Fe0.48Co0.38Cu0.14)Se for 18 h at an applied potential of 1.50 V vs RHE. (b) SEM image of (Fe0.48Co0.38Cu0.14)Se after
electrochemical measurements. (c−f) XPS spectra of (Fe0.48Co0.38Cu0.14)Se after chronoamperometry.
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Interestingly, while the ternary selenides adopt various
nonstoichiometric compositions including M3Se4, MSe, and
M3Se2 depending on the transition metal doping, the
quaternary selenides are mostly forced to adopt the
monoselenide, MSe type phase. The primary difference
between the M3Se2 and MSe structure type can be illustrated
with Cu3Se2 and CoSe as shown in Figure S5 in the Supporting
Information. In Cu3Se2, the transition metal is tetrahedrally
coordinated to 4 Se atoms, and the CuSe4 tetrahedra are linked
further through edge sharing of the polyhedra. CoSe, on the
other hand, represents the fully filled NiAs structure type
containing octahedrally coordinated Co atoms, while the Se
atoms show tetrahedral coordination. On doping in CoSe
lattice, it can be expected that the transition metal dopant
atoms will occupy the octahedral sites, while similar dopants in
Cu3Se2 will occupy the tetrahedral sites. From the trend in
catalytic activity observed here, it is apparent that for Co and
Fe, the transition metal in octahedral coordination shows
better catalytic activity than that in tetrahedral coordination. It
has been reported previously also that Fe in the octahedral site
shows better enhancement of the catalytic property.60,64,89 Cu,
on the other hand, shows better activity in tetrahedral
coordination. Apart from influence of structure type and
coordination geometry, other factors can also play a crucial
role in determining the OER catalytic property. For example, it
was reported by previous researchers that a catalyst surface
containing anion vacancies and defects was favorable for the
adsorption and desorption of hydroxyl species during the OER
process, leading to small charge transfer resistance at the
electrode−electrolyte interface and which further enhances the
OER activity.90−92 Hence, the structural defects might also
play a crucial role in affecting the catalytic activity of these
amorphous electrocatalysts reported in this article. However,
to analyze comprehensively the role of structural defects on the
OER catalytic activity, one needs to perform detailed DFT
studies for each stoichiometry and related structure type. We
have initiated such DFT studies and have recently observed
that for one particular stoichiometry based on Cu−Co−Se,
identified from this phase diagram, the structural defects on
different lattice planes indeed has a significant influence on the
OER catalytic activity. The results of these DFT studies will be
published separately.

■ CONCLUSIONS
The ternary phase space of Co−Fe−Cu has been successfully
explored through combinatorial electrodeposition, which has
identified the optimal doping compositions that yield
maximum catalytic efficiency in this family of compounds.
EDS characterization of all selenide films revealed the ability of
compositional control through combinatorial electrodeposi-
tion. The relative elemental compositions of the thin films
were proportional to the corresponding precursor ratios in the
electrolytes. A full investigation of OER kinetic parameters
from sixty-six compounds revealed the trend ofcatalytic activity
in Fe-Co-Cu-selenides as follows: (i) the catalytic activity is
sensitive to the amount of transition metal dopants, and the
presence of a relatively higher amount of Fe or Cu and a lower
amount of Co leads to small overpotentials, while over-
potentials tend to decrease at Fe concentration of 30−70%;
(ii) quaternary selenides are more likely to show lower
overpotentials as well as Tafel slopes than ternary and binary
selenides, indicating the inductive effect of heteroatoms plays a
crucial role in influencing the catalytic activity; (iii) Co might

still be a better catalytic site, although Fe and Cu have a more
positive influence on increasing catalytic activity; (iv) the
enhancement in catalytic activity is supported by improved
charge transfer at the catalyst−electrolyte interface and within
the catalyst composite. Specifically, the best composition in
this work demonstrating promising catalytic activity has been
identified as (Fe0.48Co0.38Cu0.14)Se thin film with a low onset
overpotential and overpotential to attain a current density of
10 mA cm−2 of 235 and 256 mV respectively, in N2-saturated
1.0 M KOH. This study proposes a new avenue for systematic
study of mixed transition metal selenides as OER electro-
catalysts employing combinatorial electrodeposition.
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