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ABSTRACT: Designing high-efficiency electrocatalysts for
water oxidation has become an increasingly important concept
in the catalysis community due to its implications in clean
energy generation and storage. In this respect transition-
metal-doped mixed-metal selenides incorporating earth-
abundant elements such as Ni and Fe have attracted attention
due to their unexpectedly high electrocatalytic activity toward
the oxygen evolution reaction (OER) with low overpotential
in alkaline medium. In this article, quaternary mixed-metal
selenide compositions incorporating Ni-Fe-Co were inves-
tigated through combinatorial electrodeposition by exploring
the ternary phase diagram of Ni-Fe-Co systems. The OER electrocatalytic activity of the resultant quaternary and ternary mixed-
metal selenide compositions was measured in order to systematically investigate the trend of catalytic activity as a function of
catalyst composition. Accordingly, the composition(s) exhibiting the best catalytic efficiency for the quaternary Fe-Co-Ni
mixed-metal selenide was identified. It was observed that the quaternary selenide outperformed the binary as well as the ternary
metal selenides in this Ni-Fe-Co phase space. The elemental composition and relative abundance of the elements in the catalyst
film was ascertained from energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). Mapping of the
OER catalytic activity as a function of catalyst composition indicated that catalytic efficiency was more pronounced in the Fe-
rich region with moderate amounts of Ni and trace amounts of Co doping, and the best performance was exhibited by
(Ni0.25Fe0.68Co0.07)3Se4, which showed an overpotential of 230 mV (vs RHE) at 10 mA cm−2 with stability exceeding 8 h for
continuous oxygen generation. It was also observed that typically the quaternary metal selenide composition was close to
AB2Se4, which shows a spinel structure type. Electrochemical measurements along with density functional theory (DFT)
calculations were performed to correlate the enhancement of catalytic activity toward the Fe-rich region with composition. First-
principles DFT calculations were used to estimate the hydroxyl adsorption energy (Eads) on the surface of the mixed-metal
selenides with varying compositions. This adsorption energy could be directly correlated to the onset of OER activity, and the
results matched very well with the experimentally observed trend with respect to onset overpotential. The knowledge of the
trend of catalytic activity as a function of composition will be very important for catalyst design through targeted material
synthesis. This work represents an example of a systematic phase exploration for quaternary metal selenides and provides a
strong foundation which can be expanded to study other mixed-metal selenide combinations.
KEYWORDS: combinatorial electrodeposition, oxygen evolution reaction, water splitting, electrocatalyst, mixed-metal selenide

■ INTRODUCTION

The promise of hydrogen as being one of the most potent
sources of clean energy has intensified research into cost-
effective production of pure hydrogen in copious quantities from
fossil-fuel-free sources. In that regard, electrolysis of water into
H2 and O2 gas by applying sunlight or any other inexhaustible
natural resources has been an attractive method to generate the
clean fuels.1,2 However, the efficiency of the water-splitting
reaction is limited by the challenging anodic oxygen evolution
reaction (OER), which is an energy-exhaustive four-electron

process, leading to a kinetically slow step and significant
efficiency loss.3,4 Typically for an electrocatalyst, the applied
potential required in excess of the thermodynamic water
splitting voltage (1.23 V vs RHE) is generically referred to as
overpotential. An efficient electrocatalyst which can reduce the
overpotential and enhance the energy efficiency plays a crucial
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role in increasing the feasibility of large-scale water-splitting
reactions. Therefore, significant efforts have been directed
toward designing more efficient and stable catalysts for OER
capable of reducing the overpotential.1,5−10 Though precious-
metal oxides such as IrO2 and RuO2 show excellent OER
electrocatalytic activities, their high price and scarcity of raw
materials limit their applications.11−13 Recently, considerable
efforts have been made to develop robust OER electrocatalysts
based on earth-abundant elements such as Co, Ni, and Fe.14−17

In this quest for transition-metal-based highly efficient OER
electrocatalysts, two important observations have been made:
(i) increasing covalency around the transition-metal center
increases catalytic activity18,19 and (ii) transition-metal doping
enhances catalytic activity by reducing the overpotential.20−27 In
keeping with the concept of increasing covalency enhancing
OER catalytic activity it was observed that transition-metal
chalcogenides show improved catalytic activity in comparison to
the corresponding oxides in alkaline medium.18,19,28−34 The
effect of metal doping is also visible in several reports of ternary
mixed metal oxides, hydroxides, and selenides, which have
exhibited enhancement of catalytic activity in comparison to the
corresponding binary phases.22,23,26,35−42 It can be expected that
transition-metal doping rearranges the electron density around
the catalytically active metal center, thereby altering the
potential required for catalyst activation which is necessary for
initiating the oxygen evolution reaction.7,43−45 Doping also
affects the electron transfer rate within the catalyst, which
influences the current density as well as reaction kinetics.
Another aspect of doping is the ability to design quaternary
compositions, such that the catalytic efficiency can be improved
even further by providing multiple catalytically active transition-
metal centers with varying composition, facilitating electron
transfer in the multimetal network, as well as providing stability
to the catalytic system. However, most of the reports of mixed-
metal-based OER electrocatalysts has been with limited
compositional and/or stoichiometric variations. A systematic
investigation of the trend of catalytic activity as a function of
transition-metal doping is still very rare. Such a study will be
even more effective in the transition-metal selenides, which
show inherently better OER catalytic activity in comparison to
the oxides.20,21,46−48 Hence, a phase diagram exploration to
systematically investigate the trend of catalytic activity as a
function of ternary and quaternary transition-metal doping in
the selenide lattice has become necessary. Combinatorial
synthesis is an extremely effective method to screen
compositions in the multinary phase space and study the
evolution of properties as a function of systematic change in
composition. Combinatorial phase exploration is widely used in
organic synthesis, antioxidants, and drug designs.49−53 Fre-
quently these combinatorial methods lead to identification of a
composition regime that can show optimal performance, which
otherwise would have been missed in targeted materials
synthesis. Such combinatorial methods have been reported
recently to provide an efficient way to screen and discover
promising OER electrocatalysts.54−57 For example, the metal
oxides have been recently explored through combinatorial
methods ,whereby Chen, Stahl, et al. identified the inverse spinel
NiFeAlO4 as a highly efficient OER electrocatalyst,58 while the
Berlinguette group investigated the electrocatalytic response of
amorphous metal oxide films by combinatorial methods.59 As
mentioned above, the transition-metal selenides have exhibited
better catalytic efficiency in comparison to the oxides, which is
attributed to the lower anion electronegativity and increased

degree of covalency in the lattice. Our group has also recently
reported nickel and cobalt selenides (Ni3Se2, NiSe2, and
Co7Se8) which exhibit high efficiency as OER electrocatalysts
in alkaline solution and have an excellent operational
stability.18,28,46,47 We have also observed that the mixed-metal
selenides CoNi2Se4 and FeNi2Se4 show better catalytic activity
than the corresponding oxide phases.20,21 From these reports it
is indicative that that both Co and Fe doping in the Ni selenides
can lead to enhancement of the OER catalytic activity in alkaline
medium. However, a systematic study of the extent of
enhancement of catalytic efficiencies as a function of
composition variation through simultaneous Fe and Co doping
in the selenides has not yet been reported. In this article we
report the systematic investigation of OER electrocatalytic
activity of mixed-metal selenides comprising Ni-Fe-Co through
combinatorial electrodeposition exploring the trigonal phase
diagram. Direct electrodeposition on the functional electrodes
produces a catalyst composite free of binder and other additives,
thereby reducing dead weight and utilizing the full potential of
the catalyst. A systematic investigation of OER catalytic activity
in the Ni-Fe-Co phase space revealed that the gradient of
catalytic performance increased toward increasing Fe concen-
tration and the best performance was exhibited by
(Ni0.25Fe0.68Co0.07)3Se4, which showed an overpotential of 230
mV (vs RHE) at 10 mA cm−2. Chronoamperometric measure-
ments revealed that this catalyst was stable for an extended
period of time under continuous oxygen evolution, while
postactivity XPS and EDS characterization revealed that the
compositional integrity of the catalyst remained unchanged. We
also calculated the hydroxyl adsorption energy (Eads) on the
surface of the mixed-metal selenide since the OER is initiated by
the attachment of an OH group on the surface following catalyst
activation. Comparison of Eads across the compositional range
showed that the Eads shows a trend similar to that of the
decreasing overpotential, confirming the trend of increasing
catalytic activity (earlier catalyst activation and onset of OER)
toward the Fe-rich region. This study thus provides very useful
information on the effect of systematic doping in transition
metal selenide based electrocatalysts containing Ni, Fe, and Co,
which can be used to design highly efficient OER electrocatalysts
through targeted synthesis. Such a concept of combinatorial
electrodeposition can also be extended to design high-
performance catalytic systems in various other ternary phase
spaces.

■ EXPERIMENTAL SECTION
Materials. Nickel(II) sulfate (NiSO4·6H2O, 99.0%), cobalt-

(II) sulfate (CoSO4·7H2O, 99.0%), iron(II) sulfate (FeSO4·
7H2O, 99.0%), selenium dioxide (SeO2), ammonium sulfate
((NH4)2SO4, 99%), and potassium hydroxide (KOH, 85%),
were purchased from Fisher Scientific. All of the chemicals were
used as received without further purification. Deionized (DI)
water (18 MΩ/cm) was used to prepare all the electrolytic
solutions. Au-coated glass slides used as substrates in electro-
deposition were purchased from Deposition Research Lab
Incorporated (DRLI), Lebanon, MO.

Combinatorial Electrodeposition of Catalyst Films. All
electrodeposition experiments were carried out in a beaker with
an electrolyte volume of 50 mL in a three-electrode setup
consisting of an Ag|AgCl (saturated KCl) reference electrode,
glassy carbon (GC) as the counter electrode, and Au-coated
glass with an area of 0.283 cm2 as the working electrode. Prior to
electrodeposition, the substrates were sonicated in Micro-90
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followed by a isopropyl alcohol rinse and eventually rinsed with
deionized water (15 min each step) to ensure a clean surface. All
solutions were freshly prepared and purged with N2 for 30 min
before electrodeposition. The electrolytes used for deposition
contained an equimolar (10 mM) mixture of the metal sulfate
precursors (NiSO4·6H2O, CoSO4·7H2O, FeSO4·7H2O), 10
mM SeO2, and 25 mM (NH4)2SO4 dissolved in water.
Combinatorial synthesis of a series of binary and multinary

mixed-metal selenide films were carried out by exploring the
ternary phase diagram as shown in Figure 1a. In this trigonal
phase diagram, the vertices represent binary selenides (Ni3Se2,
FeSe, and CoSe), while along the three edges, ternary mixed-
metal selenides (NixFeySen, NixCoySen, FexCoySen) can be
obtained. The interior of this trigonal phase diagram represents
the quaternary mixed-metal selenide. The amount of Se
precursor (SeO2) added in solution was kept constant, and
the relative molar ratio of the metal sulfate precursors (NiSO4,
FeSO4, CoSO4) were varied as x:y:z for Ni:Fe:Co in the
electrolytic bath, to explore various points within the trigonal
phase diagram as shown in Figure 1. This relative molar ratio has
been referred to as the precursor ratio, while the actual relative
atomic ratio in the electrodeposited film has been determined
through energy dispersive spectral analysis (EDS). The
precursor concentration for each metal (Ni, Fe, and Co) was
varied from 0 to 100% along the respective axis in steps of 10%
increments. Once a region of high catalytic activity was
identified in the trigonal phase space, then that region of
interest was reinvestigated by exploring a smaller trigonal region
with 5% increments of the precursor for each element. The
smaller triangle is shown in Figure S1 in the Supporting
Information. All electrodeposition was carried out at room
temperature in acidic solution (pH 2.8) on Au-coated glass
substrates at an applied potential of−0.8 V vs Ag|AgCl for 300 s.
Electrodeposition was carried out in confined regions of the Au-
coated glass substrates. An IviumStat potentiostat was used for
electrodeposition and all electrochemical studies. All resulting
films were carefully washed several times with DI water to
remove surface ions and then dried in air.
Characterization. X-ray photoelectron spectroscopy (XPS)

measurements of catalysts were performed using a KRATOS
AXIS 165 X-ray photoelectron spectrometer using a mono-
chromatic Al X-ray source. Scanning electron microscopy
(SEM) was carried out to examine the morphologies of the
films by the FEI Helios NanoLab 600 FIB/FESEM at an
accelerating voltage of 15 kV. Energy dispersive spectroscopy
(EDS) along with elemental mapping analysis was also obtained

from the SEM microscope. The elemental compositions of all
compounds detected by EDS are shown in Table 1. In this
article, the molecular formula of compounds (shown in Table S1
in the Supporting Information) will be defined by exper-
imentally obtained EDS atomic ratios and will be written as
(Nix′Fey′Coz′)mSen, where x′, y′, and z′ are determined from
EDS atomic ratios (x′ + y′ + z′ = 1) and m and n are the
experimentally obtained relative EDS atomic ratios between
total metal ions and selenium.

Electrochemical Measurements. The catalytic properties
of the thin films were investigated in 0.3 M KOH solution at
room temperature in a three-electrode system using an
IviumStat potentiostat. The OER catalytic performances were
studied from linear scan voltammetry (LSV) plots, while the
stabilities of the catalysts were studied by constant-potential
chronoamperometry. The deposited thin films served as the
working electrodes, a GC was the counter electrode, and an Ag|
AgCl (saturated KCl) was the reference electrode. All measured
potentials vs the Ag|AgCl (saturated KCl) were converted to the
reversible hydrogen electrode (RHE) using the Nernst equation
(eq 1) and corrected for the iR drop in the solution.

E E E0.059pHRHE Ag/AgCl Ag/AgCl= + + ° (1)

Here, the converted potential vs RHE is the experimentally
measured potential against the Ag|AgCl reference electrode, and
the standard potential of Ag|AgCl at 25.1 °C was 0.197 V.

Faradaic Efficiency. The Faradaic efficiency of O2
production by (Ni0.25Fe0.68Co0.07)3Se4 electrocatalyst was
measured using a rotating ring−disk electrode (RRDE)
apparatus with the bipotentiostat mode of the IviumStat.
Specifically, a combined ORR−OER experiment was designed
to confirm and quantify O2 production, as has been described
previously.47,60 In this process, (Ni0.25Fe0.68Co0.07)3Se4 depos-
ited on a glassy-carbon-disk electrode was used as the anode,
while a Pt ring was used as the ring electrode in a RRDE setup.
The Pt ring was carefully polished with an alumina slurry (0.05
mm) and then washed with DI water, sonicated for 5 min, and
cleaned by an electrochemical method in N2-saturated 0.5 M
H2SO4 at 1600 rpm. The disk with the catalyst was held at open
circuit for few minutes, while the ring electrode was held at
constant 0.16 V vs RHE in 0.3 M KOH solution. The current of
the ring electrode was lower than 20 mA, which was in an
acceptable region. The disk electrode was then held at
sequentially different potentials for 20 s each, in the OER

Figure 1. Schematic of combinatorial electrodeposition. (a) Ternary phase diagram for exploring compositions of the mixed-metal selenide films
examined in this work. Crossing vertices represent compositions of the precursor electrolyte with respect to the relative ratio of the corresponding
metals. The black circle shows a typical example. (b) Typical experimental set-up for electrodeposition.
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Table 1. Summary of Elemental Analysis of Metal Selenide Films Determined by EDS and Corresponding Kinetic Parameters
Extracted from Polarization Curvesa
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kinetic region, while the ring electrode was held at −0.16 V vs
RHE, appropriate for O2 reduction.

Calculation of Tafel Slope.The electrochemical kinetics of
the (Ni0.25Fe0.68Co0.07)3Se4 catalysts toward OER relating the

Table 1. continued

aThe row highlighted in yellow represents catalyst composition corresponding to the best electrocatalytic performance. The asterisks indicate
catalyst compositions for which the LSV plots have been shown in Figures 3 and 5.

Figure 2. SEM images and elemental compositions by EDS of most active electrocatalyst from different groups comprising the three binary
compositions (a) Ni3Se2, (b) CoSe, and (c) FeSe and three ternary compositions (d) (Ni0.85Fe0.15)3Se4, (e) (Ni0.24Co0.76)Se, and (f) (Co0.9Fe0.1)3Se4.
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overpotential ηwith the current density j has been carried out by
constructing the Tafel plots using eq 2:

a
RT
nF

j
2.3

logη
α

= +
(2)

where η is the overpotential, j is the current density, and the
other symbols have their usual meanings. The Tafel slope is
given by 2.3RT/αnF. The Tafel slopes were obtained from LSV
plots with a scan rate (2 mV s−1) in a unstirred solution.

■ RESULTS AND DISCUSSION
Morphologies and Elemental Compositions of Elec-

trodeposited Films. Figure 2a−c shows morphologies of the
three as-deposited binary films Ni3Se2, CoSe, and FeSe,
representing the three vertices of the trigonal phase diagram
(Figure 1a), respectively. A detailed SEM study of these as-
deposited films showed that films were mainly granular and
composed of nanometer-sized grains with a broad size
distribution (typically, 50 nm to several hundred nanometers).
Among these, Ni3Se2 and FeSe grains were composed of
aggregated clusters, while the morphology of CoSe showed a
nanoflake-like geometry. As mentioned previously, the axes of
the trigonal plot represent the ternary metal selenides NixFeySen,
FexCoySen, and CoxNiySen, respectively. Figure 2d−f presents
morphologies of the three ternary films (Ni0.85Fe0.15)3Se4,
(Ni0.24Co0.76)Se, and (Co0.9Fe0.1)3Se4, respectively, which
showed the best OER catalytic activity. Some changes in
morphology and particle size can be observed in the ternary
metal selenides in comparison to the binary selenides. For
example, with 40% Fe doping into Ni3Se2, (Ni0.85Fe0.15)3Se4, it
showed smaller sized grains in comparison to Ni3Se2. On the
other hand, 90% Co doping into FeSe, yielded (Co0.9Fe0.1)3Se4
(shown in Table S1 in the Supporting Information), which
exhibited grains covered with thin nanoflakes and closely
resembled the morphology of CoSe. Interestingly, (Ni0.24Co0.76)

Se with 20% doping of Ni into CoSe showed a more rough
surface and fluffy flowerlike morphology with a bigger particle
size (∼1 μm). The elemental compositions of these films were
analyzed using EDS. The three binary phases were indeed
composed of Ni, Co, or Fe and Se in approximate atomic ratios
of 3:2 (Ni:Se), 1:1 (Co:Se), and 1:1 (Fe:Se), respectively. Thus,
the three binaries can be written as Ni3Se2, CoSe, and FeSe,
respectively. Similarly, molecular formulas of the three best
ternaries can be written as (Ni0.85Fe0.15)2Se3, (Ni0.24Co0.76)Se,
and (Co0.9Fe0.1)3Se4, respectively. All of the ternary phases
identified in this study can be found in Table S1, giving the
relative precursor ratio as well as the EDS ratio. It should be
noted that the relative atomic percentage of an element
increased (or decreased) with increasing (or decreasing)
amounts of the corresponding metal precursor in the electrolytic
bath, indicating the feasibility of compositional control
obtainable through such combinatorial electrodeposition. It
should be noted here that most of these electrodeposited films
were amorphous in nature and did not yield a clean PXRD
pattern, which is very typical of electrodeposited films at low
temperature. Hence, compositional analysis was done on the
basis of EDS and XPS studies.

Electrochemical Characterization. Linear sweep voltam-
metry (LSV) measurements were performed in N2-saturated 0.3
M KOH at a scan rate of 10 mV s−1 to study the electrocatalytic
properties of the deposited films. The onset overpotential (onset
η) and overpotential required to reach the current density 10
mA cm−2 (η at 10 mA cm−2) were selected as two kinetic
parameters to benchmark the electrocatalytic performance.60

These two kinetic parameters for all binary, ternary, and
quaternary metal selenide phases along with their corresponding
EDS atomic ratios are summarized and shown Table 1. The
OER polarization curves of three binary metal selenide films
measured in 0.3MKOH is shown in Figure S2 in the Supporting
Information. Figure 3 shows the LSV plots of all ternary metal

Figure 3. Linear sweep voltammetry (LSV) of ternary metal selenides along the edges of the trigonal phase diagram: (a) Ni-Fe group; (b) Ni-Co
group; (c) Co-Fe group. (d) Comparison of most active ternary composition (solid line) from each group along with the three binary compositions
(dotted line). The dashed red line in each panel marks the current density at 10 mA cm−2.
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selenide films. As can be seen from the LSV plot of the Ni-Fe
selenides group in Figure 3a, these nine Ni-Fe selenides were
highly active for the OER. In this group it was observed that the
catalytic activity improved with increasing Fe content and that
(Ni0.85Fe0.15)3Se4 showed the best catalytic activity with the
lowest applied potential of 1.468 V vs RHE, corresponding to an
onset overpotential of 0.238 V and overpotential at 10 mA cm−2

(0.27 V vs RHE). For the Ni-Co selenides group shown in
Figure 3b, it was observed that (Ni0.24Co0.76)Se exhibited the
best activity among this group with an onset overpotential of
0.25 V vs RHE and overpotential of 0.33 V vs RHE required to
achieve 10 mA cm−2. The OER performance of the Co-Fe
selenide group is shown in Figure 3c, wherein (Co0.9Fe0.1)3Se4
showed the lowest onset overpotential of 0.25 V vs RHE and
overpotential of 0.29 V vs RHE at 10 mA cm−2. It must be noted
here that there are some preoxidation peaks observed in the LSV
plots prior to onset of the OER, as can be seen in Figure 3a,b,d.
These peaks are due to the changes in the oxidation states of the
transition-metal cations in the catalyst during the anodic scan, as
has been previously observed for Ni- and Co-based
catalysts.24,26,61,62 Specifically, the peak around 1.05 V vs RHE
is due to Co2+ to Co3+ conversion, while those around 1.28 V
(Figure 3b) and 1.34 V (Figure 3d) correspond to Ni2+ to Ni3+

conversion.20,21,24,26 It has been commonly reported that
transition-metal doping in the cationic site affects the position
of the preoxidation peak.24,62 Such a shift in the Ni2+ oxidation
peak is also visible in Figure 3a,b possibly due to various
amounts of Fe andCo doping, respectively, in the nickel selenide
system, which can directly affect the chemical potential of the
Ni2+ ion.24,62 To understand the trend of catalytic activity as a

function of transition-metal doping, the best-performing ternary
phases have been compared with the binary selenides, as shown
in Figure 3d. It can be seen from these comparative plots that
40% Fe doping into Ni3Se2 improved the OER catalytic activity
with a 40 mV drop in overpotential at 10 mA cm−2 in
comparison to Ni3Se2. Similarly, 10% Fe doping into CoSe
decreased the overpotential at 10 mA cm−2 by 10 mV in
comparison to CoSe. However, Ni doping into CoSe did not
show any significant improvement in the OER catalytic activity.
It must be noted here that the positive effect of transition-metal
doping in enhancing OER catalytic activity has also been
reported previously by other researchers. For example, it has
been reported by various groups that Fe doping into Ni
oxyhydroxide based OER electrocatalysts significantly improves
the OER catalytic activity.7,17,23,44,61,62

Table 1 gives the results of the trigonal phase diagram
exploration with respect to relative precursor ratio in the
electrolyte, experimentally observed EDS elemental ratio in the
deposited film, onset overpotential, and overpotential at 10 mA
cm−2. In order to understand the trend of catalytic activity with
respect to transition-metal doping better, contour plots were
constructed from the data given in Table 1. Figure 4a shows the
contour plots for onset η, while Figure 4b shows the contour plot
for η at 10 mA cm−2. The edges in each of these plots represent
increasing amounts of the respective elements (as labeled in the
figure), where the actual elemental ratio as determined from
EDS was used. The color gradient key on the upper right corner
of these plots indicates decreasing catalytic activity from top
(lowest overpotential) to bottom (highest overpotential). As
can be seen in Figure 4a, an area deep inside the trigonal plot

Figure 4. Contour plots of overpotential η (in units of V) (a) at the onset of OER activity and (b) with a current density of 10 mA cm−2 for the entire
Ni-Fe-Co trigonal phase space. The actual relative atomic ratio of the elements as obtained by EDS was used to construct this plot. The color gradient
corresponds to the overpotential measured in volts.

Figure 5. (a) LSVs of the seven best quaternary compositionsmeasured in N2 saturated 0.3MKOH solution at a scan rate of 10mV s−1. (b) Tafel plots
of the catalysts.
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(quaternary phase space) shows the best catalytic activity. The
region adjacent to the Ni and Fe axes as well as the vertices
shows higher overpotential indicating less efficient catalytic
activity. This observation further confirms that transition-metal
doping increases OER catalytic activity in these metal selenides.
From the contour plots it is apparent that quaternary phases
show the lowest onset overpotential when the relative content of
iron is kept at 60−80%, cobalt is maintained at 5−30%, and
nickel is about 20−60% for binary and ternary selenides. As the
amount of Fe increases while Ni and Co decrease in thin films,
mixed-metal selenides are more likely to have lower onset η and
η at 10mA cm−2, suggesting that Fe has a significant influence on
the catalyst performance. A similar trend in overpotential also
has been observed to achieve 10 mA cm−2, as shown in Figure
4b.
Figure 5a shows the polarization curves of the seven best-

p e r f o r m i n g q u a t e r n a r y p h a s e s , s p e c i fi c a l l y
(N i 0 . 4 5Fe 0 . 3 4Co0 . 2 ) 3 Se 4 , (N i 0 . 4 2Fe 0 . 1 9Co0 . 3 9 ) 3 Se 4 ,
(Ni 0 . 0 9Fe 0 . 5 9Co0 . 3 2 ) 3Se 4 , (Ni 0 . 1 1Fe 0 . 6 3Co0 . 2 5 ) 3Se 4 ,
(Ni0.13Fe0.25Co0.62)3Se4, (Ni0.25Fe0.68Co0.07)3Se4, and
(Ni0.25Fe0.08Co0.67)3Se4, in N2-saturated 0.3 M KOH at a scan
rate of 10 mV s−1. As expected, these catalysts showed very

efficient oxygen evolution activity. The onset overpotentials of
(Ni0.45Fe0.34Co0.2)3Se4 and (Ni0.42Fe0.19Co0.39)3Se4 were 0.22
and 0.21 V (vs RHE), respectively, and they both yielded a
current density of 10 mA cm−2 at an overpotential of 0.26 V (vs
RHE). The onset overpotential of (Ni0.25Fe0.08Co0.67)3Se4 was
0.22 V (vs RHE), and it needs 0.28 V (vs RHE) to achieve a
current density of 10 mA cm−2. The onset overpotential of
(Ni0.09Fe0.59Co0.32)3Se4 was 0.20 V, and 0.26 V (vs RHE) was
required to reach 10 mA cm−2. The onset overpotentials of
(Ni0.13Fe0.25Co0.62)3Se4 and (Ni0.11Fe0.63Co0.25)3Se4 were 0.22
and 0.22 V (vs RHE), respectively, and they need 0.27 V (vs
RHE) to achieve 10 mA cm−2. (Ni0.25Fe0.68Co0.07)3Se4 showed
even better OER catalytic activity: the onset overpotential was
0.18 V (vs RHE), and it needed 0.23 V (vs RHE) to achieve a
current density of 10 mA cm−2. This is one of the first reports of
quaternary transition-metal selenides, and the overpotential
obtained is comparable to the low values that have been reported
recently in mixed-metal selenides. Figure 5b shows the Tafel
plot, η vs log j, for these eight quaternary compositions. The
Tafel slopes were obtained to be 57.8, 58.5, 50.7, 54.3, 78.9, 41.7,
and 81 .4 mV dec− 1 fo r (Ni0 . 4 5Fe0 . 3 4Co0 . 2 ) 3Se4 ,
(Ni 0 . 4 2Fe0 . 1 9Co0 . 3 9) 3Se 4 , (Ni 0 . 0 9Fe0 . 5 9Co0 . 3 2) 3Se 4 ,

Figure 6. (a) Polarization curves of (Ni0.25Fe0.68Co0.07)3Se4 in comparison to the three binary catalyst films. (b) SEM image of (Ni0.25Fe0.68Co0.07)3Se4
film deposited for 300 s. XPS spectra of the as-deposited film (Ni0.25Fe0.68Co0.07)3Se4: (c) Ni 2p1/2 and 2p3/2 peaks; (d) Fe 2p3/2 and 2p1/2 peaks; (e) Co
2p3/2 and 2p1/2 peaks; (f) Se 3d5/2 and 3d3/2 peaks.
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(Ni0 . 1 1Fe 0 . 6 3Co0 . 2 5 ) 3Se 4 , (Ni 0 . 1 3Fe 0 . 2 5Co0 . 6 2 ) 3Se 4 ,
(Ni0.25Fe0.68Co0.07)3Se4, and (Ni0.25Fe0.08Co0.67)3Se4, respec-
tively. On the basis of the above observations, it can be
concluded that although transition-metal-doped mixed-metal
selenides yield significant enhancement in OER catalytic activity
in terms of both overpotential at 10 mA cm−2 and low Tafel
slope, the relative doping amount for each element still needs to
be optimized to observe the best catalytic performance. From
the contour plot (Figure 4b), Table 1, and LSV plot as shown in
Figure 5a, (Ni0.25Fe0.68Co0.07)3Se4 was identified as the best-
performing catalyst under the specific experimental conditions.
F i g u r e 6 a s h ow s t h e p o l a r i z a t i o n c u r v e s o f
(Ni0.25Fe0.68Co0.07)3Se4 in comparison with the binary selenides
Ni3Se2, CoSe, and FeSe in N2-saturated 0.3 M KOH at a scan
rate of 10 mV s−1. As can be seen, the onset overpotentials of
Ni3Se2, CoSe, and FeSe were 0.24, 0.22, and 0.30 V vs RHE,
respectively. To achieve an OER current density at 10 mA cm−2,
Ni3Se2 requires 0.32 V, CoSe requires 0.30 V, and FeSe requires
0.40 V vs RHE. With transition-metal doping, the onset
overpotential of (Ni0.25Fe0.68Co0.07)3Se4 decreased significantly
to 0.18 V (vs RHE) and it yielded a current density of 10 mA
cm−2 at an overpotential of only 0.23 V (vs RHE). A comparison
of OER activity for this quaternary composition with the three
ternary selenides is shown in Figure S3 in the Supporting
Information. A detailed SEM study in Figure 6b of the best
electrocatalyst (Ni0.25Fe0.68Co0.07)3Se4 thin film showed that the
film was mainly composed of rhombus-like nanostructures with
an average size distribution of 100−800 nm.
The composition of the (Ni0.25Fe0.68Co0.07)3Se4 thin film was

also investigated by X-ray photoelectron spectroscopy (XPS).
The XPS spectrum of C 1s has been detected, and all binding
energies for Ni, Fe, Co, and Se were calibrated with C 1s (284.5
eV) as a reference binding energy. The chemical composition
and the oxidation state of the catalyst were investigated from the
deconvoluted XPS spectra, and the corresponding results are
presented in Figure 6c−f. The deconvoluted Ni 2p and Fe 2p
exhibited the presence of mixed-valence metal ions. As shown in
Figure 6c, the binding energies of around 854.26 and 871.46 eV
of Ni 2p are assigned to Ni2+ and those of 855.60 and 873.61 eV
are attributed to Ni3+ with its shakeup satellite peaks at 876.83
and 860.43 eV.47,63,64 Similarly, in the Fe 2p spectra (shown in
Figure 6d), the peaks at 708.38 and 721.59 eV correspond to
Fe2+, while those at 710.10 and 723.28 eV corroborate Fe3+ with
its shakeup satellite peaks at 713.56 and 730.9 eV.65−67 In the Co
2p spectrum (shown in Figure 6e), two peaks at 779.81 and
794.71 eV correspond to Co 2p3/2 and Co 2p1/2, respectively,
indicating the presence of Co2+, as has been reported
previously.68−70 In the Se 3d spectrum (shown in Figure 6f),
the binding energies of Se 3d5/2 and Se 3d3/2 peaks were
obtained at 54.15 and 54.85 eV, respectively, which were similar
to those of reported metal selenides.71−75 It must be mentioned
here that all of these binding energies observed for the respective
metal ions were characteristic of the selenide phases and did not
show similarities with those obtained from the oxide phases.
Even Se XPS did not show the presence of peaks corresponding
to SeOx. From the semiquantitative XPS studies, it was further
confirmed that the quaternary metal selenide belonged to the
M3Se4 family containing mixed-valence Ni and Fe ions. M3Se4
compositions generally form spinel-type structures containing
alternating layers of edge-shared MIIISe6 octahedra and MIISe4
tetrahedra. Such compositions have been frequently encoun-
tered in transition-metal chalcogenide family as ferrites,
NiFe2Se4, CoNi2Se4, and so on.20,21,76,77 The transition-metal

cations can occupy one or both of the divalent and trivalent
cationic sites, and the presence of mixed valence for Fe and Ni
has been reported.78−80 The presence of Ni3+ in these
chalcogenides is very interesting, since in Ni-based OER
electrocatalysts it has been widely known that Ni3+ is the actual
catalytically active site. The electrochemically active surface area
(ECSA) for (Ni0.25Fe0.68Co0.07)3Se4 thin film on Au-coated glass
was estimated by measuring the electrochemical double-layer
capacitance of the electrocatalyst. Cyclic voltammograms (CVs)
with various scan rates were used to measure double- layer
charging current in the non-Faradaic region. The working
electrode with electrodeposited (Ni0.25Fe0.68Co0.07)3Se4 catalyst
was held in N2-saturated 0.3 M KOH, and then CVs were
measured from−0.26 to−0.36 V vs Ag|AgCl (KCl saturated) at
the following scan rates: 25, 50, 75, 100, and 150 mV/s (shown
Figure 7). Since the double-layer current (iDL) was measured in

the non-Faradaic region, it is assumed that the current response
is due to double-layer charging instead of chemical reactions or
charge transfer. Therefore, a linear equation can be used to
estimate the specific electrochemical double-layer capacitance
(CDL) by double-layer current iDL and the scan rate (ν) of CV,
which is shown in eq 3.

i C vDL DL= (3)

where double-layer capacitance (CDL) is in units of mF.
The inset plot in Figure 7 is the cathodic and anodic charging

currents measured at −0.30 V vs Ag|AgCl (KCl saturated) and
plotted as a function of scan rate. The CDL value was determined
from the average of the cathodic and anodic slopes. Here, the
e l e c t r o c h em i c a l d o u b l e - l a y e r c a p a c i t a n c e o f
(Ni0.25Fe0.68Co0.07)3Se4 thin film on Au-coated glass was
estimated to be 0.069 mF. The ECSA of the electrocatalyst
was calculated using eq 4

C CECSA /DL s= (4)

whereCs is the specific capacitance of the electrocatalyst per unit
area under identical electrolyte conditions. Its value has been
reported between 0.022 to 0.130 mF cm−2 in alkaline solution.60

In this study, the value of Cs was taken to be 0.040 mF cm−2 on
the basis of reported values.60 The roughness factor (RF) was
calculated by taking the ratio of ECSAwith the geometric area of
the electrode, 0.283 cm2. ECSA was estimated to be around
1.725, while RF was around 6.095. The high value of RF

Figure 7 . Cyc l i c vo l t ammograms measu red fo r the
(Ni0.25Fe0.68Co0.07)3Se4 thin film in N2 saturated 0.3 M KOH solution
at different scan rates from 25 to 150 mV s−1. The inset is a plot of both
anodic and cathodic currents measured at −0.3 V vs Ag|AgCl (KCl
saturated) as a function of scan rate.
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indicates that the as-deposited films were highly rough. This
observation was also confirmed from SEM images, which
showed a highly granular surface. It should be noted here that
the catalytic activity is expected to improve with surface
roughness since it leads to better andmore extensive exposure of
the catalytically active sites to the electrolyte.
An RRDE setup was used to estimate the Faradaic efficiency

of electrocatalysts during the OER process. Namely, in RRDE
experiments, the central GC disk containing catalyst produced
oxygen, while the Pt ring electrode, maintained at a fixed
potential, collected the generated oxygen and reduced it. Prior to
the RRDE experiment, the Pt ring was cleaned by CVs from
−0.24 to 1.00 V (vs Ag|AgCl) in N2-saturated 0.5 M H2SO4 at
1600 rpm. The 0.3 M KOH solution was purged with N2 for
more than 20 min to get rid of any dissolved atmospheric O2.
While a constant rotation rate of 1600 rpm was maintained, the
disk electrode was kept at several different potential steps from
1.50 to 1.60 V vs RHE for 20 s in each step, and meanwhile, the
Pt ring electrode was held at a constant potential 0.164 V vs RHE
to ensure that collected oxygen was reduced rapidly. Equation 5
is the relation between Faradaic efficiency and the ratio of the
ring current (ir) and disk current (id)

i
i N
2 r

d
ε =

(5)

where N is the collection efficiency of RRDE, which was
estimated by a reported procedure: namely, through the ratio of
the ring and disk currents in in 0.001 M K3Fe(CN)6 with 0.3 M
of KOH.60,81 In this work, N is 0.24. The Faradaic efficiency of
the (Ni0.25Fe0.68Co0.07)3Se4 catalyst and plots of the disk and ring
currents along with applied disk potential are shown in Figure 8.

At the applied disk potential E = 1.50 V vs RHE, the highest
Faradaic efficiency is around 99%, while with the potential
increased to 1.60 V vs RHE, the efficiency went down to about
70%.This decrease is caused by the decreasing ratio of ring
current and disk current, which means that the ring electrode
might not efficiently collect the large amounts of oxygen
produced from the disk electrode at higher applied disk
potentials, and a large number of undissolved oxygen bubbles
could be observed on the surface of the disk electrode.
Therefore, at the applied disk potential E = 1.50 V vs RHE,

the Faradaic efficiency of 99% was treated as the OER efficiency
of the electrocatalyst. The decreased Faradaic efficiencies at
relatively high disk potential can be ignored here, because it is
adequate for this applied disk potential (E = 1.5 V vs RHE) to
produce oxygen.
Electrochemical impedance spectroscopy (EIS) was also

measured to investigate the internal resistance of the catalytic
film as well as the charge-transfer resistance at the catalyst
(electrode)−electrolyte interface as a function of composition.
These factors will both have a large influence on the onset and
propagation of OER catalytic activity. Hence, the best-
performing quaternary film, (Ni0.25Fe0.68Co0.07)3Se4, was
compared with another quaternary film containing almost
equal amounts of Ni, Fe, and Co, (Ni0.37Fe0.36Co0.27)3Se4,
exhibiting moderate catalytic activity. EIS spectra were collected
in N2-saturated 0.3 M KOH solution at 0.3, 0.4, and 0.5 V vs Ag|
AgCl, respectively, and the Nyquist plots are shown in Figure S4
in the Supporting Information. The spectra were fitted to an
equivalent circuit from which electrolyte resistance (Rs), the
electron charge transfer resistance (Rct), and film resistance (Rf)
could be obtained, and the values are given in Table 2. In all
cases, the electrolyte resistance was obtained as ca. 5 Ω, similar
to values that have been reported before.46 From the fitting of
the equivalent circuit, it was clearly observed that the values of
the electron transfer resistance (Rct) of (Ni0.25Fe0.68Co0.07)3Se4
at various applied potentials were smaller than those for
(Ni0.37Fe0.36Co0.27)3Se4, which indicated that interfacial charge
transfer on the catalyst−electrolyte interface was kinetically
faster on the surface of (Ni0.25Fe0.68Co0.07)3Se4 in comparison to
(Ni0.37Fe0.36Co0.27)3Se4. Such faster charge transfer across the
interface can expedite the onset of OER activity as well as its
further propagation, leading to the high efficiency of
(Ni0.25Fe0.68Co0.07)3Se4.

46,82 On the other hand, the catalyst
resistance (Rf) will also affect the electron transfer within the
catalyst film, thereby influencing the overall catalytic activty.83

From the equivalent circuit (Figure S4 and Table 2), it was
observed that (Ni0.25Fe0.68Co0.07)3Se4 showed a lower Rf value in
comparison to (Ni0.37Fe0.36Co0.27)3Se4. A lower charge-transfer
resistance will facilitate the transfer of charge from the
electrolyte to the catalyst surface through OH− attachment,
resulting in lower overpotential, while lower film resistance will
lead to better transport of the generated charge carriers leading
to faster kinetics. Transition-metal doping can change the
conductivity of the film due to possible d electron reorganization
and possible overlap of the d bands. Hence the enhancement of
the OER catalytic activity in (Ni0.25Fe0.68Co0.07)3Se4 can also be
attributed to the superior conductivity of the film as well as lower
charge-transfer resistance.
The stability of the catalyst for continuous oxygen evolution

under operational conditions is a crucial factor to evaluate the
practical usability of the catalyst. To establish the stability and
durability of the quaternary selenide based OER electrocatalyst,
chronoamperometric measurements (j vs time) were carried out
for 8 h, as shown in Figure 9a, where a constant potential (0.5 V
vs Ag|AgCl) was applied to achieve a current density of around
10mA cm−2 in 0.3MKOH. The catalyst (Ni0.25Fe0.68Co0.07)3Se4
showed excellent durability without any decrease in the current
density even after 8 h. The stability of the catalyst was further
confirmed through LSV remeasurement after 8 h of
chronoamperometry. As can be seen from Figure 9b, the
catalyst showed the same onset potential while the overpotential
at 10 mA cm−2 became even better by about 20 mV even after 8
h. Such enhancement can be possibly explained by a changing

Figure 8. Faradaic efficiency of the (Ni0.25Fe0.68Co0.07)3Se4 catalyst in
N2-saturated 0.3 M KOH measured at 1600 rpm from a combined
ORR−OER experiment using an RRDE setup where the OER takes
place at the disk electrode while the ORR takes place at the ring
electrode. The corresponding disk and ring currents for the RRDE
experiment were plotted as a function of the applied disk potentials.
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morphology of the catalyst surface. Figure 9c shows the SEM
image of the catalyst surface after 8 h of chronoamperometry,
and it was observed that the surface roughness of the film
increased significantly after catalytic activity. The increased
surface roughness can be attributed to the escape of the evolved
O2 gas, which tends to create a porous layer on the catalyst
surface. Compositional stability of the catalyst after 8 h of
chronoamperometry was confirmed by the XPS spectrum
shown in Figure 9d−g and EDS analysis (Table S2), which

showed that the catalyst was still primarily composed of Ni, Co,
Fe, and Se with no trace of O. Such studies confirmed that this
OER electrocatalyst was both functionally durable and
compositionally stable even after a long period of continuous
O2 evolution in alkaline medium.

DFT Calculations of Adsorption Energy.OER in alkaline
medium is a multistep process which is initiated by the
adsorption of a hydroxyl group (OH−) at the active site (mostly
transition metal) on the catalyst surface.84 The kinetics of the

Table 2. Equivalent Circuit Parameters Obtained from Fitting of EIS Experimental Dataa

catalyst Eapplied/V Rs/Ω Rct/Ω CPEdl/F Rf/Ω CPEf/F

(Ni0.25Fe0.68Co0.07)3Se4 0.3 4.9 15.90 0.36 1923 0.81
0.4 5 15.17 0.35 913 0.88
0.5 5 14.90 0.34 738 0.89

(Ni0.37Fe0.36Co0.27)3Se4 0.3 5 25.32 0.4 6105 0.89
0.4 5 23.80 0.39 5546 0.89
0.5 5 22.75 0.38 4247 0.85

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 the resistance of the catalyst layer, and CPEf is the capacitance.

Figure 9. (a) Chronoamperometry plot of (Ni0.25Fe0.68Co0.07)3Se4 for 8 h at 0.50 V vs Ag|AgCl (KCl saturated) applied potential. (b) Comparison of
LSVs before and after 8 h in N2-saturated 0.3 M KOH solution. (c) SEM image of (Ni0.25Fe0.68Co0.07)3Se4 after chronoamperometry. (d−g) XPS
spectra of (Ni0.25Fe0.68Co0.07)3Se4 after chronoamperometry.
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OER reaction is determined by the rate-determining step, which
can be either the first or second hydroxyl attachment on the
surface or the step of O2 release. In either case, optimal coverage
of the surface through initial hydroxyl attachment becomes very
influential in initiating the OER process (i.e., low onset
potential), and it has been observed that a less than optimal
coverage of hydroxyl groups on the surface gives rise to higher
Tafel slope.85 Hence, we have tried to study the energetics of the
first hydroxyl attachment on the surface of the mixed-metal
selenides as a function of composition within the Ni-Co-Fe
ternary phase space through density functional theory (DFT)
calculations. It must be mentioned here that only the adsorption
energy of the first hydroxyl attachment on the catalyst surface
has been monitored here, while a more detailed computational
study is required to follow all the elementary steps of the OER
across the composition range in the ternary phase space to
obtain a Sabatier plot relating the catalytic efficiency (Tafel
slopes and overpotential) as a function of composition.1,86

To investigate the catalytic activities of the studied transition-
metal selenide films, first-principles calculations were used to
determine the adsorption energy of OH− ion on different
NixFeyCozSen catalytic surfaces. Four specific compositions were
studied. The end compositions on the Ni-Fe binary phase line
were determined to be Ni3Se2 and Fe3Se4 on the basis of
experimental verification (EDS analysis and PXRD). Hence, the
quaternary compositions (Ni0.25Fe0.68Co0.07)3Se4 and
(Ni0.37Fe0.36Co0.27)3Se4 were compared with the two terminal
compositions. First-principles calculations were executed on the
basis of density functional theory (DFT) and performed using
the Vienna ab initio simulation package (VASP).87,88 The core
electrons were treated using projected augmented wave (PAW)
pseudopotentials, while the exchange correlation energies were
evaluated by the formulations of Perdew−Burke−Ernzerhof
(PBE) and ultrasoft potentials within the generalized gradient
approximation (GGA).89−91 The rotationally invariant version
of the GGA+U method has been shown to successfully describe
the cohesive energy, electronic structure, and mechanical and
magnetic properties of the bulk and surfaces of materials.92

Therefore, in the current work, the GGA+Umethod was used to
study the adsorption energy of OH− ion on various Ni, Fe, and
Co active sites of NixFeyCozSen electrocatalysts. The cutoff
energy for the plane wave was set to be 400 eV, which was found
to be sufficient for convergence of the adsorption energies. It
must be mentioned here that these studies were conducted
solely to obtain a rough idea of the propensity of OH−

attachment on the various catalytic surfaces. More detailed
calculations are required to directly correlate the kinetics of the
OER as a function of varying composition and construct a
volcano plot. We are currently working with our collaborators to
execute these computational-time-demanding calculations, the
results of which will be communicated separately.
The 2 × 2 × 2 supercel ls of Ni3Se2, Fe3Se4,

(Ni0.25Fe0.68Co0.07)3Se4, and (Ni0.37Fe0.36Co0.27)3Se4 were gen-
erated, as shown in Figure 10. One can note that Ni3Se2 exhibits
a rhombohedral R32 crystal structure with 3-fold symmetry,
while the other three compounds have monoclinic structures. It
is worth mentioning that the crystal structures of
(Ni0.25Fe0.68Co0.07)3Se4 and (Ni0.37Fe0.36Co0.27)3Se4 were gen-
erated by randomly replacing Fe in Fe3Se4 with Ni and Co. Two
Ni sites (Ni-1 and Ni-2) located on the (001) plane, respectively
(Figure 10a), were monitored in Ni3Se2. To maintain similarity
the (001) plane was chosen as the active surface for all catalyst
compositions, as mentioned above, and the OH− adsorptions on

the available metal sites (Fe, Co, and/or Ni) (Figure 10b−d)
were calculated. k-point meshes of 4 × 4 × 1 and 3 × 2 × 1 were
found to be sufficient to give a self-consistent field (SCF)
convergence criterion of 1 × 10−4 eV for the rhombohedral
Ni3Se2 and monoclinic Fe3Se4, (Ni0.37Fe0.36Co0.27)3Se4, and
(Ni0.25Fe0.68Co0.07)3Se4, respectively.
To simulate the free surface, a slab model with 2 × 2 × 2

supercells of the four compounds was employed, as illustrated in
Figure 11. A relatively large vacuum gap of 20 Å was set in the

slab model to prevent its interaction with the periodic image of
the lower layer. The bottom lattice of the model was fixed at the
ground-state bulk distances, while the top lattice was set to be
free to move in all directions. For each selected structure, atomic
positions were relaxed first to reach their equilibrium positions
before interacting with OH− ion. The internal energy of this
structure was denoted ENixFeyCozSen. Thereafter, the OH

− ion was
placed on the top of the active Ni/Fe/Co sites (on the relaxed
free surface) at a distance of 1.86 Å to calculate the total
formation energy, ENixFeyCozSen+OH

−.93 The internal energy of the
isolated OH− ion, EOH

−, was also calculated. The adsorption
energy was then calculated using eq 7.

Figure 10. Crystal structures of 2 × 2 × 2 supercells of (a) Ni3Se2, (b)
Fe3Se4, (c) (Ni0.37Fe0.36Co0.27)3Se4, and (d) (Ni0.25Fe0.68Co0.07)3Se4.
Different types of active Ni and Fe sites have been indicated as Ni-1, Ni-
2, Fe-1, Fe-2, and Fe-3 in Ni3Se2 and Fe3Se4.

Figure 11. Slab model of an Ni3Se2 supercell with 2 × 2 × 2 lattices.
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E E E E( )OHad Ni Fe Co Se Ni Fe Co Se OHx y z n x y z n
= − ++ − − (7)

In Figure 12a, one OH− ion was placed right above the active
Ni-1 site of Ni3Se2. After relaxation, attributed to the interaction

between the Ni-1 site and the OH− ion, a distinct out-of-plane
movement of the Ni-1 site was observed, and the Ni-1−O−H
angle changed from the original 180° to 108.6° (Figure 12b).
The calculated adsorption energies on Ni-1 and Ni-2 sites were
−2.23 and −1.88 eV, respectively. In contrast, there were three
types of active Fe sites in Fe3Se4, which are shown in Figure 10b
and Figure 13a as Fe-1, Fe-2, and Fe-3. Analogously, as can be

seen in Figure 13b, an out-of-plane displacement of the Fe-1 site
and a change in Fe-1−O−H angle were observed after
adsorption interaction. The obtained adsorption energies on
the active sites of Fe-1, Fe-2, and Fe-3 were −2.104, −2.17, and
−2.137 eV, respectively.
In the compounds (Ni0 . 3 7Fe0 . 3 6Co0 . 27)3Se4 and

(Ni0.25Fe0.68Co0.07)3Se4, all three active Ni, Fe, and Co sites
have three different types. We carried out 32 random DFT
calculations in total in order to cover all the possible situations.
Figure 14a−c and Figure 15a−c show the representatives of
OH− ions adhering to Ni, Fe, and Co sites. After relaxation, the
out-of-plane displacement of Ni, Fe, and Co sites and the change
in Ni/Fe/Co−O−H angles can be observed in Figure 14a′−c′
and Figure 15a′−c′. The obtained weighted average of
adsorption energies in (Ni0.37Fe0.36Co0.27)3Se4 and
(Ni0.25Fe0.68Co0.07)3Se4 were −2.06 and −2.69 eV, respectively.
It has been observed previously that OH− adsorption on the
catalyst surface is facilitated by an increasing value of the
adsorption energy since the process becomes energetically
favorable. The weighted average of adsorption energy of the
OH− ion on the four catalyst compositions has been plotted in
Figure 16a. It can be seen that as the composition of Fe in the
active sites of Ni/Fe/Co increased to 66%, i .e .
(Ni0.25Fe0.68Co0.07)3Se4, the average adsorption energy of the
OH− ion on the catalyst surface (cumulative of Ni, Fe, and Co
sites) reached its minimum value of −2.69 eV, which indicates
the most active status of the catalyst surface with respect to
obtaining optimal coverage. Separately, in the composition
(Ni0.25Fe0.68Co0.07)3Se4, the adsorption energies of OH

− ions on
different active sites of Ni, Fe, and Co all reached their minimum
values, as shown in Figure 16b. This indicates that, on the basis
of the OH− adsorption kinetics, the composition
(Ni0.25Fe0.68Co0.07)3Se4 attains optimal coverage much more
preferentially in comparison to the terminal compositions as
well as ternary nonoptimal compositions such as
(Ni0.37Fe0.36Co0.27)3Se4. This observation further underlines
the importance of such a phase exploration study to properly
understand the structure−function−property correlation and
thereby develop proper design principles for optimal perform-
ance. An optimal coverage with OH−will lead to a faster onset of
the OER, and hence the contour plot of OH− ion adsorption
energy as a function of composition in Figure S5 in the
Supporting Information was compared with the contour plot of

Figure 12. (a) Original crystal structure of an Ni3Se2 supercell with an
OH− ion placed on the top of the active Ni-1 site, which is located on
the (001) free surface. The original Ni−O and O−H bond distances
were set as 1.86 and 0.96 Å, respectively. (b) Relaxed structure of an
Ni3Se2 supercell with an OH− ion adsorbed on the active Ni-1 site.

Figure 13. (a) Original and (b) relaxed crystal structures of Fe3Se4
supercells with an OH− ion adsorbed on the active Fe site on the (001)
free surface.

Figure 14. Representatives of the original (a−c) and the corresponding relaxed (a′−c′) crystal structure of (Ni0.37Fe0.36Co0.27)3Se4 supercells with
OH− ions placed above the active Ni, Fe, and Co sites on the (001) free surfaces.
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OER onset potential (Figure 4). It is interesting to note that
Figure S5 shows very good similarity in identifying the region of
the most active catalysts, which is in good agreement with the
experimental contour plot in Figure 4.
The presence of mixed-metal doping in the ternary and

quaternary selenide compositions thus plays multiple roles in
enhancing the catalytic activity of these electrocatalysts. It has
been shown that multimetal doping in the Ni−Fe system can
lead to a cathodic shift of the Ni(II) oxidation peak, leading to
faster onset of OER catalytic activity.79,80,94 This along with the
energetically favorable OH− adsorption on the multiple metal
sites on the surface may lead to a faster onset of OER catalytic
activity on the surface with optimal doping of Fe which shows
the best OH− adsorption energy.

■ CONCLUSIONS

In summary, we have demonstrated that a combinatorial
electrodeposition approach for making mixed-metal selenides
has been successful in finding mixed-metal selenide composi-
tions in the Fe-Ni-Co phase space that show exceptional
electrocatalytic performance for the oxygen evolution reaction
in alkaline medium. Specifically, we have observed that
increasing Co and Fe concentrations in the Ni selenide matrix
progressively improves the catalytic efficiency. Through this
phase-space exploration, we have successfully found a very
promising composition as an OER electrocatalyst,
(Ni0.25Fe0.68Co0.07)3Se4, which shows a low onset overpotential
of 0.18 V and overpotential of 0.23 V to reach a current density
of 10 mA cm−2 in N2-saturated 0.3 M KOH. Electrochemical

studies along with estimation of the hydroxyl adsorption energy
of the surface indicated that that enhancement in catalytic
activity can be partially due to the facilitated charge transfer at
the electrode−electrolyte interface as well as charge transfer
within the catalyst film. This study opens up a new avenue to
investigate other mixed-metal selenide combinations, as well as
provide opportunities to understand the effect of each
transition-metal ion (along with the d electron occupancy) on
the catalyst’s performance.
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of OH− ions to different active sites Ni, Fe, and Co as a function of the composition of Fe.
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