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ABSTRACT: Electrochemical conditioning via chronopotentiom-
etry (CP) and cyclic voltammetry (CV) is essential for the
activation of oxygen evolution reaction (OER) electrocatalysts.
While many reports have activated OER electrocatalysts using
either CP or CV, the inherent differences between these two
electrochemical conditioning methods for the activation of OER
electrocatalytic materials have yet to be explored. Here, we
investigate the effects of CP and CV electrochemical conditioning
on a Ni-based OER precatalyst and substrate in Fe-purified and Fe-
unpurified KOH electrolytes by employing (i) Ni foil, (ii) NiSe
precatalyst films with different thicknesses on the fluorine-doped
tin oxide glass substrate, and (iii) NiSe precatalyst films on Ni foil
substrates. It was found that CV electrochemical conditioning can
result in a higher degree of in situ oxidation and Fe incorporation
for Ni-based precatalysts and substrates compared to CP electrochemical conditioning. In turn, this brought about different material
properties (e.g., in situ oxidized layer thickness, composition, crystallinity, and morphology) and electrochemical characteristics (e.g.,
active surface area, electron transport limitation, and intrinsic activity) of Ni-based electrocatalysts, thereby not only affecting their
OER activity but also complicating the interpretation of the origin of OER activity. This study identifies the distinct effects of CP
and CV electrochemical conditioning on Ni-based OER electrocatalysts and provides insight into the choice of the electrochemical
conditioning method to better investigate OER electrocatalysts.
KEYWORDS: oxygen evolution reaction, electrocatalyst, water splitting, electrochemical conditioning, electrochemical activation,
chronopotentiometry, cyclic voltammetry

1. INTRODUCTION
For efficient electrochemical water splitting, it is crucial to
improve the sluggish kinetics of the oxygen evolution reaction
(OER). While noble metal-based oxides (e.g., IrOx and RuOx)
are benchmark electrocatalysts for the OER in acidic
electrolytes, their high cost and scarcity have spurred the
search for inexpensive and earth-abundant electrocatalysts.1,2

In this regard, 3d-transition metal (e.g., Ni, Co, and Fe)-based
compound materials (e.g., borides, carbides, pnictides, and
chalcogenides) have gained attention in recent years owing to
their low cost, earth abundance, and high OER activity under
alkaline conditions.3−6 Due to their thermodynamic instability
under OER conditions, however, most transition metal
compounds act as precatalysts and undergo in situ oxidation.
This in situ oxidation results in compositional transformation
to metal hydr(oxy)oxides (MOxHy) that act as real OER active
species as well as structural reorganization to nanoporous
structures with increased surface area, which can significantly
affect the OER activity and stability.3,7,8 Also, depending on

the specific electrocatalytic material, different degrees of in situ
oxidation can occur: either (i) complete in situ oxidation
wherein the entire transition metal compound is completely
oxidized or (ii) partial in situ oxidation wherein the surface of
the transition metal compound is converted to MOxHy while
the underlying transition metal compound remains unoxidized,
forming a core−shell structure (transition-metal compound
core−MOxHy shell) or a composite of transition metal
compound and MOxHy.

3,6,7

Among promising transition metal-based OER electro-
catalysts, NiFe-based catalysts have shown the best OER
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activity in alkaline electrolytes.9−12 The optimal composition
of NiFe-based catalysts that show the highest OER perform-
ance lies in the range of 10−25% Fe.13,14 NiFe-based catalysts
have been prepared via a multitude of methods, and recently, it
has been found that they can be prepared via in situ
incorporation of Fe ions into NiOxHy during the OER.
Trotochaud et al. studied the OER of Ni(OH)2 in Fe-purified
and Fe-unpurified KOH electrolytes and showed that even
sub-ppm levels of Fe in the Fe-unpurified KOH electrolyte are
readily incorporated into Ni(OH)2, forming NiFeOOH
throughout the electrolyte-permeable structure of Ni(OH)2.11

Friebel et al. found that Ni(OH)2 film can absorb Fe up to a
solubility limit of ∼25% Fe.13 These previous studies indicate
that it is possible to prepare highly efficient NiFe-based
catalysts by using in situ Fe incorporation into Ni-based
materials during the OER in Fe-unpurified KOH electrolytes.

Electrochemical conditioning employing chronopotentiom-
etry (CP), chronoamperometry (CA), and cyclic voltammetry
(CV) is essential for the activation of OER electrocatalysts
before activity measurement as well as for long-term stability
testing. So far, different electrochemical conditioning methods
(e.g., CP, CA, and CV) have been employed without clear
distinction for various OER electrocatalysts and random
electrochemical activation results (e.g., degree of in situ
oxidation and Fe incorporation) have been reported.10,15−24

Kim et al. conducted CV electrochemical conditioning for
Co3C and observed its complete in situ oxidation to
amorphous CoOx.22 Kawashima et al. conducted CV electro-
chemical conditioning for Ni3N/Ni foam in Fe-purified and
Fe-unpurified KOH electrolytes and observed its partial in situ
oxidation and Fe incorporation into Ni3N/Ni.23 In compar-
ison, Trotochaud et al. carried out CP electrochemical
conditioning for NiO and observed its complete in situ
oxidation to NiOxHy in alkaline media (1 M KOH).10 Clament
Sagaya Selvam et al. conducted CA electrochemical condition-
ing for Ni(OH)2/Co9S8 in 1 M KOH electrolyte containing 1
ppm of Fe ions and observed its complete in situ oxidation and
Fe incorporation to form Fe-doped NiOOH/CoOOH.17

Menezes et al. performed CA electrochemical conditioning in
1 M KOH and observed partial in situ oxidation of Ni12P5 and
Ni2P, forming a nickel phosphide core and amorphous
Ni(OH)2/NiOOH shell.24 May et al. conducted both CV
and CA electrochemical conditioning for various Ba-, Sr-, Co-,
and Fe-based perovskite oxides in 0.1 M KOH and reported
their different degree of amorphization depending on the
surface atomic structure and chemistry of oxides.25 Schaf̈er et
al. and Moureaux et al. conducted electrochemical condition-
ing (e.g., CP, CV, and alternating potential steps) for stainless
steels and created NiFe-based oxides with different material
properties.26,27

In the aforementioned studies, considering that electro-
catalysts with various material properties (e.g., composition,
crystallinity, grain size, thickness of catalyst layer, and porous
morphology) were studied, the observed electrochemical
activation results would be correlated to their distinct material
properties. However, given the difference between electro-
chemical conditioning methods such that CP (or CA) involves
the application of only anodic OER potential while CV has
repetitive cathodic potential sweeps alternating with anodic
potential sweeps, the choice of electrochemical conditioning
method may also influence the observed electrochemical
activation results (e.g., degree of in situ oxidation and Fe
incorporation) and OER activity. However, due to distinct

material properties of various OER electrocatalysts and
random usage of electrochemical conditioning methods in
the previous studies, the effects of different electrochemical
conditioning methods on the degree of in situ oxidation and Fe
incorporation of OER electrocatalysts are difficult to deduce
and thus remain elusive. In this regard, a controlled study that
performs electrochemical conditioning of OER electrocatalysts
with the same material properties is necessary to identify the
effects of CP (or CA) and CV electrochemical conditioning on
the electrochemical activation processes and OER activity. In
addition, Ni-based substrates, such as Ni foam and Ni foil, have
been widely used as substrates for OER electrocatalysts due to
their high electrical conductivity and robustness.28−32 How-
ever, considering that electrochemically activated OER electro-
catalysts have electrolyte-permeable structures and Ni is an
OER active material,11,33 there is a possibility that Ni-based
substrates may also be exposed to the electrolyte, undergo in
situ oxidation during electrochemical conditioning, and be
involved in the OER, which requires further investigation.

Herein, we aim to identify the effects of CP and CV
electrochemical conditioning on a Ni-based OER precatalyst
and substrate in Fe-purified and Fe-unpurified KOH electro-
lytes. To evaluate these effects, we conducted CP and CV
electrochemical conditioning for three different sets of
controlled samples: (i) Ni metal foil to understand the
fundamental characteristics of CP and CV electrochemical
conditioning, (ii) NiSe films with different thicknesses (or
loadings) on fluorine-doped tin oxide glass (FTO) substrate to
solely examine the influence of different electrochemical
conditioning methods on Ni-based compound precatalysts,
and (iii) NiSe films on Ni foil substrates to investigate how Ni-
based substrates can be involved in the observed OER
characteristics and activity, which are summarized in Table
S1. By performing electrochemical analyses and material
characterizations before and after the OER, we demonstrated
that CV electrochemical conditioning can bring about a higher
degree of in situ oxidation and Fe incorporation for OER
precatalysts and Ni-based substrates compared to CP electro-
chemical conditioning. This results in distinct material
properties (e.g., in situ oxidized thickness, composition,
crystallinity, and morphology), electrochemical characteristics
(e.g., active surface area, electron transport limitation, and
intrinsic activity), and OER behavior. Based on these findings,
we provide insight into the proper choice of the electro-
chemical conditioning method to efficiently and accurately
investigate the OER electrocatalysts.

2. RESULTS AND DISCUSSION
2.1. Understanding CP and CV Characteristics Using

Ni Foil. Given that Ni is one of the most commonly used OER
active transition metals in the alkaline electrolyte and substrate
material (e.g., Ni foam and Ni foil) for OER electro-
catalysts,28−32 Ni foil is a suitable choice for the study of the
fundamental characteristics of CP and CV electrochemical
conditioning methods for alkaline OER electrocatalysts.
Although electrochemical behaviors of Ni in alkaline media
have been widely studied,34−37 it needs further investigation
focused on material properties and OER characteristics of Ni
after CP and CV electrochemical conditioning in both Fe-
purified and Fe-unpurified alkaline electrolytes. In this regard,
the effects of CP and CV electrochemical conditioning on Ni
foil were investigated in Fe-purified and Fe-unpurified 1 M
KOH electrolytes. Here, the Fe composition of each electrolyte
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was examined using ICP-MS (Table S2). CP and CV
electrochemical conditioning of Ni foil were conducted at 5
mA/cm2 under OER potentials for 24 h and in the potential
range of 1.1 to 1.63 V vs the reversible hydrogen electrode
(VRHE) for more than 1000 cycles, respectively, until there was
no significant change in the OER activity or redox charge for
Ni2+/3+ transition in subsequent CV measurements after
electrochemical conditioning (Figure S1).

Figure 1a−d shows the electrochemical analysis results of Ni
foil before and after electrochemical conditioning in Fe-
purified 1 M KOH electrolyte; Ni foil before electrochemical
conditioning and after CP and CV electrochemical condition-
ing were denoted as Ni-initial, Ni-CP, and Ni-CV, respectively.
From the CV curves in Figure 1a, the anodic redox peak at
around 1.37 VRHE is attributed to the transition of Ni(OH)2
(Ni2+) to NiOOH (Ni3+). The anodic redox charge associated
with the Ni2+ to Ni3+ transition (Qa), which is related to the
number of electrochemically redox-active Ni cations exposed
to the electrolyte, was calculated from the CV curves. Figure
1b presents that after CP and CV electrochemical condition-
ing, Qa of Ni-CP and Ni-CV increased compared to that of Ni-
initial. The reason Qa increased after electrochemical
conditioning is that Ni metal was in situ oxidized during the
electrochemical conditioning and transformed into hydrous
NiOxHy which can join the Ni2+/3+ redox reaction as well as act
as OER active species.15,21,38 The Qa for Ni-CV was
significantly higher than that for Ni-CP, implying that Ni-CV
underwent more in situ oxidation and created a thicker NiOxHy
layer compared to Ni-CP. The difference in the degree of in
situ oxidation between Ni-CP and Ni-CV is attributed to the
partial reduction of the NiOxHy layer during the cathodic
sweeps of CV.38−40 To be specific, as for Ni-CP, when Ni

metal is oxidized under anodic potentials, a hydrous oxide layer
is formed with a thin and compact anhydrous oxide layer
underneath. Further oxidation of Ni metal to a hydrous oxide
layer is limited due to the high kinetic barrier for ion migration
in the compact oxide layer. As for Ni-CV, however, the
cathodic sweep following the anodic sweep can partially reduce
the anhydrous oxide layer and facilitate the rearrangement of
oxycation species into a disrupted state. This disrupted
oxycation species not only is more susceptible to further
oxidation in the subsequent anodic sweeps but can also be
incorporated into the hydrous oxide layer during further
cathodic sweeps, which leads to growing a thicker hydrous
oxide layer at the expense of the underlying metal.

To obtain the double-layer capacitance (Cdl), which can be
used to estimate the surface area of electrocatalysts exposed to
the electrolyte,41 electrochemical impedance spectroscopy
(EIS) analysis was conducted at 1.63 VRHE. Figure S2a−c
displays the Bode and Nyquist plots of the EIS spectra for the
Ni-initial, Ni-CP, and Ni-CV samples. From the semicircle of
the Nyquist plots at lower frequencies, the Cdl values were
obtained by fitting the EIS data employing the equivalent
circuit in Figure S3a (see the Supporting Information for
details related to EIS analysis). As displayed in Figure 1c, the
Cdl value increased after electrochemical conditioning, and Ni-
CV had a higher Cdl value than Ni-CP. A similar trend in Cdl
and Qa can be explained by the thickness of the hydrous
NiOxHy layer on Ni foil after electrochemical conditioning and
the corresponding surface area of fragments of hydrous
NiOxHy exposed to the electrolyte.

The OER activity that can be represented by the OER
current density normalized by geometric area (jOER) at 1.63
VRHE was compared in Figure 1d, and Ni-initial showed the

Figure 1. Electrochemical analyses of Ni foil before and after CP and CV electrochemical conditioning in (a−d) Fe-purified and (e−h) Fe-
unpurified 1 M KOH electrolytes. (a) CV curves at a scan rate of 20 mV/s, (b) Qa, (c) Cdl from EIS at 1.63 VRHE, and (d) jOER at 1.63 VRHE. (e) CV
curves at a scan rate of 20 mV/s (inset shows the magnified Ni2+/3+ redox peaks), (f) Qa, (g) Cdl from EIS at 1.63 VRHE, and (h) jOER at 1.63 VRHE.
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highest OER activity followed by Ni-CP and Ni-CV.
Considering that Qa and Cdl values are commonly used to
represent the electrochemical active surface area of electro-
catalysts,41,42 it might seem counterintuitive that the trend of
jOER was opposite to the trend of Qa and Cdl; the Ni-CV sample
that had the highest Qa and Cdl showed the lowest OER
activity. To understand this OER activity trend, it is necessary
to investigate the effects of OER performance governing
factors, such as intrinsic activity (i.e., the rate of production of
O2 molecules per catalytic active site) and electron and mass
transport together with active surface area.33,43,44 The specific
activity is quite useful in comparing the intrinsic activity of
catalysts with the different number of active sites despite its
limitations of inaccuracy in measuring the real catalytic active
sites and interference of transport limitation.9,41,45−48 The
specific OER activity for Ni-initial, Ni-CP, and Ni-CV was
calculated by normalizing the jOER by Qa or Cdl (Figure S4).
Both jOER/Qa and jOER/Cdl decreased significantly in the order
of Ni-initial > Ni-CP > Ni-CV. This implies (1) the decrease of
intrinsic activity or (2) increase of electron and mass transport
limitation in the order of Ni-initial < Ni-CP < Ni-CV. The
Tafel slope, which is determined by intrinsic activity and
transport properties of the electrocatalyst, was also compared;
a lower Tafel slope means higher intrinsic activity and less
transport limitation.33 Tafel slope increased in the order of Ni-
initial (65.2 mV dec−1) < Ni-CP (77.3 mV dec−1) < Ni-CV
(135 mV dec−1), which aligns with the specific activity trend
(Figure S5).

First, intrinsic activity was considered to understand the
observed OER activity trend. The different intrinsic activity of
Ni-initial, Ni-CP, and Ni-CV can be attributed to their
different crystal phases of NiOxHy. The electrochemical
conditioning of Ni-based materials can not only form
amorphous hydrous oxides like other transition metals (e.g.,
Ru, Ir, etc.)39,49 but also grow 2D layered structures of
NiOxHy,

50,51 which consists of α−Ni(OH)2, γ−NiOOH, β−
Ni(OH)2, and β−NiOOH. It has been reported that α−
Ni(OH)2/γ−NiOOH phases can be transformed into β−
Ni(OH)2/β−NiOOH phases via electrochemical conditioning
or aging (i.e., loss of water, cations, and anions in the
interlayers by immersion in alkaline media)39,50 and that the
α−Ni(OH)2/γ−NiOOH phases have higher intrinsic activity
than β−Ni(OH)2/β−NiOOH phases in the Fe-purified
alkaline electrolyte.11,14 Thus, the lower intrinsic activity of
Ni-CP and Ni-CV compared to Ni-initial can be due to their
greater portion of β−Ni(OH)2/β−NiOOH over α−Ni(OH)2/
γ−NiOOH after electrochemical conditioning. Also, compared
to Ni-CV, Ni-CP is expected to have a lower portion of the β−
Ni(OH)2/β−NiOOH phases over the α−Ni(OH)2/γ−
NiOOH phases because CP electrochemical conditioning
was conducted under the OER potential region exceeding
1.565 VRHE, where overcharging of β−NiOOH to γ−NiOOH
occurs.14 This was confirmed by grazing incidence X-ray
diffraction (GIXRD) and Raman spectra results of Ni-CP and
Ni-CV that Ni-CV has a mixture of α- and β-Ni(OH)2,
whereas Ni-CP consists of mainly α-Ni(OH)2 (Figure S6; see
the Supporting Information for details related to GIXRD and
Raman spectra analyses). Nevertheless, the OER activity trend
of Ni-initial, Ni-CP, and Ni-CV is not fully explained by their
crystalline phase and resulting intrinsic activity alone. For
example, although Ni-CV has a higher portion of β−Ni(OH)2/
β−NiOOH phases, Ni-CV is expected to have a greater
amount of α−Ni(OH)2/γ−NiOOH compared to Ni-initial

and Ni-CP given its highest Qa and Cdl values. Thus, an
additional explanation for the lower OER activity of Ni-CV is
still required.

Next, the contribution of electron and mass transport
limitation to the observed OER activity was considered. Given
that the redox-active Ni sites are closely related to the OER
active sites and both the redox reactions for Ni2+/3+ and OER
accompany the (de)protonation and electron transfer,39,52,53

the transport limitation for the redox-active Ni sites was
investigated by performing scan-rate dependent CV analyses to
deduce any transport limitation issues for the OER (Figure
S7). Here, the redox peak current density and scan rate have a
relationship of j = aνb, where j is the current density, ν is the
scan rate, a and b are adjustable parameters, and the b-value
can be used to identify whether the kinetics of redox reaction is
surface-controlled (b = 1) or diffusion-controlled (b = 0.5).54

Figure S7 shows that the redox reaction of Ni-CP (b ≈ 1) is
surface-controlled whereas that of Ni-CV (b ≈ 0.5) is
diffusion-controlled, which is due to charge transport
limitation via proton−electron hopping between homoge-
neously distributed redox sites in the thick, hydrated NiOxHy
layer52,53,55 (see the Supporting Information for detailed
explanation). Additionally, the extent to which the potential
difference between anodic and cathodic redox peaks increases
with increasing the scan rate was greater in Ni-CV than in Ni-
CP (Figure S7a,d), which also implies severe charge transport
limitation for Ni-CV compared to Ni-CP. As to mass transport,
it is unlikely that there occurs mass transport limitation of
OH−, which is a reactant for both redox reaction and OER
given enough amounts of OH− in 1 M KOH with pH 14.
However, mass transport limitation for removing the products’
O2 bubbles could occur within the electrolyte-permeable but
relatively compact NiOxHy layer of Ni-CP and Ni-CV,
blocking the OER active sites and restricting their actual
participation in the OER.56 To sum up, it is concluded that the
OER activity trend of Ni-initial, Ni-CP, and Ni-CV that is
opposite to their Qa and Cdl trends is due to the decreasing
intrinsic activity and increasing transport limitation after CP
and CV electrochemical conditioning.

Figure 1e−h shows the electrochemical analysis results of Ni
foil before and after electrochemical conditioning in Fe-
unpurified 1 M KOH electrolyte. From the CV curves in
Figure 1e, the anodic redox peaks for the Ni2+/3+ transition of
Ni-CP and Ni-CV were positively shifted compared to those of
Ni-CP and Ni-CV in Fe-purified electrolyte in Figure 1a. This
positive redox peak shift is ascribed to the spontaneous
incorporation of Fe impurities from the Fe-unpurified
electrolyte into the lattice of the NiOxHy layer during
electrochemical conditioning.11,14,33 In Figure 1f,g, Qa and
Cdl values showed a similar trend to those in Fe-purified
electrolyte; Qa and Cdl increased after electrochemical
conditioning, and Ni-CV had higher Qa and Cdl values than
Ni-CP. It is noted that compared to Qa values in the Fe-
purified electrolyte, Qa values in the Fe-unpurified electrolyte
were smaller due to the suppression of the Ni2+/3+ redox
reaction by Fe ions incorporated into NiOxHy.

33,57,58 The OER
activity of Ni foil during electrochemical conditioning was
enhanced due to the formation of Fe-doped NiOxHy via Fe
incorporation that has superb intrinsic OER activity compared
to pure NiOxHy (Figure S1b).11,33 Figure 1h shows that the
jOER values for Ni-initial, Ni-CP, and Ni-CV in the Fe-
unpurified electrolyte were higher than those in the Fe-purified
electrolyte. Also, Ni-CV exhibited the highest OER activity in
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the Fe-unpurified electrolyte followed by Ni-CP and Ni-initial,
which is opposite to the OER activity trend in the Fe-purified
electrolyte as shown in Figure 1d.

To understand this different OER activity trend in the Fe-
unpurified electrolyte, the effects of performance governing
factors, such as intrinsic activity, transport limitation, and
active surface area, need to be considered. To consider the
influence of intrinsic activity and transport limitation on OER
activity, the Tafel slope analysis was conducted (Figure S8). At
low current densities (0 < log [j] < 1), the Tafel slope was in
the order of Ni-CP (46.1 mV dec−1) < Ni-CV (48.5 mV
dec−1) < Ni-initial (51.5 mV dec−1). This indicates that Ni-CP
has the highest OER kinetics followed by Ni-CV and Ni-initial
as a result of their intrinsic activity and transport properties. As
the current density increased, the Tafel slope increased due to
the increased transport limitation, and the degree of increase in
the Tafel slope was steeper in Ni-CV than in Ni-CP, which is
attributed to more severe transport limitation through the
thicker NiOxHy layer of Ni-CV compared to Ni-CP; the Tafel
slope at 1 < log [j] < 1.4 follows the trend of Ni-CP (70.4 mV
dec−1) < Ni-CV (74.0 mV dec−1) < Ni-initial (82.0 mV dec−1),
and at log [j] > 1.4, the observed trend follows Ni-CP (98.8
mV dec−1) < Ni-CV (126 mV dec−1).

The OER activity of NiFe-based electrocatalysts significantly
changes with Fe composition,11,13,14 and there is a possibility
that the degree of Fe incorporation into NiOxHy layers in Fe-
unpurified electrolyte may change depending on the electro-
chemical conditioning method. In this regard, identifying the
Fe composition of Fe-doped NiOxHy layers of Ni-CP and Ni-
CV is critical to better understand their intrinsic activity and
Tafel slope trend. To characterize the Fe composition on the
surface and in the bulk layer below the surface, X-ray

photoelectron spectroscopy (XPS) analysis employing a Mg
source was conducted before and after Ar+ sputtering. The Fe
composition was obtained by calculating the ratio of the
integrated area of the Ni 2p3/2 spectra with that of the Fe 2p3/2
spectra. The Fe compositions of Ni-CP and Ni-CV were 5.3
and 13.4% on the surface and 2.7 and 14.5% in the bulk
(Figure S9 and Table S3). Considering that the optimum Fe
composition of NiFe-based electrocatalysts for showing the
highest OER activity lies in the range of 10−25% of Fe,13,14 it
is expected that Ni-CV has superior intrinsic OER activity to
Ni-CP both on the surface and in the bulk.

By combining the XPS and Tafel slope analyses, the OER
activity in the Fe-unpurified electrolyte can now be better
understood in terms of intrinsic activity, transport limitation,
and active surface area. As to the Tafel slope results in Figure
S8, the lower Tafel slopes of Ni-CP and Ni-CV compared to
Ni-initial are attributed to their higher Fe incorporation during
electrochemical conditioning and, hence, higher intrinsic
activity. Also, the Tafel slope of Ni-CV, which is supposed
to have a lower value than that of Ni-CP according to its higher
Fe composition and the resulting intrinsic activity, actually had
a higher value than that of Ni-CP. This implies that compared
to Ni-CP, transport limitation was more severe for Ni-CV due
to its thicker NiOxHy layer, which is further supported by its
steeper increase in Tafel slope with respect to the current
density. However, despite its higher Tafel slope, Ni-CV
exhibited higher OER activity than Ni-CP. This indicates
that the larger active surface area of Ni-CV played a role in
making its OER activity higher than that of Ni-CP. In the same
way, the lowest OER activity of Ni-initial can be explained by
its lowest intrinsic activity and active surface area.

Figure 2. (a) CV curves at a scan rate of 20 mV/s and (b) jOER at 1.63 VRHE for the Ni-CP, Ni-CV, Ni-CP1-CP2, and Ni-CV1-CP2 samples (CP1
and CV1 were conducted in Fe-purified 1 M KOH electrolyte, and CP2 and CV2 were conducted in Fe-unpurified 1 M KOH electrolyte). (c) CV
curves at a scan rate of 20 mV/s and (d) magnified Ni2+/3+ redox peaks for the Ni-CP, Ni-CV, Ni-CP-R, and Ni-CV-R samples in Fe-unpurified 1
M KOH electrolyte (reduction potential treatment for Ni-CP-R and Ni-CV-R was conducted at −0.076 VRHE for 20 min; CV curves for Ni-CP-R
and Ni-CV-R were obtained using the third CV cycle after reduction treatment).
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It is noted that the large active surface area of Ni-CV did not
lead to the enhancement of OER activity in the Fe-purified
electrolyte, and thus, opposite OER activity trends were
observed in the Fe-purified and Fe-unpurified electrolytes. This
can be understood by examining the role of the thick NiOxHy
layer in the bulk, which accompanies increased active surface
area and transport limitation, in determining the OER activity.
In the Fe-unpurified electrolyte, the contribution of increased
active surface area to the OER activity (= active surface area ×
intrinsic activity) outweighs the loss of OER activity by
transport limitation due to the high intrinsic activity of Fe-
doped NiOxHy, and vice versa in the Fe-purified electrolyte
due to the low intrinsic activity of NiOxHy. Some might point
out that the improved conductivity via Fe-doping into NiOxHy
can relieve the transport limitation.57 Nevertheless, severe
transport limitation was still observed for Ni-CV with higher
Fe compositions. Thus, it is concluded that the different
intrinsic activity is mainly responsible for different impacts of
active surface area, resulting in the opposite OER activity
trends in Fe-purified and Fe-unpurified electrolytes.

Considering that in situ Fe incorporation can effectively
tailor the OER kinetics of NiOxHy as described above, it is
critical to clarify the origin of distinct Fe incorporation
characteristics depending on the electrochemical conditioning
method. First, it was hypothesized that the difference in Fe
incorporation between CP and CV may be related to the
different material properties of in situ formed NiOxHy in Ni-CP
and Ni-CV. To test this hypothesis, it is necessary to grow a
NiOxHy layer in situ on Ni foil using CP and CV before Fe
incorporation. For this, two control samples were prepared via
a two-step process, wherein Ni foil was electrochemically
conditioned using CP or CV in the Fe-purified electrolyte in
the first step to grow a NiOxHy layer in situ on the Ni foil
followed by CP in the Fe-unpurified electrolyte in the second
step to incorporate Fe into the in situ formed NiOxHy layer.
These two control samples were denoted as Ni-CP1-CP2 and
Ni-CV1-CP2, respectively, wherein the second and third terms
correspond to the electrochemical conditioning method used
in the first and second steps, respectively.

Figure 2a presents the CV curves of Ni-CP and Ni-CV in Fe-
unpurified electrolyte, Ni-CP1-CP2, and Ni-CV1-CP2. The
anodic redox peak potential for Ni2+/3+ transition of Ni-CP, Ni-
CP1-CP2, and Ni-CV1-CP2 was around 1.38 VRHE, which is
similar to those of Ni-CP and Ni-CV in Fe-purified electrolyte
in Figure 1a. On the other hand, the anodic redox peak
potential of Ni-CV was positively shifted considerably with
respect to 1.38 VRHE. Given that the shift of anodic redox peak
potential is largely affected by Fe composition in the bulk layer
of NiOxHy rather than that on the surface,57,59,60 this implies
that (1) Fe incorporation through the bulk layer of NiOxHy
hardly occurred during the CP not only for Ni-CP and Ni-CP1-
CP2 but even for Ni-CV1-CP2 despite the presence of a thick
NiOxHy layer created during the CV. Also, the almost identical
jOER of Ni-CP, Ni-CP1-CP2, and Ni-CV1-CP2 in Figure 2b
implies that (2) the degree of Fe incorporation on the surface
of Ni-CP, Ni-CP1-CP2, and Ni-CV1-CP2 was almost identical
regardless of the presence of a thick NiOxHy layer created by
CV for Ni-CV1-CP2. These speculations about Fe incorpo-
ration based on electrochemical analyses were confirmed by
XPS analyses (Figures S9 and S10 and Table S3). The surface
Fe composition of Ni-CV1-CP2 (3.3%) was similar to those of
Ni-CP (5.3%) and Ni-CP1-CP2 (5.6%) but significantly lower
than that of Ni-CV (13.4%). The bulk Fe composition of Ni-

CV1-CP2 (2.1%) was similar to those of Ni-CP (2.7%) and Ni-
CP1-CP2 (2.9%) but significantly lower than that of Ni-CV
(13.4%). Additionally, the Fe composition of Ni-CV1-CP2 after
further Ar+ sputtering even decreased to 1.4%. These
electrochemical and XPS analysis results demonstrate that Fe
incorporation via CP is not only less facile than via CV but also
occurs mainly on the surface of the NiOxHy layer regardless of
the presence of a thick hydrous NiOxHy layer before Fe
incorporation; additionally, the different degree of Fe
incorporation is hardly related to the CP and CV electro-
chemical conditioning-derived NiOxHy properties.

Next, it was hypothesized that the higher degree of Fe
incorporation for CV on the surface and in the bulk of NiOxHy
layer compared to CP may be related to its cathodic sweep
across reductive potentials that are more negative with respect
to the Ni2+/3+ redox peak potential. To test this hypothesis, two
control samples were prepared via a two-step process: CP or
CV electrochemical conditioning of Ni foil in Fe-unpurified
electrolyte followed by a reduction potential treatment at
−0.076 VRHE for 20 min in Fe-unpurified electrolyte. The
resulting samples were denoted as Ni-CP-R and Ni-CV-R. As
shown in Figure 2c, the OER activity of Ni-CP-R and Ni-CV-R
enhanced compared to Ni-CP and Ni-CV, respectively. From
the magnified CV curves in Figure 2d, it was observed that the
redox peaks for both Ni-CP-R and Ni-CV-R were noticeably
shifted toward a more positive potential compared to those of
Ni-CP and Ni-CV, implying considerable Fe incorporation
into the NiOxHy layer during the reduction potential
treatment. This result substantiates that the higher degree of
Fe incorporation for Ni-CV compared to Ni-CP is associated
with the cathodic potential sweeps of CV across the reductive
potential region. In addition, this finding is also consistent with
a previous study by Ali Akbari et al. that the incorporation of
[FeO4]2− in KOH electrolyte into NiOxHy can be enhanced as
the reduction potential becomes lower from 1.36 to −0.14
VRHE due to facile Fe adsorption on the electrode surface at
low reduction potentials.28 Also, Kuai et al. revealed that the
intermittent reduction potential treatment can result in higher
and more stable OER activity of NiFe-based electrocatalysts by
revivifying the OER-inactive, segregated FeOOH to OER-
active, Fe-incorporated NiOxHy. This implies the possibility
that the cathodic sweeps across reduction potentials for Ni-CV
may help prevent the undesired phase segregation of Fe and
thus result in higher OER activity for Ni-CV compared with
Ni-CP.61 However, Kuai et al. also reported in another study
that the rate of Fe incorporation into nickel hydroxide is higher
at OER potentials than at more negative potentials with
respect to the Ni2+/3+ redox peak potential, which is in contrast
to our result.62 Given the fact that different materials (in situ
formed NiOxHy obtained from electrochemical conditioning of
Ni foil in this study and nickel hydroxide from the
hydrothermal synthesis in Kuai et al.’s study) were compared
for the study of Fe incorporation, it is speculated that different
physicochemical properties (e.g., crystallinity, crystal phase,
porous structure, etc.) of initial materials before Fe
incorporation could bring about different potential-dependent
Fe incorporation characteristics, which necessitates further
investigation.
2.2. Study of CP and CV Characteristics for NiSe

Precatalysts on the FTO Substrate. Based on the
fundamental understanding of CP and CV characteristics
obtained from electrochemical conditioning of simple Ni foil,
we extended our study to investigate the effects of CP and CV
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electrochemical conditioning for Ni-based compound precata-
lysts capable of efficient OER electrocatalysis. Considering the
different degrees of in situ oxidation of OER precatalysts (e.g.,
partial or complete in situ oxidation) after random electro-
chemical conditioning in previous reports15−24 as well as the
distinct characteristics of CP and CV studied in Section 2.1, it
was hypothesized that the degree of in situ oxidation of OER
precatalysts can be affected by the choice of electrochemical
conditioning methods. Furthermore, it has been reported that
transition metal compound precatalysts can form a porous and
electrolyte-permeable structure as their anions dissolve into the
electrolyte during in situ oxidation via electrochemical
conditioning.11,33 Also, the in situ oxidation of OER
precatalysts is accompanied by mass transport of reactants
(OH−) to the surface and through the electrolyte-permeable
bulk layer of precatalysts. Given these considerations, it was
hypothesized that the degree of in situ oxidation can also be
largely affected by the thickness of the precatalyst layer through
which in situ oxidation should occur. To test these two
hypotheses, nickel selenide was employed as an OER
precatalyst for the study of CP and CV electrochemical
conditioning of Ni-based compound precatalysts. The nickel
selenide film was grown on FTO via electrodeposition. The
electrodeposition condition was optimized to grow a uniform
and single-phase nickel selenide film (Figures S11 and S12; see
the Supporting Information for details related to the
optimization of nickel selenide electrodeposition). Here,
FTO was chosen as a substrate to solely investigate the effect
of electrochemical conditioning on a nickel selenide film
without interference from OER active substrates like Ni foil
and Ni foam. Also, the thickness (or loadings) of the nickel
selenide precatalysts on FTO was controlled by changing the

electrodeposition time to investigate the precatalyst thickness
(or loading)-dependent CP and CV characteristics. Here,
nickel selenide films that were grown on FTO using different
electrodeposition times were denoted as x-NiSe/FTO, where x
indicates 100, 200, or 300 s of electrodeposition time.

Figure S13 presents top-view SEM and EDX mapping
images of x-NiSe/FTO. The SEM images show that each x-
NiSe/FTO consists of nanoparticles with relatively uniform
size and shape. Also, all the x-NiSe/FTO nanoparticles have a
polyhedron shape, and the average particle size of 100-, 200-,
and 300-NiSe/FTO were 308, 349, and 439 nm, respectively.
The EDX mapping images show that for all the x-NiSe/FTO
samples, nickel selenide was uniformly deposited on FTO in
terms of their chemical composition. GIXRD analyses were
performed to characterize the crystal structure of x-NiSe/FTO
(Figure S14). All the x-NiSe/FTO exhibited peaks only
corresponding to hexagonal NiSe and FTO, which signifies
that a single phase of NiSe was successfully grown on the FTO.
Moreover, XPS analyses for Ni 2p, Se 3d, and O s regions were
conducted on the surface and in the bulk employing Ar+

sputtering of x-NiSe/FTO to examine their chemical
composition and state. Figure S15 shows that pure NiSe
with identical chemical compositions and states was success-
fully grown during the electrodeposition of x-NiSe/FTO (see
the Supporting Information for details related to XPS
analyses).

Figure S16 displays the chronoamperometry results at −0.51
VSCE during electrodeposition of x-NiSe/FTO. It was observed
that the current density of x-NiSe/FTO during electro-
deposition, which indicates the rate of electrodeposition, was
nearly constant among each sample, implying a well-controlled
and reproducible electrodeposition condition. The Faradaic

Figure 3. (a) Plot of QED for x-NiSe/FTO with respect to electrodeposition time. (b−e) Electrochemical analyses of x-NiSe/FTO after CP and CV
electrochemical conditioning in Fe-purified 1 M KOH electrolyte. CV curves at a scan rate of 10 mV/s of (b) x-NiSe/FTO-CP and (c) x-NiSe/
FTO-CV. Plots of (d) Qa and (e) Cdl from EIS at 1.68 VRHE and (f) jOER at 1.68 VRHE with regard to electrodeposition time. Measurements were
taken at least three times, and average values are presented with the standard error bar.
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charge that was passed during the electrodeposition of NiSe
(QED) was calculated to quantify the loadings of NiSe on FTO
for different electrodeposition times (100−300 s). When QED
was plotted with respect to electrodeposition time, a linear
trend was observed with an R2 value of 0.997 (Figure 3a). This
result suggests that by manipulating the electrodeposition time,
the loading of NiSe film on FTO can be precisely controlled.

During CP and CV electrochemical conditioning of x-NiSe/
FTO, the redox charge for Ni2+/3+ transition and OER activity
of x-NiSe/FTO increased because NiOxHy, which can act as an
OER active species, was formed via in situ oxidation of NiSe
(Figure S17). The electrochemical conditioning of x-NiSe/
FTO was conducted until the OER activity and redox charge
for Ni2+/3+ were stabilized. Here, x-NiSe/FTO after CP and
CV electrochemical conditioning was denoted as x-NiSe/
FTO-CP and x-NiSe/FTO-CV, respectively. Figure 3b−f
shows the electrochemical analysis results of x-NiSe/FTO-
CP and x-NiSe/FTO-CV in Fe-purified 1 M KOH electrolyte.
Note that in the Fe-purified KOH electrolyte, the effect of
electrochemical conditioning on the degree of in situ oxidation
of NiSe precatalysts can be studied independently of the effect
of Fe incorporation, which is subject to the conditioning
method used.

Figure 3d shows that Qa increased with electrodeposition
time for both x-NiSe/FTO-CP and x-NiSe/FTO-CV. This is
because the amount of in situ formed NiOxHy was higher for
the thicker NiSe layer with the longer electrodeposition time.
However, when comparing the Qa values of x-NiSe/FTO-CP
and x-NiSe/FTO-CV with the same electrodeposition time, it
was found that Qa could have different values depending on the
electrochemical conditioning method. 100-NiSe/FTO-CP and
100-NiSe/FTO-CV had almost identical Qa values, but 200-
NiSe/FTO-CV had a higher Qa value than 200-NiSe/FTO-CP,
implying the possibility that CV can result in a higher degree of
in situ oxidation for thicker NiSe samples compared to CP.
However, 300-NiSe/FTO-CV had a lower Qa value than 300-
NiSe/FTO-CP.

Together with Qa, Cdl is another parameter that can indicate
the degree of in situ oxidation of the NiSe precatalyst, because
as NiSe layers are in situ oxidized, it forms a porous and
electrolyte-permeable structure that can have a larger surface
area exposed to the electrolyte and, thus, a higher Cdl
value.11,33 To obtain the Cdl values, EIS analysis was conducted
at 1.68 VRHE. Figure S18 displays the Bode and Nyquist plots
of the EIS spectra of x-NiSe/FTO-CP and x-NiSe/FTO-CV.
Notably, Figure S18c,f shows that the semicircles of Nyquist
plots at lower frequencies had asymmetrical shapes due to
electron transport resistance through the porous catalyst
layer,33,63−65 which is in line with the formation of the porous
structure of OER precatalyst during electrochemical activation.
It is noted that the contribution of mass transport of OH− to
the asymmetrical shape of the Nyquist plot is negligible (see
the Supporting Information and Figure S19 for a detailed
explanation). EIS data were fitted employing the transmission
line model in Figure S3b and the corresponding equivalent
circuit model in Figure S3c, and the obtained parameters were
summarized in Table S4 (see the Supporting Information for
details related to EIS analysis). Similar to Qa, Cdl also increased
with electrodeposition time for both x-NiSe/FTO-CP and x-
NiSe/FTO-CV (Figure 3e). When comparing the Cdl values of
x-NiSe/FTO-CP and x-NiSe/FTO-CV with the same electro-
deposition time, 100-NiSe/FTO-CP and 100-NiSe/FTO-CV
had almost identical Cdl values. On the other hand, 200- and

300-NiSe/FTO-CV had higher Cdl values than 200- and 300-
NiSe/FTO-CP. This result indicates that 200- and 300-NiSe/
FTO-CV experienced a higher degree of in situ oxidation than
200- and 300-NiSe/FTO-CP, respectively. The trend of Qa
and Cdl with respect to the electrochemical conditioning
method and electrodeposition time were consistent except that
300-NiSe/FTO-CV had a smaller Qa value than 300-NiSe/
FTO-CP, which will be further discussed later.

To better understand the degree of in situ oxidation of x-
NiSe/FTO-CP and x-NiSe/FTO-CV that is deduced from the
above Qa and Cdl results, post-OER material characterizations
for x-NiSe/FTO-CP and x-NiSe/FTO-CV were conducted.
To check whether any NiSe remained within the NiSe
precatalyst layer after electrochemical conditioning, GIXRD
analysis was performed. Figure 4 shows that x-NiSe/FTO-CV

samples do not exhibit any peaks corresponding to NiSe. This
finding indicates that the entire NiSe layer was completely
oxidized during CV electrochemical conditioning and was
transformed into amorphous NiOxHy or a trace amount of
nanocrystalline NiOxHy that is not detected by GIXRD. As for
x-NiSe/FTO-CP, 100-NiSe/FTO-CP did not exhibit any
peaks corresponding to NiSe, while 200-NiSe/FTO-CP
exhibited small peaks corresponding to NiSe and 300-NiSe/
FTO-CP exhibited even more intense peaks. This result
suggests that the relatively thin NiSe precatalyst layer of 100-
NiSe/FTO-CP was completely in situ oxidized, whereas the
thicker NiSe precatalyst layer of 200- and 300-NiSe/FTO-CP
underwent partial in situ oxidation and retained NiSe together
with in situ formed amorphous or a trace amount of
nanocrystalline NiOxHy.

To further probe how in situ oxidation occurs through the
NiSe precatalyst layer, the chemical composition across the
NiSe precatalyst layer after electrochemical conditioning was
investigated by XPS analyses on the surface and in the bulk
employing Ar+ sputtering. Figure S20 indicates that in situ
oxidation occurred throughout the entire NiSe layer for all the
x-NiSe/FTO-CP and x-NiSe/FTO-CV. However, while x-
NiSe/FTO-CV and 100-NiSe/FTO-CP underwent complete
in situ oxidation, 200- and 300-NiSe/FTO-CP underwent

Figure 4. GIXRD spectra of x-NiSe/FTO-CP and x-NiSe/FTO-CV.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c01001
ACS Catal. 2022, 12, 10384−10399

10391

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01001/suppl_file/cs2c01001_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01001?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


partial in situ oxidation, leaving the NiSe and NiOxHy together
within the bulk NiSe layer. Moreover, it was found that 300-
NiSe/FTO-CP with a thicker NiSe layer maintained more
NiSe than 200-NiSe/FTO-CP (see the Supporting Informa-
tion for details related to XPS analyses).

Although the above post-OER GIXRD and XPS analyses
provided insight into how in situ oxidation occurred across the
entire NiSe layer, it is still unclear how each NiSe particle in
the NiSe precatalyst layer was transformed during electro-
chemical conditioning. To further investigate how in situ
oxidation occurs on NiSe particles depending on the
electrochemical conditioning method, 300-NiSe/FTO-CP
and 300-NiSe/FTO-CV obtained from the same 300-NiSe/
FTO and with the most distinct in situ oxidation features
according to GIXRD and XPS analyses were selected for
further study. Also, the partial and complete in situ oxidation of
300-NiSe/FTO-CP and 300-NiSe/FTO-CV were further
confirmed by EDX mapping and spectrum analyses. Figures
S21c,d and S22c,d suggest that a significant amount of Se
remained in 300-NiSe/FTO-CP while almost no Se remained
in 300-NiSe/FTO-CV, which are consistent with GIXRD and
XPS results.

Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns for 300-
NiSe/FTO-CP and 300-NiSe/FTO-CV were measured to
probe the transformation of NiSe particles after electro-
chemical conditioning. The TEM image in Figure 5a indicates

that 300-NiSe/FTO-CP contains amorphous NiOxHy with no
clear lattice fringes. The large chunk-like particles in Figure 5b
are remaining NiSe particles that are not fully oxidized in 300-
NiSe/FTO-CP. Figure 5c shows additional nanoparticle
products with ∼10 nm in size, and their corresponding
SAED patterns in Figure 5d display the four main diffraction
ring patterns matching with the (111), (200), (220), and
(311) planes of cubic NiO,66 which indicates that nanocrystal-
line NiO was also formed for 300-NiSe/FTO-CP. On the

other hand, the TEM images for 300-NiSe/FTO-CV in Figure
5e,f only show the amorphous NiOxHy with no clear lattice
fringes. Large chunk-like particles or nanocrystals are not
observed due to the complete in situ oxidation of 300-NiSe/
FTO-CV. To better identify the large chunk-like particles in
300- NiSe/FTO-CP shown in Figure 5b, bright-field scanning
transmission electron microscopy (STEM) and EDX mapping
analysis were performed. Figure 6a,b presents that the big
chunk particle consists of a dark core and a bright shell. EDX
mapping images in Figure 6c−f further demonstrate that this
core−shell particle consists of a NiSe core and in situ oxidized
NiOxHy shell.

Furthermore, the morphology of NiOxHy in situ formed via
CP and CV electrochemical conditioning of NiSe was
compared using SEM analyses (Figures S21a,b and S22a,b).
Given that the NiSe on the top surface of both 300-NiSe/
FTO-CP and 300-NiSe/FTO-CV were completely oxidized
according to XPS analyses in Figure S20a−c, the top-view
SEM images of each sample were expected to exhibit NiOxHy
with similar morphology. Interestingly, however, it was found
that in situ formed NiOxHy had different morphologies
depending on the electrochemical conditioning method. Figure
S21a,b shows that 300-NiSe/FTO-CP seemed to grow stacks
of NiOxHy platelets on the surface. On the other hand, for 300-
NiSe/FTO-CV, NiSe particles cracked and shattered into
aggregates of NiOxHy after CV electrochemical conditioning
(Figure S22a,b), which is similar to the structural trans-
formation (e.g., cracking and restructuring) of NiOxHy after CV
electrochemical conditioning in the previous study.67

The above post-OER material characterizations (GIXRD,
XPS, SEM, EDX, TEM, SAED, and STEM) indicate that CP
and CV electrochemical conditioning of NiSe precatalyst
results in different material properties including in situ oxidized
layer thickness, chemical composition, crystallinity, and
morphology. Specifically, CV electrochemical conditioning
resulted in complete in situ oxidation of the NiSe layers of x-
NiSe/FTO, forming randomly shattered aggregates of
amorphous NiOxHy regardless of the thickness of NiSe layer.
On the other hand, CP electrochemical conditioning resulted
in complete in situ oxidation for a relatively thin NiSe layer of
100-NiSe/FTO but partial in situ oxidation for the thicker
NiSe layer of 200- and 300-NiSe/FTO. In particular, the
degree of in situ oxidation changed with the depth of the NiSe
layer for 200- and 300-NiSe/FTO-CP: complete oxidation on
the top surface and partial oxidation in the bulk. As a result, it
forms stacked platelets of amorphous NiOxHy, nanocrystalline
NiO, and core−shell particles consisting of a NiSe core
covered by an in situ oxidized shell. It appears that the different
degree of in situ oxidation of x-NiSe/FTO-CP and x-NiSe/
FTO-CV is related to their different electrolyte-permeable
thicknesses, which are determined by the electrochemical
conditioning method. According to the results of the
electrochemical conditioning of Ni foil in Section 2.1, CV
with cathodic potential sweeps is more favorable than CP for
the electrolyte to penetrate to the deeper side of the Ni layer,
creating a thicker hydrous NiOxHy layer. In the same way, CV
electrochemical conditioning likely creates more channels for
the electrolyte to permeate through the entire NiSe layer
compared to CP and thus results in complete in situ oxidation
of the entire NiSe precatalyst layer. Similarly, in terms of
crystallinity and morphology, CV electrochemical condition-
ing, which facilitates rearrangement of oxycation species (i.e.,
NiOxHy) into a disrupted state via repetitive oxidation and

Figure 5. (a−c) TEM images and (d) SAED pattern from (c) of 300-
NiSe/FTO-CP. (e, f) TEM images of 300-NiSe/FTO-CV.
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reduction,39,67 is likely to transform any crystalline and well-
structured NiOxHy to amorphous and randomly shattered
NiOxHy.

The interpretation of the degree of in situ oxidation of x-
NiSe/FTO-CP and x-NiSe/FTO-CV based on electrochemical
analyses (Qa and Cdl) and material characterizations was
consistent except that 300-NiSe/FTO-CV, which experienced
complete in situ oxidation, had a smaller Qa value than 300-
NiSe/FTO-CP, which underwent partial in situ oxidation. This
exception can be explained by a previous study in which the
measured Qa value for a thicker NiOxHy film with electron
transport limitations could be underestimated due to the
irreversible trapping of a portion of redox-active Ni sites in the
oxidized state.41 To summarize, the electrochemical analysis
results (Qa and Cdl) also suggest that CV electrochemical
conditioning results in complete in situ oxidation of thicker
NiSe layers (200- and 300-NiSe/FTO), while CP electro-
chemical conditioning results in their partial in situ oxidation.

Figure 3f shows that the OER activity of x-NiSe/FTO-CP
and x-NiSe/FTO-CV increased as their active surface area
based on Cdl increased with the electrodeposition time. The
100-NiSe/FTO-CP and 100-NiSe/FTO-CV samples exhibited
almost identical OER activity because they both underwent
complete in situ oxidation and, as a result, had nearly identical
active surface areas. On the other hand, 200- and 300-NiSe/
FTO-CP exhibited higher OER activity than 200- and 300-
NiSe/FTO-CP despite their smaller active surface area
compared to 200- and 300-NiSe/FTO-CV. This is because
the metallic NiSe, which could contribute to the superb
intrinsic activity via synergistic electronic effects between NiSe
and the NiOxHy layer and electrical conductivity, remained in
200- and 300-NiSe/FTO-CP as opposed to 200- and 300-
NiSe/FTO-CV without any remaining NiSe. This OER activity
trend offers the insight that complete in situ oxidation of OER
precatalysts via electrochemical conditioning to achieve the
largest active surface area does not necessarily guarantee the
best OER performance.
2.3. Study of CP and CV Characteristics for NiSe

Precatalysts on Ni Foil Substrate. Ni-based substrates (e.g.,
Ni foam and Ni foil) have been widely employed as substrates
for OER precatalysts.28−32 So far, when measuring and

interpreting the OER performance, the contribution of Ni-
based substrates to OER electrocatalysis has rarely been
considered. However, considering that in situ oxidation can
occur throughout the entire OER precatalyst layer during
electrochemical conditioning as discussed in Section 2.2 and
Ni is an OER active material, it is possible that Ni-based
substrates for OER precatalysts are exposed to the electrolyte,
electrochemically conditioned, and involved in the OER.
Furthermore, based on the distinct electrochemical analysis
results (e.g., Qa, Cdl, and jOER) of Ni foil after CP and CV
electrochemical conditioning in Section 2.1, it is hypothesized
that depending on the electrochemical conditioning method,
how Ni-based substrates affect the electrochemical character-
istics and OER activity of precatalysts on Ni-based substrates
may vary. To test these hypotheses, NiSe films were grown on
Ni foil substrate via electrodeposition for 100 s, electrochemi-
cally conditioned employing CP and CV, and denoted as 100-
NiSe/Ni-CP and 100-NiSe/Ni-CV. The electrochemical
analyses of 100-NiSe/Ni-CP and 100-NiSe/Ni-CV were
conducted in both Fe-purified and Fe-unpurified 1 M KOH
electrolytes. The effect of Ni-based substrate on electro-
chemical characteristics and OER activity of 100-NiSe/Ni-CP
and 100-NiSe/Ni-CV was examined by comparing them with
Ni-CP, Ni-CV, 100-NiSe/FTO-CP, and 100-NiSe/FTO-CV.

Figure 7a−d shows the electrochemical analysis results of
100-NiSe/Ni-CP and 100-NiSe/Ni-CV in Fe-purified 1 M
KOH electrolyte, and Figure S23 shows their comparison with
100-NiSe/FTO-CP and 100-NiSe/FTO-CV. The Qa and
cathodic charge (Qc) for the redox reaction of Ni2+/3+ of
100-NiSe/Ni-CV were higher than those of 100-NiSe/Ni-CP
(Figure 7b,c).

Given that 100-NiSe/FTO-CP and 100-NiSe/FTO-CV
experienced complete in situ oxidation of the NiSe layers and
had almost the same Qa value, the difference in Qa and Qc
between 100-NiSe/Ni-CP and 100-NiSe/Ni-CV is related to
the Ni foil substrate, not the oxidized NiSe layer (Figure S23a).
Moreover, considering the higher Qa and Cdl of Ni-CV
compared to Ni-CP (Figure 1b,c,f,g), it is inferred that the Ni
foil substrate of 100-NiSe/Ni-CV that was electrochemically
conditioned via CV created a relatively thick NiOxHy layer
with higher Qa and Qc values, while that of 100-NiSe/Ni-CP

Figure 6. (a, b) Bright-field STEM and (c−f) EDX mapping images of 300-NiSe/FTO-CP.
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that was electrochemically conditioned via CP created a
relatively thin NiOxHy layer with lower Qa and Qc values.
Collectively, these results suggest that the difference in Qa and
Qc values between 100-NiSe/Ni-CP and 100-NiSe/Ni-CV
originated from the difference in Qa and Qc values between the
Ni foil substrates of 100-NiSe/Ni-CP and 100-NiSe/Ni-CV.
Figure 7d presents the OER activity of 100-NiSe/Ni-CP and
100-NiSe/Ni-CV. It is noted that the OER activities of 100-
NiSe/Ni-CP and 100-NiSe/Ni-CV were higher than those of
100-NiSe/FTO-CP and 100-NiSe/FTO-CV (Figure S23b).
This is related to the superb electrical conductivity of Ni foil,
better adhesion of NiSe on the Ni foil substrate compared to
FTO, and better contact between the Ti clip and the thin Ni
foil compared to between the Ti clip and the thick FTO.
Moreover, while 100-NiSe/FTO-CP and 100-NiSe/FTO-CV
had the same OER activity, 100-NiSe/Ni-CV exhibited lower
OER activity than 100-NiSe/Ni-CP. This result implies that
this OER activity difference is associated with the Ni foil
substrate that was electrochemically conditioned differently
rather than the NiSe layer. Given the Qa trend, the lower OER
activity of 100-NiSe/Ni-CV compared to 100-NiSe/Ni-CP is
attributed to a greater electron transport limitation for 100-
NiSe/Ni-CV with a thicker NiOxHy layer from the Ni foil
substrate compared to 100-NiSe/Ni-CP with a thinner
NiOxHy layer from the Ni foil substrate, as in the case of Ni-
CP and Ni-CV in Section 2.1.

Figure 7e−h shows the electrochemical analysis results of
100-NiSe/Ni-CP and 100-NiSe/Ni-CV in Fe-unpurified 1 M
KOH electrolyte. From the CV curves in Figure 7e, the redox
peaks for the Ni2+/3+ transition of 100-NiSe/Ni-CP and 100-
NiSe/Ni-CV were positively shifted compared to those in Fe-
purified KOH electrolyte in Figure 7a, implying successful Fe

incorporation into the NiOxHy layer during electrochemical
conditioning. Similar to the trend of Qa and Qc in Fe-purified
electrolyte, the Qa and Qc of 100-NiSe/Ni-CV were higher
than those of 100-NiSe/Ni-CP (Figure 7f,g). It is noted that
Qa and Qc values in the Fe-unpurified electrolyte were smaller
than those in the Fe-purified electrolyte due to the suppression
of the Ni2+/3+ redox reaction in the presence of Fe in
NiOxHy.

33,57,58 Figure 7h shows that the OER activity of 100-
NiSe/Ni-CV was higher than that of 100-NiSe/Ni-CP, which
is reverse to their OER activities in the Fe-purified electrolyte
in Figure 7d. Since this reverse OER activity trend in the Fe-
unpurified electrolyte is associated with the incorporation of Fe
impurities from the KOH electrolyte into the NiOxHy layer, Fe
composition and its effect on OER activity of 100-NiSe/Ni-CP
and 100-NiSe/Ni-CV were investigated.

From the CV curves in Figure 7e, the redox peaks for 100-
NiSe/Ni-CV were more positively shifted than those for 100-
NiSe/Ni-CP, implying a higher degree of Fe incorporation into
100-NiSe/Ni-CV compared to 100-NiSe/Ni-CP. The differ-
ence in Fe incorporation was further confirmed by XPS
analysis of NiOxHy layers derived from NiSe precatalyst layers.
The Fe compositions of 100-NiSe/Ni-CP and 100-NiSe/Ni-
CV were 11.6 and 16.4%, respectively (Table S5), both of
which, however, are in the optimal Fe composition range of
10−25% to show the best OER performance.13,14 To
comprehend the influence of intrinsic activity and transport
limitation on the OER activity, the Tafel slope was investigated
(Figure S24). The Tafel slopes of 100-NiSe/Ni-CV (77.4 mV
and 121 mV dec−1) were higher than those of 100-NiSe/Ni-
CP (57.9 and 110 mV dec−1), indicating that 100-NiSe/Ni-CV
had lower OER kinetics as a result of its intrinsic activity and
transport limitation. Thus, it is understood that the larger

Figure 7. Electrochemical analyses of 100-NiSe/Ni-CP and 100-NiSe/Ni-CV in (a−d) Fe-purified and (e−h) Fe-unpurified 1 M KOH electrolytes.
(a) CV curves at a scan rate of 10 mV/s, (b) Qa, (c) Cdl from EIS at 1.68 VRHE, and (d) jOER at 1.68 VRHE. (e) CV curves at a scan rate of 10 mV/s,
(f) Qa, (g) Cdl from EIS at 1.68 VRHE, and (h) jOER at 1.68 VRHE. Measurements were taken at least three times, and average values are presented
with the standard error bar.
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active surface area of 100-NiSe/Ni-CV, which originates from
Fe-doped NiOxHy layer created from a Ni foil substrate, results
in its higher OER activity despite its lower kinetics compared
to 100-NiSe/Ni-CP. Collectively, it is concluded not only that
the Ni substrate of 100-NiSe/Ni can be in situ oxidized during
electrochemical conditioning but also that the in situ oxidized
Ni substrate can affect the electrochemical characteristics (e.g.,
active surface area, electron transport, etc.) and OER activity
differently depending on the electrochemical conditioning
method; for example, the involvement of Ni-based substrates
in OER would be smaller for CP electrochemical conditioning
than for CV electrochemical conditioning.

Additionally, regarding the degree of Fe incorporation, it is
worth noting that in the Fe-unpurified electrolyte, the Fe
compositions in 100-NiSe/Ni-CP and 100-NiSe/Ni-CV were
higher than those in Ni-CP and Ni-CV. This different degree
of Fe incorporation after identical electrochemical condition-
ing is likely associated with their different NiOxHy material
properties. The NiOxHy layer derived from the NiSe
precatalyst layer can have porous morphology with more
defect/edge sites that are favorable for Fe incorporation in
comparison with the NiOxHy layer derived from a Ni foil
substrate.3,57,59−62 Also, it was observed that the Fe
composition of 100-NiSe/Ni-CV was higher than that of

100-NiSe/Ni-CP as the Fe composition of Ni-CV was higher
than that of Ni-CP. This finding again confirms that CV with
both anodic and cathodic potential sweeps is more favorable
for Fe incorporation than CP with only anodic potential
applied. Collectively, these results suggest that both NiOxHy
material properties and the electrochemical conditioning
method can play a key role in determining the degree of Fe
incorporation into the NiOxHy layer.

3. CONCLUSIONS
In this study, we investigated the effects of CP and CV
electrochemical conditioning on Ni-based OER electro-
catalysts by changing the composition (e.g., Ni and NiSe)
and thickness of the electrocatalysts, the type of substrate (e.g.,
FTO and Ni foil), and the electrolyte (e.g., Fe-purified and Fe-
unpurified KOH). Thorough electrochemical analyses and
material characterizations revealed that the degree of in situ
oxidation and Fe incorporation of OER electrocatalysts can
change depending on the electrochemical conditioning
method, thereby resulting in different material properties
(e.g., in situ oxidized layer thickness, chemical composition,
crystallinity, and morphology), which is illustrated in Scheme
1, and electrochemical parameters (e.g., Qa, Qc, and Cdl) and
characteristics (e.g., active surface area, electron transport

Scheme 1. Schematic Illustration of Ni Foil, NiSe/FTO, and NiSe/Ni Foil before and after CP and CV Electrochemical
Conditioning that Shows the Different Degrees of In Situ Oxidation Depending on the Electrochemical Conditioning Method

Table 1. A Summary and Comparison of Characteristics of CP and CV Electrochemical Conditioning Methods

method
in situ

oxidation
Fe

incorporation characteristics

CP medium medium 1. Partial in situ oxidation can occur for thick OER precatalysts due to the thin electrolyte-permeable thickness.
2. Transition metal compound cores and oxidized shells, which can have a synergistic electronic effect and good electrical

conductivity, can be maintained.
3. Ni-based substrates do not significantly affect the OER characteristics.
4. Fe incorporation mainly occurs near the surface of NiOxHy layer.

CV high high 1. Complete in situ oxidation can occur for thick OER precatalysts due to the thick electrolyte-permeable thickness.
2. Large active surface area can be achieved.
3. Synergistic electronic effect and good electrical conductivity from transition metal compound precatalysts can be lost.
4. Ni-based substrates can be involved in OER characteristics.
5. Fe incorporation can occur in the deeper side of the NiOxHy layer.
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limitation, and intrinsic activity). This difference can not only
influence the overall OER activity but also complicate its
interpretation and comparison between samples. Depending
on the intent of a study, whether it may be to achieve high
performance or to make a fair activity comparison among
various electrocatalysts, it is recommended to choose the
proper electrochemical conditioning method for electro-
chemical activation or long-term stability tests by considering
the distinct effects of electrochemical conditioning methods
summarized in Table 1.

4. EXPERIMENTAL SECTION
4.1. Materials and Chemicals. Ni foil with a thickness of

0.25 mm and a purity of 99.5% (Alfa Aesar), FTO glass (TEC
7, Sigma-Aldrich), and potassium hydroxide (90% flakes,
Sigma-Aldrich) were used. Ethanol (99.5%, PHARMCO),
deionized (DI) water (> 18 MΩ cm resistivity), selenium(IV)
oxide (99.999%, Acros Organics), nickel chloride (98%, Acros
Organics), lithium chloride (anhydrous, Acros Organics),
nickel nitrate hexahydrate (99%, Acros Organics), and
hydrochloric acid (Fisher Scientific) were used without further
purification.
4.2. Electrodeposition of NiSe Film on FTO Glass and

Ni Foil Substrates. FTO glass was ultrasonically cleaned
using ethanol and DI water for 10 min each and dried with
compressed air. The surface of the FTO glass was masked
using a 3M 470 electroplating tape, and a geometric area of
∼0.5 cm2 of FTO was left exposed. Ni foil was ultrasonically
cleaned using ethanol and DI water for 10 min each.
Additionally, right before electrodeposition, Ni foil was
sonicated in 1 M HCl for 10 min to remove surface nickel
oxide formed due to air exposure and rinsing with DI water.
The backside of the Ni foil was masked using a 3M 470
electroplating tape before electrodeposition to prevent the
deposition of nickel selenide onto the backside of the Ni foil. A
solution for electrodeposition was prepared by dissolving 65
mM NiCl2, 10 mM SeO2, and 100 mM LiCl in DI water and
stirring the solution for 6 h at 25 °C. For electrodeposition, a
saturated calomel electrode (SCE) and a graphite electrode
were used as the reference and counter electrodes, respectively.
Linear sweep voltammetry (LSV) and chronoamperometry
(CA) techniques with 85% of iR drop compensation were used
for the electrodeposition of NiSe film on FTO glass and Ni foil
substrates. The electrodeposition condition was optimized to
grow a uniform and single-phase NiSe film (see the Supporting
Information for details related to the optimization of
electrodeposition conditions). First, one LSV from 0 to
−0.75 V (vs SCE, VSCE) was conducted without stirring as
pretreatment, and then CA was carried out at −0.51 VSCE with
stirring. The thickness of the NiSe film was controlled by
changing the electrodeposition time (100, 200, and 300 s).
After electrodeposition, NiSe films on substrates were carefully
rinsed with DI water, dried with compressed air, and stored
under ambient conditions. The backsides of the as-prepared
NiSe/Ni samples were masked using polydimethylsiloxane
(PDMS) before electrochemical analyses to prevent the
exposure of pure Ni foil to the electrolyte.
4.3. Physicochemical Characterizations. Top-view SEM

images and EDX analysis results were obtained using FEI
Quanta 650 ESEM at an accelerating voltage of 10 kV and
under a vacuum of approximately 5 × 10−6 Torr. The crystal
structure of Ni-CP, Ni-CV, and NiSe/FTO samples before and
after OER electrochemical conditioning was characterized by

grazing incidence X-ray diffraction (GIXRD, Ultima IV
Diffractometer, Rigaku) equipped with Cu Kα radiation (λ =
1.54186 Å) using 40 kV of generator voltage and 44 mA. For
the GIXRD analyses, thin-film configuration and incident angle
of 0.3° were used. Raman spectra of Ni-CP and Ni-CV were
collected using a Horiba LabRAM HR Evolution instrument
using a ×100 microscope objective and a laser with a 633 nm
wavelength. Surface and bulk chemical compositions and
functionalities of NiSe/FTO samples before and after OER
electrochemical conditioning were characterized by XPS (Axis
Ultra DLD spectrometer, Kratos) using monochromatic Al Kα
radiation (1486.6 eV) with a spot size of 400 μm and an Ar+

sputter. Also, XPS analysis using Mg Kα radiation (1253.6 eV)
was performed for Ni foil and NiSe/Ni samples after OER
electrochemical conditioning in the Fe-unpurified KOH
electrolyte to detect the relatively low concentration of Fe in
NiOxHy by avoiding the overlapping of Ni LMM Auger
features with the Fe 2p peaks from the Al radiation source. All
binding energies were adjusted to the adventitious carbon C 1s
signal at 284.8 eV. The TEM images and SAED patterns were
obtained using JEOL 2010F with a voltage of 200 kV and a
camera length of 40 cm. STEM images and the corresponding
elemental mapping images were obtained by using a Hitachi
S5500 SEM that operates in the STEM mode with an
accelerating voltage of 30 kV as well as with a Bruker XFlash
EDX detector attachment at 5 kV. The Fe concentrations in 1
M Fe-purified and Fe-unpurified KOH electrolytes were
analyzed through solution-mode ICP-MS using an Agilent
7500ce equipped with a collision reaction cell (He and H2
modes).
4.4. Electrochemical Measurements. Electrochemical

analyses were carried out in Fe-purified or Fe-unpurified 1 M
KOH electrolyte depending on the samples. An aqueous
solution of 1 M KOH was prepared by dissolving KOH solid
salts in ultrapure DI water. For the preparation of the Fe-
purified 1 M KOH electrolyte, 1 M KOH solution was purified
according to the previous method using the absorption of Fe
by Ni(OH)2.11 A polypropylene container was washed with 0.5
M H2SO4 and DI water to remove any remaining impurities
and then employed as an electrochemical reactor to avoid any
possible contamination (e.g., glass-etching in alkaline media). A
Teflon-coated titanium (Ti) clip was used as a working
electrode to connect the sample to a potentiostat. Electro-
chemical analyses were conducted using a CHI660D electro-
chemical workstation (CH Instrument, USA) with a three-
electrode configuration. A graphite rod and Hg/HgO in 1 M
KOH served as counter and reference electrodes, respectively.
The potential applied to the Hg/HgO reference electrode
(EHg/HgO) was converted into the reversible hydrogen
electrode (RHE) scale via the Nernst equation [ERHE =
EHg/HgO + 0.059 × pH + E°Hg/HgO], where E°Hg/HgO in 1 M
KOH at 25 °C is 0.098 V. The 85% iR drop from
uncompensated resistance (Ru) was compensated during CV
for OER measurements. However, during the electrochemical
conditioning using CP and CV, the iR drop was not
compensated. CP and CV electrochemical conditioning were
conducted until there was no significant change (i.e.,
stabilization) in OER activity or redox charge for Ni2+/3+ in
the subsequent CV measurements. The CV analyses for Ni foil
were conducted at a scan rate of 20 mV/s in the potential
range of 1.10−1.63 VRHE, while the CV analyses for NiSe/FTO
and NiSe/Ni samples were performed at a scan rate of 10 mV/
s in the potential range of 1.10−1.68 VRHE. EIS was measured
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in the frequency range from 5 ×10−2 to 106 Hz with 10 mV of
amplitude at 1.63 VRHE for Ni foil and 1.68 VRHE for NiSe/
FTO and NiSe/Ni samples. All electrochemical analyses and
conditioning were conducted with the stirring of the magnetic
bar.
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