
Anodized Nickel Foam for Oxygen Evolution
Reaction in Fe-Free and Unpurified Alkaline
Electrolytes at High Current Densities
Yoon Jun Son, Kenta Kawashima, Bryan R. Wygant, Chon Hei Lam, James N. Burrow, Hugo Celio,
Andrei Dolocan, John G. Ekerdt, and C. Buddie Mullins*

Cite This: ACS Nano 2021, 15, 3468−3480 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: To achieve practically high electrocatalytic
performance for the oxygen evolution reaction (OER), the
active surface area should be maximized without severely
compromising electron and mass transport throughout the
catalyst electrode. Though the importance of electron and mass
transport has been studied using low surface area catalysts
under low current densities (∼tens of mA/cm2), the transport
properties of large surface area catalysts under high operating
current densities (∼500 mA/cm2) for practical OER catalysis
have rarely been explored. Herein, three-dimensional (3D)
hierarchically porous anodized nickel foams (ANFs) with large
and variable surface areas were synthesized via electrochemical
anodization of 3D nickel foam and applied as OER electro-
catalysts in Fe-free and unpurified KOH electrolytes. Using Fe-free and in situ Fe-doped ANF that were prepared in Fe-free
and unpurified electrolytes, respectively, we investigated the interdependent effects of active surface area and transport
properties on OER activity under practically high current densities. While activity increased linearly with active surface area
for Fe-free ANF, the activity of Fe-doped ANF showed a nonlinear increase with active surface area due to lower
electrocatalytic activity enhancement. Detailed investigations on the possible factors (Fe incorporation, mass transport, and
electron transport) identified that electron transport limitations played the major role in restricting the activity enhancement
with increasing active surface area for Fe-doped ANF, although Fe-doped ANF has electron transport properties better than
those of Fe-free ANF. This study exemplifies the growing significance of electron transport properties in large surface area
catalysts, especially those with superb intrinsic catalytic activity and high operating current density.
KEYWORDS: oxygen evolution reaction, electrocatalyst, water splitting, anodized nickel foam, electron and mass transport,
Fe-free electrolyte, unpurified electrolyte

Electrochemical water splitting, consisting of the
cathodic hydrogen evolution reaction (HER) and
anodic oxygen evolution reaction (OER), is a

promising energy technology for clean hydrogen production.
Whereas the HER involves the transfer of only two electrons,
the four-electron transfer mechanism of the OER is more
complicated and kinetically sluggish.1 Thus, the development
of highly active OER electrocatalysts is essential for efficient
electrochemical water splitting. Although noble-metal-based
oxides (e.g., IrO2 and RuO2) show high OER activity in acidic
environments, the high cost and scarcity of these catalysts
hinder their large-scale applications.2,3 In this regard, great
attention has been directed to the OER in alkaline media
where nonprecious transition metal (e.g., Ni, Co, and Fe)-
based electrocatalysts remain highly active and stable.4,5

Several types of alkaline OER catalysts have been studied,
such as monometallic or bimetallic oxides and (oxy)-
hydroxides,6,7 transition metal compounds (e.g., carbides,
pnictides, and chalcogenides),8,9 etc. Among these, NiFe-
based catalysts have shown the best OER activity in alkaline
media.10−13 It has been reported that the presence of both Fe
and Ni is the key to superb OER activity of NiFe-based OER
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catalysts and that Fe sites in Ni1−xFexOOH act as active sites
for the OER.14−16 The optimal composition of NiFe-based
catalysts varies depending on the synthetic method but lies
generally in the range of 10−25% Fe.14,17 Corrigan found that
unintentionally introduced Fe impurities in KOH electrolyte
(ppm scale) would significantly enhance the OER activity of
NiOOH.18 Trotochaud et al. also confirmed that Fe impurities
in many commercial KOH electrolytes are incorporated into
Ni(OH)2 spontaneously during cyclic voltammetry (CV)
cycling and showed the formation of NiFeOOH throughout
the electrolyte-permeable structure of Ni(OH)2.

19 Friebel et al.
found that Fe can be absorbed through the Ni(OH)2 film up to
a solubility limit of ∼25% Fe.14 All of these previous studies
indicate that NiFe-based catalysts with satisfactory Fe
composition can be easily prepared by in situ Fe incorporation
during OER cycling of Ni-based materials in unpurified KOH
electrolytes.
To achieve high OER current densities for industrial

applications with minimized overpotential, increasing the
number of active sites via high catalyst loadings is unavoidable
even for electrocatalysts with high intrinsic catalytic activity.
However, when increasing catalyst loadings, activity enhance-
ment is hindered by both mass (reactant and product) and
electron transport limitations and by low active site utilization
upon increasing the catalyst layer thickness. This leads to an
initial nonlinear increase in activity with increased loading,
which eventually plateau’s or even decreases at a critical value
of loading due to these transport constraints.20,21

In this regard, several recent studies have examined the
influence of electron and mass transport limitations for the
HER and OER and suggested strategies for addressing the
transport limitations through the addition of conductive
carbonaceous supports or the engineering of the catalyst
electrode morphology at the micro/nanometer scale. Chung et
al. used molybdenum sulfide with carbon additives to examine
the influence of electrical conductivity on the HER activity of
the catalyst.22 Bediako et al. investigated the effect of proton-
coupled electron transport on the OER activity using cobalt-
based oxide catalysts.23 Batchellor et al. showed the importance
of good connectivity in micro/nanostructured Ni−Fe (oxy)-
hydroxide catalyst films for improving electrical conductivity.24

Morales-Guio et al. studied the resistance of electron and ion
transport as a function of loading of CoFeOx catalyst for the
OER.21 However, all of these insightful studies of transport
properties were conducted using relatively low surface area
catalyst films on two-dimensional (2D) substrates that operate
at low current densities (∼tens of mA/cm2). Given that large
surface area catalyst electrodes that can deliver high current
densities (>500 mA/cm2) are employed for the practical OER
catalysis required for commercial electrolyzers,25−27 it is
imperative to investigate the influence of transport limitations
on OER activity using large surface area catalysts and
practically high operating current densities, as well as to
determine an effective strategy for addressing the transport
limitations.
Herein, we present the morphological engineering of three-

dimensional (3D) nickel foam (NF) via electrochemical
anodization as a strategy for increasing the number of active
sites while minimizing detrimental electron and mass transport
limitations. The anodized NF (ANF) had a hierarchically
porous structure consisting of micrometer- and nanometer-
sized pores and was directly applied as an OER electrocatalyst
in Fe-free and unpurified (Fe-containing) 1 M KOH

electrolytes. Using the prepared ANF catalysts, we conducted
a systematic analysis to reveal how morphological engineering
and the resulting transport properties affect the OER activity.
Our study based on ANF in two different electrolytes has
advantages for understanding the effects of transport properties
for practical OER catalysts for the following reasons. First,
ANF can achieve a large surface area with a relatively small
thickness compared to a 2D film due to its 3D hierarchically
porous structure. Also, the surface area of ANF can be easily
controlled by changing anodization time while maintaining the
morphology. These characteristics of ANF deconvolute the
complex relations of active surface area and transport
properties, thereby enabling us to observe the effects of
transport properties on OER activity as a function of surface
area under high current densities, while minimizing other
complicating factors, such as severe oxygen bubble issues28−31

and low utilization of catalytic active sites by high catalyst
loadings (also known as overgrowth).20 Second, previous
studies of transport limitations have been carried out using the
same composition of the catalyst with different loadings.22,24,32

However, in our study, using the same ANF samples, two
different compositions of catalysts, Fe-free and Fe-doped
ANFs, were prepared in situ in Fe-free and unpurified 1 M
KOH electrolytes, respectively, via OER precycling. Using
these catalysts, we elucidated the actual contribution of the
transport properties to the OER activity for two different
compositions of catalysts that have different intrinsic catalytic
activity and electron transport properties.

RESULTS AND DISCUSSION
Optimization of Anodization Condition on 3D Nickel

Foam. Electrochemical anodization is a very simple and
attractive technique to form self-organized nanoporous oxide
structures using various metal substrates including Al,33 Ti,34

and others. During anodization in an electrolyte solution
containing ethylene glycol, water, and NH4F, oxide formation
(via oxidation of the target metal with water under positive
bias) and dissolution of the formed metal oxide (via formation
of MFx complexes by the F− ion of NH4F), which is
accelerated under an electric field (e-field), occur at the
same time; balancing the rate of these two reactions is the key
to successful nanostructuring.35−37 In this work, we aimed to
grow a thick and nanoporous structure of nickel oxide
uniformly on the 3D NF substrate via anodization, thereby
creating a 3D hierarchical porous structure consisting of
micrometer-scale pores among the branches of 3D NF and
nanometer-scale pores on each NF branch. However, unlike
common metal substrates, there are additional challenges for
the anodization of 3D NF. First, as Ni is active toward water
oxidation, water oxidation occurs under positive bias during
anodization, and the oxygen bubbles produced from Ni hinder
the formation of an ordered porous structure on the Ni
substrate.36 Second, as opposed to the 2D flat substrates
commonly employed for anodization (e.g., foil, film, etc.),38 3D
substrates can generate uneven e-fields during anodization due
to the varying distance between the counter electrode and the
surface of the 3D working electrode, potentially leading to
nonhomogeneous anodization on the 3D substrate. As a result,
it is critical to balance the rate of oxide formation and
dissolution while minimizing the OER and e-field hetero-
geneity in order to grow nanostructures on 3D NF substrates
uniformly. To do so, we controlled the water content and F−

concentration of the electrolyte, as well as the average strength
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of the applied e-field, which is proportional to the applied
voltage and inversely proportional to the distance between the
working and counter electrode.
Figure 1a−d shows the top-view scanning electron

microscopy (SEM) images of ANF prepared using a previously
reported anodization condition for a 2D nickel foil.39 After
anodization, the nanoporous structures with pores on the order
of tens of nanometers were successfully formed on the NF
branches (Figure 1c). However, we also observed that black
spots were created along with the formation of nanoporous
structures during anodization and that the proportion of black
spots increased with increasing anodization time from 0.5 to 2
h (Figure 1a,b). From the magnified image of the black spots
in Figure 1d, cracks were apparent on the black spots. This
nonuniform generation of black spots can be related to a
nonuniform e-field on the NF substrate during anodization,
due to its nonflat 3D structure. By comparing ANF samples
prepared by applying a lower e-field (Figure 1g) versus a higher
e-field (Figure 1a,b), we found that lower e-fields created fewer
black spots on the NF, implying less localization of the electric
field for lower applied e-fields. To better understand the
identity of the black spots, ANF samples that were synthesized
using different concentrations of NH4F in the electrolyte were
also compared. Figure 1e−h shows that the surface density of
black spots on the NF branches changed in proportion to

NH4F concentration. Considering that a higher concentration
of F− can accelerate the rate of oxide dissolution, especially on
the areas under a stronger e-field, where the mass transfer of
the F− ion is facilitated,36 this result implies that nonuniform
generation of these black spots resulted from the fast kinetics
of oxide dissolution at the points under stronger local e-fields.
Though black spots have nearly the same chemical
composition as nonblack spots according to energy-dispersive
X-ray (EDX) spectroscopy point analyses (Figure S1), the
nonuniform generation of black spots can be disadvantageous
due to the following reasons: (1) poor anodization of the NF
overall because of selective anodization on spots under a
stronger e-field and thereby less anondization on spots under a
weaker e-field, which can lead to the failure to grow a thick
porous structure under a weaker e-field, and (2) accelerated
oxide dissolution on higher e-field spots that can cause an
imbalance between the rate of oxide formation and the rate of
oxide dissolution, resulting in the collapse of the porous
structure as shown in Figure 1d.
To form nanoporous structures uniformly on the 3D NF

substrate, we used an electrolyte with 50 mM NH4F for
anodization. ANF made using 50 mM NH4F not only had
fewer black spots compared to ones using higher concen-
trations of NH4F but also formed a clear nanoporous structure
compared to ANF prepared using 25 mM NH4F. To further

Figure 1. SEM images of ANF under different anodization conditions (NH4F concentration/H2O content/applied voltage/distance between
electrodes/anodization time): (a−d) 75 mM/2 vol %/40 V/1.8 cm/x h: (a) 0.5 h, (b) 2 h, (c,d) 2h (the surface of NF branch at high
magnification); (e,f) x mM/2 vol %/30 V/2.5 cm/0.5 h: (e) 25 mM, (f) 50 mM, (g) 75 mM, (h) 150 mM; (i−l) 50 mM/x vol %/20−30 V/
2.5 cm/0.5 h: (i) 2 vol %/20 V, (j) 3 vol %/30 V, (k) 4 vol %/30 V, (l) 4 vol %/30 V (overview at low magnification).
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suppress the formation of black spots for ANF using 50 mM
NH4F, the e-field was reduced by decreasing the applied
voltage from 30 to 20 V. As shown in Figure 1i, however, even
though black spot formation could be reduced, the growth of a
clear nanoporous structure was suppressed, probably due to
the weak e-field. Thus, instead of lowering the e-field, the water
content in the electrolyte was adjusted from 2 to 4 vol % to
increase the oxide formation rate and thereby balance the
oxide formation and dissolution rate (Figure 1j,k). Con-
sequently, for ANF using 4 vol % of water content, the density
of black spots could be reduced successfully while creating and
maintaining a nanostructure well (Figure 1k,l). Thus, in the
following experiments, we employed the optimized anodization
condition (50 mM NH4F/4 vol % water/applied voltage: 30
V/distance between electrodes: 2.5 cm).
Characterization of Anodized Nickel Foam. Figure 2a

presents the schematic illustration for the overall procedures of
this study. First, hierarchical porous ANF samples with
different anodization times (xh_ANF, where xh indicates 1,
3, 5, and 7 h of anodization time) were prepared using the
optimized anodization condition. Here, anodization time was
controlled to change the thickness of the porous oxide layer
and the resulting surface area of the electrode while
maintaining the morphology.36,39 Then, the prepared
xh_ANF samples were directly applied as OER electrocatalysts
in two different electrolytes, Fe-free and unpurified (Fe-
containing) 1 M KOH. Figure S2 presents digital photographs
of as-prepared xh_ANF samples. Figure 2b−e shows top-view
SEM images of bare NF and as-prepared xh_ANF samples.
Whereas bare NF has a smooth surface, xh_ANF samples have
a nanoporous structure with a similar nanoporosity of 0.234 to
0.263 and a mean pore size of 21.4 to 29.4 nm (Figure S3). On
the other hand, as shown in Figure S4, even though 7h_ANF

has a rough surface compared to bare NF, it was difficult to
observe the nanoporous structure on the surface.
The chemical composition and state of as-prepared xh_ANF

were analyzed by X-ray photoelectron spectroscopy (XPS)
(Figure S5a−d). For bare NF, Ni 2p3/2 showed a metallic Ni
peak at a binding energy (BE) of 852.8 eV,40 as well as
multiplet-split peaks from the Ni oxide layer, which forms on
the surface of bare NF under ambient conditions, at 853.9 eV
from NiO and 855.8 eV from NiOx(OH)y, whose BE is
between those of Ni(OH)2 and NiOOH.41−44 This matches
with the O 1s signal of bare NF showing two peaks at BEs of
529.7 and 531.1 eV, which are indicative of the Ni−O bond of
NiO and Ni(OH)2 from defective nickel oxide with hydroxyl
groups absorbed on the surface, respectively.45 For all xh_ANF
samples, an F 1s signal was detected together with Ni and O
due to the presence of NH4F in the anodization electrolyte,
and their Ni 2p, O 1s, and F 1s spectra had the same shape and
BE, implying their identical chemical composition. The F 1s
spectra displayed a peak at 684 eV, which belongs to the Ni−F
bond.46,47 Also, xh_ANF had a Ni 2p3/2 peak at 856.4 eV,
which is between the 855.8 eV peak of NiOx(OH)y and the
∼857.6 eV peak of NiF2.

48−50 This positive BE shift for Ni
2p3/2 from ANF of 0.6 eV compared to NiOx(OH)y can be
explained by additional electron density donation from Ni to F,
which has an electronegativity higher than that of O. The O 1s
spectra for xh_ANF showed a peak at 531.1 eV, which is
assignable to NiOx(OH)y.

45 Based on these XPS results, it was
found that F-doped NiOx(OH)y was synthesized by anodiza-
tion of NF. Additionally, the absence of Fe impurities in as-
prepared xh_ANF was confirmed from the Fe 3p region. X-ray
diffraction (XRD) analysis was performed to characterize the
crystal structure of the as-prepared xh_ANF (Figure S6).
However, like bare NF, all the xh_ANF exhibited only metallic

Figure 2. (a) Schematic illustration of preparation of ANF with different anodization time and its application to OER in Fe-free and
unpurified 1 M KOH. (b−e) Top-view SEM images of bare NF and as-prepared 1h, 3h, and 5h_ANF. (f) Cross-sectional SEM and EDX
mapping images of Ni, O, and F of as-prepared 5h_ANF after Ar-ion milling (orange dash lines indicate the NF branch).
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Ni peaks at 2θ degrees of 44.8 and 52.2. This signifies that
porous F-doped NiOx(OH)y has an amorphous structure and
that bulk Ni metal from the NF remains underneath the
porous F-doped NiOx(OH)y layer. The transmission electron
microscopy (TEM) images for the anodized layer scraped off
from the as-prepared 3h_ANF sample by ultrasonication in
ethanol also revealed no lattice fringes, and its selected area
electron diffraction (SAED) pattern displayed diffuse rings,
which indicate its amorphous feature (Figure S7). Figure 2f
displays the cross-sectional SEM image of the branch of
5h_ANF, which was prepared by Ar-ion milling and its EDX
mapping images. By comparing the Ni signal with the O and F
signals, it was found that the porous F-doped NiOx(OH)y layer
was grown up to ∼3.2 μm out of the total thickness of the Ni
branch of ∼6.2 μm, indicating a F-doped NiOx(OH)y/Ni
structure for the as-prepared ANF, which is consistent with the
results from XPS and XRD. Furthermore, it was observed that
the thickness of the porous F-doped NiOx(OH)y layer
increased with anodization time (Figure S8).
Electrochemical Analyses in Fe-Free 1 M KOH

Electrolyte. The electrochemical characteristics and OER
activity of xh_ANF were first investigated by CV in Fe-free 1
M KOH aqueous electrolyte using a three-electrode system:
xh_ANF as the working electrode, Hg/HgO as the reference
electrode, and Pt foil as the counter electrode. Before the

measurement of OER activity, precycling using CV was
performed for xh_ANF in the potential range of 1.1 to 1.73
V versus the reversible hydrogen electrode (VRHE) until its CV
curve reached a steady state. Also, 85% iR correction was
performed for all of the CV analyses. From the CV curves in
Figure 3a, the oxidative redox peak occurring around 1.37 VRHE
is attributed to the transition of Ni(OH)2 (Ni

2+) to NiOOH
(Ni3+), whereas a small oxidative peak at 1.53 VRHE is assigned
to the formation of Ni4+ oxidation state, which is a feature
observed in Fe-free NiOx(OH)y (Figure S9).

19 Also, the OER
activity and redox charge passed for the Ni2+ to Ni3+ transition
of xh_ANF increased gradually with anodization time, and
5h_ANF showed the highest OER current density (jOER) of
321.8 mA/cm2 at 1.73 VRHE. However, further anodization
after 5 h instead led to the decrease of jOER and a redox charge
for the Ni2+ to Ni3+ transition for 7h_ANF (Figure S10a).
Additionally, Figure S11 shows that CV results using a graphite
counter electrode were consistent with those carried out with
the Pt foil counter electrode, ensuring that there was no issue
of using the Pt counter electrode for OER testing.
To investigate the factors underpinning the above OER

activity trend, electrochemical impedance spectroscopy (EIS)
analysis was conducted at 1.63 VRHE. Figure S12a displays the
Nyquist plots of the EIS spectra for xh_ANF consisting of two
semicircles. The first semicircle at higher frequencies originates

Figure 3. Electrochemical analyses of xh_ANF in Fe-free 1 M KOH electrolyte. (a) CV curves. (b) Electrochemical parameters obtained from
EIS fitting at 1.63 VRHE. (c) Plot of jOER at 1.73 VRHE with regard to Cdl. (d) Correlation between Cdl, jOER, and jOER,specific and anodization
time.
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from the contact impedance between the xh_ANF and the
titanium clip and is about the same size for all of the xh_ANF
samples.32,51 The second semicircle at lower frequencies is
related to the activity of the electrocatalyst and is usually
regarded as charge transfer resistance (Rct) at the interface
between the electrocatalyst and electrolyte. However, it is
notable that the shape of the second semicircle of xh_ANF
gradually becomes asymmetrical in proportion to the
anodization time, while that of bare NF has a perfectly
symmetrical shape, as shown in Figure S12b−e. This
asymmetrical feature is associated with the electron transport
resistance (Ret) through the catalyst layer.32,52,53 To decouple
the effects of electron transport property (or Ret) and catalytic
activity (or Rct) in the second semicircle, the transmission line
model in Figure S13a and the corresponding equivalent circuit
in Figure S13b, which were previously applied to model the
porous electrodes, were adapted for EIS fitting of 1h, 3h, and
5h_ANF (see Supporting Information for details related to EIS
analysis).21,32,51−55 For EIS fitting of bare NF, the simple
equivalent circuit in Figure S13c was employed.
Figure 3b and Table S1 present the electrochemical

parameters obtained from EIS fitting. The double layer
capacitance (Cdl) of xh_ANF calculated from EIS, which can
be used to deduce the electrochemically active surface area of
the electrocatalyst, increased with anodization time from 4.6
mF/cm2 for bare NF to 105.6 mF/cm2 for 5h_ANF. This can
be explained by the increase of thickness of the porous oxide
layer with increasing anodization time, implying successful

anodization.36,39 Also, in Figure S14, the value of Cdl for
xh_ANF determined through CV in the nonfaradaic potential
region also showed a similar increasing trend with anodization
time, but was 3 orders of magnitude lower than those from EIS
analysis and showed too small a difference in Cdl values among
xh_ANF to be accurate. Considering that the Cdl from EIS was
obtained under positive potential when the conductive
NiOOH phase is formed, whereas Cdl from CV was obtained
when xh_ANF remains nonconductive,24 we decided to use Cdl
from EIS as a reliable indicator for the electrochemical active
surface area of the electrocatalyst in this study. The Rct value
decreased with anodization time as the active surface area (or
Cdl) increased, corresponding to the jOER trend obtained from
CV. On the contrary, the Ret value increased with anodization
time probably due to the growing thickness of the porous oxide
layer which electrons must pass through to reach the active
sites at the surface to take part in the reaction. Additionally, it
was observed that the Cdl value and OER activity of 7h_ANF
decreased compared to 5h_ANF, as shown in Figure S10b−d.
The electrochemical data and surface morphology of 7h_ANF
in Figures S4 and S10 indicate the collapse of the nanoporous
structure after the prolonged 7 h anodization. Therefore,
further study was focused on xh_ANF samples within a 5 h
anodization.
When the value of jOER at 1.73 VRHE was plotted with regard

to Cdl obtained from EIS, the value of jOER increased almost
linearly with Cdl values (Figure 3c). This result suggests the
lack of a significant limitation from electron and mass transport

Figure 4. Electrochemical analyses of xh_ANF samples in unpurified 1 M KOH electrolyte. (a) CV curves (inset shows facile bubble
dissipation of xh_ANF). (b) Electrochemical parameters obtained from EIS fitting at 1.58 VRHE. (c) Plot of jOER at 1.58 VRHE with regard to
Cdl. (d) Correlation between Cdl, jOER, and jOER,specific and anodization time.
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even for the high surface area electrocatalysts like 5h_ANF
operating at a current density above 300 mA/cm2. Figure 3d
shows the correlation between Cdl, jOER, specific OER current
density (jOER,specific which is defined as jOER/Cdl), and
anodization time. Note that iR compensation during CV
measurements for the porous electrode (xh_ANF) under a
nonworking potential (0.924 VRHE) only includes “compensa-
tion for solution resistance of the electrolyte” and not the
compensation of “Ret of the catalyst electrode”, implying that
jOER reflects the influence of electron transport properties for
xh_ANF.22,24 It was observed that the value of jOER,specific
slightly diminished with anodization time as Ret increased
with anodization time. However, this relatively insignificant
decrease in jOER,specific with Cdl compared to the dramatic
increase in jOER with Cdl accounts for the linear increase in jOER
with Cdl.
After OER testing via CV in the potential range of 1.1 VRHE

to 1.73 VRHE in Fe-free 1 M KOH electrolyte, XPS analysis
using a Mg source was carried out to characterize the
composition of bare NF and xh_ANF samples. Figures S15
and S16 show that bare NF and xh_ANF do not contain any F
1s or Fe 2p signal and have the same Ni 2p spectra that
corresponds to NiOx(OH)y, which indicates that OER testing
was conducted in a well-purified Fe-free electrolyte and that
the F-doping was removed from the xh_ANF samples during
OER testing. Also, XRD spectra and SEM images in Figures
S17 and S18 indicate that the porous NiOx(OH)y layer has
amorphous structure and the nanoporous structures of
xh_ANF are well-maintained during OER testing in Fe-free
KOH electrolyte. Consequently, the results from electro-
chemical analyses and material characterizations suggest that
the morphological engineering of NF via anodization was
effective for Fe-free NiOx(OH)y to grow a large surface area
while maintaining good electron and mass transport properties
even under high operating current densities (∼320 mA/cm2),
which can be attributed to its self-templating synthesis and
hierarchical porous structure.
Electrochemical Analyses in Unpurified 1 M KOH

Electrolyte. The electrochemical characteristics and OER
activity of xh_ANF samples were also investigated in
unpurified (Fe-containing) 1 M KOH electrolyte. Before the
OER activity was compared, precycling through CV was
conducted in the potential range of 1.1 to 1.58 VRHE until the
CV curves reached a steady state. From the CV curves in
Figure 4a, the redox peak for the Ni2+ to Ni3+ transition was
positively shifted compared to the same peak in the Fe-free
electrolyte (1.37 VRHE) as a result of the incorporation of the
Fe impurity into the xh_ANF samples, whereas the redox peak
for Ni4+ was no longer observed.19 As in the Fe-free electrolyte,
the OER activity of the xh_ANF samples in unpurified
electrolyte increased with anodization time, and the 5h_ANF
sample exhibited the highest OER activity of jOER over 500
mA/cm2 at low overpotentials below 350 mV, which is
comparable to previously reported NiFe-based high perform-
ance OER electrocatalysts (Table S2). It is to be noted that the
CV measurements for xh_ANF shown in Figure 4a were
carried out under static conditions without employing any gas-
dislodging processes (e.g., stirring by a magnetic bar), and there
was no change in the OER activity regardless of forced
convection, implying the facile bubble dissipation ability of
xh_ANF even under nonconvective, high current density
operation. This can be ascribed to the advantages of its
hierarchical porous structure consisting of nanometer-sized

pores that increase the hydrophilicity of the surface, resulting
in the decrease of the adhesive force of the gas bubble, as well
as reduce the size of the bubble by a spatial confinement effect,
and micrometer-sized pores that facilitate the removal of
produced oxygen bubbles as described in the inset of Figure
4a.28−31 The hydrophilicity of the surface was measured with
the contact angle of KOH electrolyte droplet on the surface of
bare NF and ANF samples (Figure S19). Whereas bare NF
showed hydrophobic property with a contact angle of 85.9°,
ANF samples immediately absorbed a KOH electrolyte
droplet, implying its enhanced surface hydrophilicity.
To scrutinize the above OER activity trend, EIS analyses of

xh_ANF samples in unpurified electrolyte were conducted at
1.58 VRHE (Figure S20a). As shown in Figure 4b and Table S3,
the same trend as in Fe-free electrolyte was observed; the Rct
value decreased with anodization time while the Cdl and Ret
values increased with anodization time. The smaller Rct and Ret
values in the unpurified electrolyte compared with those in a
Fe-free electrolyte can be ascribed to the higher intrinsic
catalytic activity and electron transport properties of Fe-doped
ANF compared to Fe-free ANF.14,15,18,19 Figure S20b−e shows
the obvious change in the EIS spectra to an asymmetric shape
with anodization time, signifying that Ret negatively affected
the OER activity noticeably despite its decreased value. Also, it
was observed that Cdl values for xh_ANF samples obtained
from both EIS and CV in unpurified electrolyte were higher
than those in Fe-free electrolyte (Tables S1 and S3 and Figures
S14 and S21). This might be related to an overestimation of
the Cdl value owing to the complication from different specific
capacitance values of NiOx(OH)y and Fe-doped NiOx(OH)y.
When jOER (at 1.58 VRHE) is plotted against the Cdl value, as

opposed to the linear trend in the Fe-free electrolyte, the value
of jOER in the unpurified electrolyte did not increase linearly
with Cdl (Figure 4c). The deviation from linearity was
consistent with the noticeable decrease in jOER,specific with
increasing anodization time (Figure 4d). Considering that the
same xh_ANF samples were employed for OER testing, it is
worth investigating why the xh_ANF samples in Fe-free and
unpurified electrolytes showed different results. This point will
be discussed in detail later in the paper.
After OER testing in unpurified KOH electrolyte, XRD and

SEM analyses were conducted to characterize the crystal
structure and morphology of xh_ANF samples. Figures S22
and S23 show that the Fe-doped NiOx(OH)y layer has
amorphous structure and the nanoporous structures of
xh_ANF are well-maintained during OER testing in unpurified
KOH electrolyte. Furthermore, the stability of the 5h_ANF
sample with the highest OER activity was tested using
chronopotentiometry (CP) analysis at a current density of
500 mA/cm2. Figure 5 displays that the 5h_ANF sample
showed a negligible change in OER potential for 24 h,
validating its excellent durability even under high current
density operation. Additionally, to better reveal the morpho-
logical advantages of ANF in terms of electron transport, the
control experiment was performed using a conventional
catalyst film made of NiO nanoparticles (see Figures S24−26
and Table S4 for details).

Deviation from Linear Trend between jOER and Cdl in
Unpurified Electrolyte. In Figures 3c and 4c, the plots of
jOER values against those for Cdl in Fe-free and unpurified
electrolytes showed different trends, even though the same
xh_ANF samples were employed for OER testing in both
electrolytes. Given that the Cdl values for xh_ANF samples in
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unpurified electrolyte were higher than those in Fe-free
electrolyte, there is a chance that the Cdl values in unpurified
electrolyte were overestimated, possibly due to a complication
from the distinct specific capacitance value of Fe-doped
NiOx(OH)y compared with that of Fe-free NiOx(OH)y. In this
case, the overestimated value for Cdl can result in a lower value
for jOER,specific in the unpurified electrolyte compared with their
actual jOER,specific values, and it can thus contribute to the
deviation from the linear trend of jOER and Cdl. Nevertheless,
when comparing the jOER values in the two electrolytes, the
jOER values for xh_ANF samples in the Fe-free electrolyte
increased by ∼16 times from 0 to 5 h, whereas the jOER values
in the unpurified electrolyte increased by only ∼10 times. This
confirms the decrease of the actual value for jOER,specific with
anodization time in the unpurified electrolyte, which caused
the deviation of jOER from the linear relation with Cdl. To
elucidate the origin of a noticeable jOER,specific value decrease
with Cdl in the unpurified electrolyte, we considered three
possible reasons: (1) different Fe incorporation, (2) mass
transport limitation, and (3) electron transport limitation.
First, in terms of Fe incorporation, it is suspected that the

ANF samples with higher Cdl values might have a lower Fe
content, resulting in a decreased value for jOER,specfic as a
function of Cdl. The surface Fe composition of the xh_ANF
samples after OER testing in the unpurified electrolyte was
analyzed using XPS with a Mg source by comparing the ratio
of the integrated area of the Ni 2p3/2 spectra with that of the Fe
2p3/2 spectra (Figure S27 and Table S5). However, all of the
xh_ANF samples had almost the same Fe composition of
around 11−12%. Nonetheless, there is still a possibility that
nonuniform Fe incorporation occurs depending on the
thickness of the ANF, such as a smaller Fe composition in
the deeper side of the porous NiOx(OH)y layer compared to
the surface Fe composition. To confirm this possibility, the
redox peak potential of xh_ANF samples for the Ni2+ to Ni3+

transition in CV, which is indicative of the Fe concentration
based on the degree of positive shift of the redox potential, was
compared. However, as shown in Figure 4a, all of the xh_ANF
samples showed the redox peak for the Ni2+ to Ni3+ transition
at the same potential of 1.42 VRHE, implying the same Fe
composition for all of the xh_ANF samples. Also, this redox
peak potential at 1.42 VRHE coincides with the redox peak
potential of previously reported Ni-based catalysts with a Fe
composition of 10−15%.17 Furthermore, previous studies
verified that Fe incorporation occurs not just at the surface
but throughout the entire electrolyte-permeable NiOx(OH)y
layer within the thickness of 30−60 nm, as determined by

various depth profiling and composition characterization
techniques.17−19 Given the open porous structure of the
xh_ANF samples and their grain sizes on the scale of tens of
nanometers (Figure S23), it is probable that Fe was well-
incorporated through the electrolyte-permeable NiOx(OH)y
layer, which is reflected in electrochemical Cdl measurement.
Moreover, recent studies have identified that the surface Fe
sites in NixFe1−xOOH are the catalytically active sites for OER
and not the bulk Fe sites. Additionally, the surface Fe sites can
be maintained during OER in the unpurified (Fe-containing)
electrolyte.16,56−58 Considering that the surface that exists on
the deeper side of the porous NiOx(OH)y layer can be well-
exposed to the Fe impurity in the unpurified electrolyte and
form surface Fe sites, it is unlikely that less Fe incorporation
for thicker ANF samples would bring about a reduction in the
value for jOER,specific.
To gain further insights into the depth-dependent

distribution of Fe through the NiOx(OH)y layer, time-of-flight
secondary ion mass spectrometry (TOF-SIMS) depth profiling
combined with high-resolution imaging was performed on the
5h_ANF sample, which is the thickest among all of the
xh_ANF samples, after OER testing in unpurified 1 M KOH.
The detected signals of secondary ion fragments were
normalized to their maximum and plotted against the sputter
time, which qualitatively corresponds to the depth inside the
electrode. Figure 6a shows the depth-dependent distribution of
several ion species of interest (Ni+, 41K+, and Fe+) inside the
5h_ANF sample consisting of a porous NiOx(OH)y layer
supported by bulk Ni metal. It is to be noted that the Ni+

signal can result from both the porous NiOx(OH)y layer and

Figure 5. CP analysis of 5h_ANF at 500 mA/cm2 for 24 h in
unpurified 1 M KOH electrolyte (inset shows the SEM image of
5h_ANF after CP test for 24 h).

Figure 6. (a) TOF-SIMS depth profiles with high lateral resolution
(normalized to maximum) of Ni+, 41K+, and Fe+ for 5h_ANF after
OER testing in unpurified 1 M KOH (yellow and blue shaded
regions belong to porous NiOx(OH)y layer and underlying bulk Ni
metal, respectively). (b) 3D view of the depth profiles showing the
distribution of 41K+ and Fe+ signals in porous NiOx(OH)y layer
above the bulk Ni metal layer (Ni+ signal appears throughout the
whole NiOx(OH)y/Ni layer).
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bulk Ni metal. On the other hand, the 41K+ and Fe+ signals can
only originate from the porous NiOx(OH)y layer, where K

+ in
KOH electrolyte is intercalated between the layered structure
of NiOx(OH)y while the Fe impurity in the unpurified KOH
electrolyte is incorporated into the lattice of NiOx(OH)y.

14,19

The Ni+ signal showed a small peak before ∼450 s of sputter
time, consistent with the maxima of the 41K+ and Fe+ depth
profiles, thereby corresponding to the NiOx(OH)y layer.
Considering the origin of each ion species and its depth-
dependent distribution described above, the yellow-shaded and
blue-shaded regions depicted in Figure 6a correspond to the
porous NiOx(OH)y layer and the supporting bulk Ni metal,
respectively. Furthermore, the 41K+ and Fe+ ions exhibited
almost identical depth-dependent profiles. Given that the
presence of the 41K+ signal indicates the KOH electrolyte-
permeable region, the observed profiles of 41K+ and Fe+ imply
that Fe was well-incorporated throughout the electrolyte-
permeable regions of the porous NiOx(OH)y layer, where Cdl
measurements were conducted, making the significant
jOER,specific value loss by nonuniform Fe incorporation unlikely.
The 3D views of the TOF-SIMS depth profiles are delineated
in Figure 6b, qualitatively confirming the virtually identical
distribution of Fe+ and K+ in the porous NiOx(OH)y layer
above the bulk Ni metal.
Second, in terms of mass transport, the supply of reactant

(OH−) and removal of products (oxygen bubble) that should
occur during the electrocatalytic reaction is determined by the
operating current density. This implies the possibility that
xh_ANF samples in unpurified electrolyte could suffer from
insufficient mass transport due to their operation at higher
current densities compared to those in the Fe-free electrolyte,
which demonstrates facile mass transport for its conditions. In
this regard, to exclude any effect from a different mass
transport limitation, jOER at 1.55 VRHE in unpurified electrolyte,
which has a current density similar to that in the Fe-free
electrolyte, was plotted against Cdl. As shown in Figure S28,
the trend of the jOER value versus Cdl in the unpurified
electrolyte still exhibited a deviation from linearity, indicating
that the mass transport limitation would not be the major
cause for the noticeable reduction of the value for jOER,specific in
the unpurified electrolyte.
Third, in terms of electron transport, considering that the Ret

values in the unpurified electrolyte were lower than those in

the Fe-free electrolyte, the electron transport limitation might
not seem to be the major cause for the significant decrease of
jOER,specific value with Cdl in the unpurified electrolyte. To
thoroughly examine the possibility of electron transport
limitations, we investigated the impact of Ret on the
overpotential loss caused by electron transport through the
catalyst layer (ηet) and the resulting decrease in value of
jOER,specific by ηet. The value of ηet can be expressed as shown in
eq 1.24

j Ret OER etη = × (1)

Also, we can express the “degree of decrease in jOER,specific value
with anodization time” using the ratio of jOER,specific for xh_ANF
samples to jOER,specific for bare NF (jOER,specific,ratio) (eq 2)

j
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Furthermore, we can also estimate the “degree of decrease in
jOER,specific due to ηet” (estimated jOER,specific,ratio) according to eqs
3−5.22
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where η is the applied overpotential, jOER,ideal at η is the value of
the ideal OER current density that is not affected by ηet,
jOER,practical at η is the OER current density that is affected by ηet,
j0 is the exchange current density, b is the Tafel slope, and A is
the electrochemical active surface area of the catalyst electrode.
Note that since A, which was estimated by Cdl in this study,
should be in electrical contact with the current collector for the
Cdl measurement, we regarded A as constant irrespective of
ηet.

22 Equations 1 and 5 show that the value of jOER and the
Tafel slope can play a role in determining the actual
contribution of Ret on the reduction of jOER,specific; the larger
the value of jOER (the larger ηet) and the smaller the Tafel slope

Figure 7. (a) Tafel plots of xh_ANF in Fe-free and unpurified 1 M KOH (black, red, blue, and green color correspond to bare NF, 1h_ANF,
3h_ANF, and 5h_ANF, respectively). (b) Comparison of 1/exp(ηet/b) and jOER,specific,ratio (here, considering the overestimation of Cdl in
unpurified electrolyte, jOER,specific,ratio in unpurified electrolyte was calculated using Cdl in both Fe-free and unpurified electrolyte, and the
average value with error bar was utilized).
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are, the more impact Ret has on the reduction of the value of
jOER,specific.
In this regard, for the quantitative analysis of the impact of

Ret on the decrease in jOER,specific, ηet and Tafel slope for the
xh_ANF samples in Fe-free and unpurified electrolytes were
calculated (Figure 7a and Table S6). ηet values increased with
anodization time as a result of increasing Ret and jOER. Also, all
xh_ANF samples in the Fe-free electrolyte showed ηet values
higher than those in the unpurified electrolyte due to their
larger Ret values. However, between the two electrolyte
systems, the difference in ηet ratio was smaller than the
difference in Ret ratio because of the higher jOER in the
unpurified electrolyte compared to that in the Fe-free
electrolyte. In Figure 7a, the Tafel slope values for xh_ANF
samples in unpurified electrolyte were lower than those in Fe-
free electrolyte due to their higher intrinsic catalytic activity
and electron transport properties. Also, the Tafel slope of the
xh_ANF samples in both Fe-free and unpurified electrolytes
increased with anodization time. The increase in Tafel slope in
the Fe-free electrolyte can be explained by increasing values for
Ret with anodization time. On the other hand, the increase in
the Tafel slope in the unpurified electrolyte can be affected by
both an increase in Ret and a decrease in the intrinsic catalytic
activity. However, considering the magnitude of increase in the
Tafel slope with anodization time was smaller in unpurified
electrolyte (20.7 mV dec−1 between bare NF and the 5h_ANF
sample) than in the Fe-free electrolyte (28.8 mV dec−1

between bare NF and 5h_ANF), this result can be explained
by the smaller Ret value in the unpurified electrolyte rather than
changes in intrinsic catalytic activity.
Based on ηet and b, ( )

1

exp
b
etη was calculated and compared with

the jOER,specific,ratio. Figure 7b presents that as anodization time
increases, showing that the value of

( )
1

exp
b
etη for the unpurified

electrolyte decreased more steeply than that for the Fe-free
electrolyte. This implies that the contribution of Ret to the
decrease in the value of jOER,specific is expected to be more
significant for ANF in unpurified electrolyte compared to the
ANF in Fe-free electrolyte, despite the lower Ret values. Also,
the value of jOER,specific,ratio followed nearly the same trend as

( )
1

exp
b
etη and the difference in

( )
1

exp
b
etη between Fe-free and

unpurified electrolytes closely matched with the difference in
the value of jOER,specific,ratio between the two electrolytes,
demonstrating the validity of using

( )
1

exp
b
etη as an indicator for

jOER,specific,ratio. In short, all of these observations led to the
conclusion that the electron transport limitation was the major
cause for the noticeable decrease in jOER,specific and the deviation
from the linear trend in jOER with the Cdl for Fe-doped ANF in
unpurified electrolyte. This also suggests that Ret plays a more
significant role in determining the OER activity for the Fe-
doped ANF with higher intrinsic catalytic activity (lower Tafel
slope) and higher operating current density compared to those
of the Fe-free ANF.

CONCLUSION

In summary, we propose the morphological engineering of
nickel foam via electrochemical anodization to create 3D
hierarchical porous structures with large surface areas and
variable thickness of the nanoporous layer. To uniformly grow

the nanoporous structure on the 3D NF substrate, the
anodization condition was optimized to minimize the nonuni-
form localization of the e-field. Using two different
compositions of electrocatalysts (Fe-free and Fe-doped
ANF), we thoroughly investigated the influence of morpho-
logical engineering and the resulting transport properties on
the OER activity as a function of surface area under high
current densities. By elucidating the trends between jOER and
Cdl in the Fe-free and unpurified electrolytes, we demonstrated
the essential role of electron transport for large surface area
catalysts with good intrinsic catalytic activity and high
operating current density (∼500 mA/cm2). With regard to
the design strategy for highly active electrocatalysts, the
intrinsic catalytic activity has often been considered the most
important among several parameters. However, the results
from this study give us insight that improving the electron
transport properties of a catalyst electrode should also be
considered critical when designing high-performance electro-
catalysts that are applicable for practical usage.

METHODS
Materials. Nickel foam with a thickness of 1.6 mm and a purity of

99.99% (MTI corporation) was used. Ethanol (99.5%, PHARMCO),
ammonium fluoride (99.3%, Fisher), ethylene glycol (certified grade,
Fisher), deionized (DI) water (18 MΩ), potassium hydroxide (90%
flakes, Sigma-Aldrich), isopropyl alcohol (99.9%, Fisher), and Nafion
(5 wt %, Sigma-Aldrich) were used without further purification.

Preparation of xh_ANF and NiO NP Film. The nickel foams
were cleaned in ethanol and DI water (18 MΩ) for 10 min by
ultrasonication. For electrochemical anodization, a two-electrode
system consisting of nickel foam as the working electrode and Pt mesh
as the counter electrode that are 2.5 cm apart from each other was
used. Electrochemical anodization was carried out at 25 °C by
applying 30 V for different amounts of time (e.g., 1, 3, 5, and 7 h). The
optimized electrolyte for anodization contains 50 mM NH4F and 4
vol % H2O in ethylene glycol. After anodization, anodized samples
were carefully rinsed with ethanol and DI water and dried in air. The
NiO NP was synthesized according to a previous method using NiCl2·
6H2O as the starting material except that KOH was used instead of
NaOH in this work.59 The NiO NP film for electrochemical analyses
was fabricated on a glassy carbon electrode (0.19625 cm2) via a drop-
casting method. An ink of NiO NP was prepared by ultrasonically
dispersing 10 mg of NiO NP powder in a 1 mL solution of isopropyl
alcohol (Fisher Scientific) with 1 wt % of Nafion perfluorinated ion-
exchange resin solution (5 wt %, Sigma-Aldrich). Subsequently, 30 μL
(3 μL × 10) of the as-prepared ink was cast on the glassy carbon
electrode and dried under an ambient environment. The NiO NP film
for material characterization was prepared on a titanium foil by drop
casting the ink of NiO NP powder in isopropyl alcohol without
Nafion solution.

Physicochemical Characterization. The crystal structure of
prepared samples was characterized by X-ray diffraction (Ultima IV
diffractometer, Rigaku) in a thin-film configuration equipped with Cu
Kα radiation (λ = 1.540598 Å) using 40 kV of generator voltage and
40 mA. Top-view and cross-sectional SEM images as well as EDX
analysis results were obtained using a FEI Quanta 650 ESEM at an
accelerating voltage of 30 kV and a vacuum of approximately 5 × 10−6

Torr. The cross section of the ANF electrode was prepared with an
Ar-ion milling system (IM4000Plus, Hitachi). The TEM images and
SAED pattern were obtained using JEOL 2010F high-resolution
transmission electron microscope with a voltage of 200 kV and
camera length of 40 cm. Surface chemical compositions of xh_ANF
samples before OER testing were checked by XPS (Axis Ultra DLD
spectrometer, Kratos) using monochromatic Al Kα radiation (1486.6
eV) with a spot size of 400 μm. Also, after OER testing, to detect the
low concentration Fe by avoiding overlapping of Ni LMM Auger
features with the Fe 2p peaks for the Al source, XPS analysis (PHI
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3057, Physical Electronics) using Mg Kα radiation (1253.6 eV) was
performed. All binding energies were adjusted to the adventitious
carbon C 1s signal at 284.8 eV. A TOF-SIMS 5 by ION-TOF GmbH
(2010) was used to observe the depth-dependent distribution of Ni,
K, and Fe species. TOF-SIMS depth profiling combined with high-
resolution imaging was performed in positive polarity detection mode
using an O2

+ sputtering beam (1 keV ion energy, 170 nA measured
sample current) to sputter a 300 × 300 μm2 area while a Bi+ analysis
beam (30 keV ion energy, 0.4 pA measured sample current) was
raster scanned over a 100 × 100 μm2 area with 256 × 256 pixel
resolution centered within the O2+ sputtered area. The pressure of the
analysis chamber was below 2 × 10−9 Torr during analysis. The
contact angle of the KOH electrolyte droplet was measured with a
FTA200 contact angle goniometer.
Electrochemical Measurements. Electrochemical analyses were

carried out in both purified (Fe-free) and unpurified (containing Fe
impurities) 1 M KOH electrolyte. An aqueous solution of 1 M KOH
was prepared by dissolving the KOH solid salts in ultrapure DI water.
For the preparation of Fe-free 1 M KOH electrolyte, 1 M KOH
solution was purified according to the previous method using
absorption of Fe by Ni(OH)2.

19 A polypropylene container was
washed with 0.5 M H2SO4 and DI water to remove any remaining
impurities and then was 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 to connect the
working electrode to a potentiostat. Electrochemical analyses were
conducted using a CHI660D electrochemical workstation (CH
Instrument, USA) with a three-electrode configuration. A Pt foil
and Hg/HgO in 1 M KOH served as the counter electrode and
reference electrode, 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. The 85% of iR drop from uncompensated resistance
(Ru) was compensated during CV measurements. The OER activity
was measured with CV at a scan rate of 10 mV/s in the potential
range of 1.10−1.73 V for the Fe-free 1 M KOH electrolyte system and
1.10−1.58 V for the unpurified electrolyte system. Also, CV in the
nonfaradaic potential range of 0.727−0.827 VRHE was carried out at
five different scan rates (1, 2, 5, 10, and 25 mV) to estimate Cdl of
nonconductive ANF from the scan rate dependence of double layer
charging [Δj/2 = (ja − jc)/2. EIS was measured in the frequency
range from 5 × 10−2 to 106 Hz with 10 mV of amplitude at 1.63 V for
the Fe-free system and 1.58 V for the unpurified system.
Chronopotentiometry was carried out for 24 h at 500 mA/cm2 for
the stability test.
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