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ABSTRACT: Extensive efforts have been devoted to developing competent electrocatalysts
for hydrogen evolution reaction (HER). However, limited attention has been devoted to
exploring the benefits of conductive polymers to improve the performance of various HER
electrocatalysts. Herein, we demonstrate that electropolymerization of aniline on nickel foam
(PANI/Ni/NF) dramatically increases the latter’s HER performance from pH 14 to 0. For
instance, in alkaline electrolyte, PANI/Ni/NF achieved the current density of −10 mA cm−2 at
an overpotential of merely 72 mV, ∼100 mV less than that of the pristine nickel foam. We
further demonstrate that such a layer can also boost the HER performance of nickel
phosphides and sulfides, highlighting the great versatility of PANI in improving the HER
activities of various low-cost electrocatalysts.
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The concerns for increasing energy demands and climate
change resulting from fossil fuel utilization have motivated

the advance of conversion and storage techniques targeting
clean and sustainable energy sources.1−3 Within this context,
electrocatalytic hydrogen (H2) production from water driven
by renewable energy inputs (e.g., solar and wind) stands out as
an attractive option, as H2 is not only a clean fuel but also a
green energy carrier with many industrial applications.4,5 Owing
to the nature of multiproton/electron arrangement of the H2
evolution reaction (HER), its slow kinetics necessitates the
development of efficient and competent electrocatalysts to
achieve appreciable catalytic current density for practical
applications. The state-of-the-art HER electrocatalysts are
mainly those composed of platinum group elements, whose
scarcity and high cost significantly hinder their large-scale
commercialization.6,7 Recently, considerable research efforts
have been devoted to developing noble metal-free HER
electrocatalysts, such as transition metal sulfides,8,9 sele-
nides,10,11 phosphides,12,13 nitrides,14 and carbides.15 Never-
theless, most of them either require sophisticated synthesis or
suffer from mediocre performance. It remains imperative to
develop a facile and versatile approach to substantially improve
the HER performance of low-cost electrocatalysts under various
conditions.
Because of its large surface area and controllable hydrophilic

nature, polyaniline (PANI) has attracted great attention in
many electrochemical and photochemical fields, such as
supercapacitance16 and photocatalysis.17 It is known that
electrocatalysis is primarily occurring on the catalyst surface;
hence, it is natural to modulate the surface active sites of a HER
electrocatalyst to boost its performance through the means of
facet tuning, heteroatom doping, and introduction of Lewis

acidic or basic sites.18,19 Recently, PANI was reported to
improve the HER performance of Co(OH)2 nanosheets under
alkaline condition, which was due to the synergistic effect
between the PANI layer and Co(OH)2.

20 Nevertheless, it
remained unclear whether such electropolymerization of aniline
on electrocatalysts could be a versatile approach toward various
electrocatalyst candidates under different conditions, such as
from strong alkaline electrolytes to strong acidic media.
Furthermore, compared with Co(OH)2, nickel and its
compounds including nickel sulfides and nickel phosphides
have been reported with inherently much better HER
performance.9,13,21−24 Therefore, we were wondering whether
the coating of a PANI layer would also boost the HER activities
of nickel-based electrocatalysts at different pHs. Herein, we
investigate the electropolymerization strategy to coat various
nickel-based HER electrocatalysts with PANI. The resultant
PANI-covered electrocatalysts exhibit substantially improved
HER performance over a wide pH range (pH 14 to 0),
demonstrating the great versatility of the electropolymerization
approach of aniline in advancing HER performance. Such a
surface engineering approach is complementary to other
common strategies for the design and development of HER
electrocatalysts.
We first electrodeposited nickel nanoparticles on commercial

3D porous nickel foams (NFs) to obtain Ni/NF (see the
Supporting Information for details). During the electro-
deposition of nickel, the evolved H2 bubbles benefited the
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formation of porous Ni microspheres on the smooth nickel
skeletons. Subsequently, electropolymerization of aniline was
conducted using Ni/NF as the working electrode at a constant
current density of 0.5 mA cm−2 for 1000 s (Scheme 1) to

obtain the desirable PANI-coated electrodes (PANI/Ni/NF).
During the electropolymerization process, the original shiny
nickel foam turned to black PANI/Ni/NF (Supporting
Information Figure S1). Polyaniline was also electropolymer-
ized on fluorine-doped tin oxide (FTO) to obtain a control
sample of PANI/FTO.
The X-ray diffraction (XRD) pattern of PANI/Ni/NF

indicated that the surface engineering of a PANI layer on Ni/
NF did not introduce new crystalline phases (Figure 1a).
PANI/Ni/NF still maintained crystalline nickel as its major
composition. Scanning electron microscopy (SEM) studies
further confirmed the highly porous morphology of PANI/Ni/
NF (Figures 1b and S2), analogous to the pristine Ni/NF
(Figure S3). Many stacked nickel microspheres were decorated
on the nickel foam frameworks. Figure 1c presents the
elemental mapping images of Ni, C, and N in PANI/Ni/NF.
The homogeneous distribution of C and N verified the
successful coverage of PANI on the surface of PANI/Ni/NF. A
high-resolution transmission electron microscopy (TEM)
image of PANI/Ni/NF revealed the optimal thickness of the
PANI layer was around 20−30 nm on the Ni/NF surface

(Figure S4). We further conducted X-ray photoelectron
spectroscopy (XPS) measurement to probe the composition
and valence states of elements present on the surface of PANI/
Ni/NF. As shown in Figure 1d, the high-resolution N 1s
spectrum could be deconvoluted into two peaks at 399.9 and
398.4 eV for the main feature, attributed to benzenoid amine
and quinonoid amine, respectively.16 The peak at 407.1 eV was
the N 1s satellite feature. The Ni 2p spectrum was plotted in
Figure S5 with two peaks at 852.6 and 873.6 eV, which could be
assigned to metallic Ni 2p3/2 and 2p1/2 energy levels,
respectively; while the peak at 856.6 eV was due to oxidized
nickel species formed during the sample preparation.7,9 Two
satellite peaks of oxidized nickel species were also observed at
861.3 and 880.3 eV (Figure S5).
The as-prepared PANI/Ni/NF was directly utilized as a

cathode for electrocatalytic H2 evolution in a three-electrode
configuration without any other post-treatment. As comparison,
Ni/NF and PANI/FTO were also evaluated for their HER
performance. Figure 2a plots the linear sweep voltammograms
(LSVs) of the above three electrodes assessed in 1.0 M KOH. It
is apparent that the bare polyaniline layer deposited on FTO
did not exhibit any HER activity within −0.225 V vs RHE
(reversible hydrogen electrode), implying polyaniline itself was
not an active HER electrocatalyst. In contrast, Ni/NF indeed
demonstrated some activity toward electrocatalytic H2 gen-
eration, achieving current densities of −10 and −40 mA cm−2 at
−0.173 and −0.225 V vs RHE, respectively. However, upon the
coating of polyaniline, a much earlier catalytic takeoff and
higher current density were obtained by PANI/Ni/NF. It
should be noted that we optimized the electropolymerization of
aniline on Ni/NF. As shown in Figures S6−S8, 1000 s
electrodeposition resulted in the best HER activity. Hence, all
the following PANI/Ni/NF electrodes were prepared with
electropolymerization of PANI for 1000 s unless noted
otherwise. The LSV of PANI/Ni/NF exhibited a catalytic
current rise at a much smaller overpotential and reached −10

Scheme 1. Schematic Preparation of PANI/Ni/NF (ED,
Electrodeposition; EP, Electropolymerization)

Figure 1. (a) XRD patterns of PANI/Ni/NF and Ni/NF. The standard metallic Ni XRD pattern is included for comparison. (b) SEM and (c)
elemental mapping images of PANI/Ni/NF. (d) High-resolution N 1s XPS spectrum of PANI/Ni/NF.
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mA cm−2 at −0.072 V vs RHE in 1.0 M KOH, nearly 100 mV
smaller than that of the parent Ni/NF (Figure 2a). Such a small
overpotential requirement for −10 mA cm−2 compares
favorably with many other recently reported noble metal-free
HER catalysts in 1.0 M KOH, including H2−CoCat (>385
mV),4 NiFe LDH (>200 mV),25 and Ni2P nanoparticles (221
mV).26 Additionally, PANI/Ni/NF produced a current density
of −160 mA/cm2 at −0.225 V vs RHE, almost four times that
of Ni/NF at the same potential.
The LSV-derived Tafel plots of PANI/Ni/NF and Ni/NF

are compared in Figure 2b. The Tafel slope of PANI/Ni/NF is
smaller than that of Ni/NF, implying a better kinetic rate for
HER. Since both of their Tafel slopes are larger than 119 mV/
dec, it suggests that water adsorption and dissociation plus the
Volmer step (proton adsorption) are the rate-determining
process for their HER activities. Electrical impedance spectros-
copy was collected for both PANI/Ni/NF and Ni/NF at
−0.127 V vs RHE in Figure 2c, and the obtained Nyquist plots
are fitted with a modified Randel model (Figure S9). The
charge transfer resistance (Rct) at the electrode/electrolyte
interface was estimated to be 68.9 and 10.5 Ω for Ni/NF and
PANI/Ni/NF, respectively. The much smaller semicircular
diameter of the Nyquist plot of PANI/Ni/NF relative to that of
Ni/NF implies a remarkably lower charge transfer resistance of
the former, which is beneficial to electrocatalytic H2 evolution.
Given the similar composition and morphology between

PANI/Ni/NF and Ni/NF, their electrochemically active surface
areas (ECSAs) were also estimated from the electrochemical
double-layer capacitance (Cdl) measurement. As shown in
Figure S10, linear plots derived from the cyclic voltammograms
collected in the non-Faradaic region (0.06−0.16 V vs RHE)
resulted in Cdl values of 11.1 mF cm−2 for PANI/Ni/NF and

4.9 mF cm−2 for Ni/NF. Since ECSA is linearly proportional to
Cdl for electrocatalysts of similar composition, the nearly twice
ECSA of PANI/Ni/NF compared to that of Ni/NF is in
agreement with the better HER activity of the former.
However, we note that the enhanced HER performance of
PANI/Ni/NF should not be solely attributed to its increased
ECSA, in that almost four times the current density was
achieved by PANI/Ni/NF compared to Ni/NF at −0.225 V vs
RHE (Figure 2a). The nitrogen groups in PANI may also
function as local Lewis bases which facilitate the water
adsorption/dissociation step prior to H2 evolution on PANI/
Ni/NF.27

Another important factor in assessing an electrocatalyst is its
long-term stability. We carried out 1000 cyclic voltammograms
of PANI/Ni/NF at a scan rate of 100 mV s−1 between 0 and
−0.15 V vs RHE. Its linear sweep voltammograms prior to and
post these 1000 cycles nearly overlapped with each other
(Figure 2d). In addition, we further conducted a 30 h
chronopotentiometry experiment at −10 mA cm−2 in 1.0 M
KOH. The rather stable potential evolution curve over time
shown in the Figure 2d inset, together with the negligible
change in LSV curves, strongly demonstrate the great
robustness of PANI/Ni/NF for long-term H2 evolution under
alkaline condition. The SEM and elemental mapping images of
PANI/Ni/NF collected after the long-term HER electrolysis
did not present any apparent morphology and composition
changes (Figures S11 and S12), further corroborating its
superior robustness for extended HER electrolysis.
The excellent HER activity and stability of PANI/Ni/NF

under alkaline condition prompted us to investigate its HER
performance in neutral and acidic electrolytes. In particular,
neutral electrolyte is the ultimately ideal condition for H2

Figure 2. (a) Linear sweep voltammograms of PANI/FTO, Ni/NF, and PANI/Ni/NF at a scan rate of 5 mV s−1. (b) Tafel plots of Ni/NF and
PANI/Ni/NF with their linear fittings. (c) Nyquist plots of Ni/NF and PANI/Ni/NF measured at −0.127 V vs RHE. The data were fitted using the
modified Randle equivalent circuit model shown in Figure S9. (d) Linear sweep voltammograms of PANI/Ni/NF before and after 1000 cycles at a
scan rate of 100 mV s−1. The inset shows the chronopotentiometry curve of PANI/Ni/NF conducted at −10 mA cm−2. All of the above experiments
were carried out in 1.0 M KOH.
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evolution because of its environmental friendliness and
biocompatibility. Recently, there has been rising interest in
developing HER electrocatalysts for neutral conditions as these
electrocatalysts can be coupled with enzymes and bacteria to
assemble hybrid inorganic−biological systems for the produc-
tion of biofuels and bioproducts.28 However, most reported
HER electrocatalysts only exhibit rather poor or mediocre
performance and stability at pH 7.29 Figure 3a is a compilation
of the linear sweep voltammograms of PANI/FTO, Ni/NF,
and PANI/Ni/NF in 1.0 M phosphate buffer of pH 7.
Analogous to the situation under alkaline condition (Figure
2a), polyamine itself was not particularly active toward HER at
pH 7, showing no observable catalytic current on FTO within
−0.275 V vs RHE. Ni/NF was active for HER evolution and
exhibited a catalytic HER current rise beyond −0.15 V vs RHE.
After the surface coating of a polyaniline layer, PANI/Ni/NF
undoubtedly presented the best HER performance (Figure 3a),
achieving current intensities of −10, − 20, and −50 mA cm−2 at
−0.158, − 0.203, and −0.266 V vs RHE, respectively, much
superior to those of Ni/NF. The overpotential requirement of
merely 158 mV to arrive at −10 mA cm−2 at pH 7 makes
PANI/Ni/NF better than many reported earth-abundant
electrocatalysts for HER, such as NiS (∼387 mV),30 amorphous
MoSx (>290 mV),31 electrodeposited NiMoZn (∼187 mV),32

H2−CoCat (>500 mV),4 Ni−Mo−S/C (200 mV),33 and h-
NiSx (210 mV).9 The better HER performance for PANI/Ni/
NF in comparison to that of Ni/NF was also supported by a
smaller semicircular diameter in the electrochemical impedance
spectroscopy of the former (Figure S13), implying lower
contact and charge transfer resistance. The ESCA of PANI/Ni/
NF estimated from its cyclic voltammograms collected in a

non-Faradaic region rendered a Cdl value of 8.09 mF cm−2,
which was more than two times that of Ni/NF (3.06 mF cm−2,
Figure S14). In addition, the robust stability of PANI/Ni/NF
for H2 evolution at pH 7 was manifested by the little
degradation of its LSV curves before and after 1000 consecutive
CV scans between 0 and 0.5 V vs RHE (Figure S15). Long-
term chronopotentiometry carried out at −10 mA cm−2 (Figure
S15 inset) further corroborated the great robustness of PANI/
Ni/NF.
Even more exciting was that the polyaniline layer was able to

not only increase the HER activity but also stabilize nickel
species in strongly acidic electrolytes (e.g., 0.5 M H2SO4). The
LSV curves shown in Figure 3b clearly present that PANI/Ni/
NF exhibited improved HER performance over those of Ni/NF
and PANI/FTO in 0.5 M H2SO4. The results of 1000
continuous CV cycles and 30 h chronopotentiometry further
demonstrated the superior robustness of PANI/Ni/NF as a
HER electrocatalyst under acidic condition (Figure S16).
Lower charge transfer resistance (Figure S17) was also
measured for PANI/Ni/NF relative to Ni/NF in 0.5 M H2SO4.
Recent years have witnessed the success of various transition

metal chalcogenides and pnictides for promising electrocatalytic
activities for H2 production from water. In order to evaluate the
versatility of our surface engineering approach of electro-
polymerization of aniline, we further coated the PANI layer on
nickel phosphides (PANI/Ni2P/NF) and sulfides (PANI/NiSx/
NF). It should be noted that the surface coating of PANI did
not alter the crystal structure and morphology of the resultant
electrocatalysts relative to their pristine counterparts (Figures
S18−S21). To our delight, the PANI layer indeed boosted the
HER activities for both PANI/Ni2P/NF and PANI/NiSx/NF

Figure 3. Linear sweep voltammograms of PANI/FTO, Ni/NF, and PANI/Ni/NF collected at a scan rate of 5 mV s−1 in 1.0 M phosphate buffer at
pH 7 (a) and 0.5 M H2SO4 at pH 0 (b).

Figure 4. Linear sweep voltammograms of (a) PANI/Ni2P/NF and Ni2P/NF, and (b) PANI/NiSx/NF and NiSx/NF collected at a scan rate of 5
mV s−1 in 1.0 M KOH.
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compared with Ni2P/NF and NiSx/NF in 1.0 M KOH (Figure
4), highlighting the versatility and effectiveness of such a facile
electropolymerization strategy in improving H2 production.
All of the above results unambiguously prove that surface

coating of a PANI layer on nickel-based HER electrocatalysts
could substantially increase their electrocatalytic performance.
Such an improvement could be rationalized by the following
reasons: (i) the presence of nitrogen groups in PANI might
speed up the water adsorption/dissociation steps before H2
formation on nickel;27,34 (ii) PANI exhibited high affinity
toward various electrocatalysts, resulting in great catalyst
robustness; and (iii) the coating of PANI did not change the
hierarchically porous structure of those nickel-based electro-
catalysts, hence substrate water and product H2 still being able
to migrate through the interconnected network freely.
In summary, we successfully demonstrated that electro-

polymerization of aniline on various nickel-based electro-
catalysts remarkably increased their performance toward H2
evolution in water of a wide pH range (pH 14 to 0). The
polyaniline layer coated on the electrocatalyst surface did not
alter the bulk composition and conductivity of the catalyst but
provided more active sites on the surface, potentially attributing
to the presence of local nitrogen groups in the polyaniline layer.
Its convenient surface engineering and great versatility toward
other electrocatalyst candidates make us confident that this
electropolymerization strategy could be widely adopted in
many other electrocatalysis applications. Further efforts
focusing on polymer tuning and electrocatalyst selection are
currently underway in our group.
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