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ABSTRACT: The interface between electrolytes and electrocatalysts would largely
determine their corresponding activity and stability. Herein, modulating the surface
characteristics of NiMo nanoparticles by various adsorbed amines gives the
tunability on their interfacial properties and subsequently improves their catalytic
performance for hydrogen evolution reaction (HER) in alkaline solutions. Diamines
can signiﬁcantly improve their HER activity by decreasing the charge-transfer
resistance and modulating the electronic structures of interfacial active sites.
Importantly, among various amines, ethylenediamine facilitates the HER activity of
NiMo with a remarkable decrease of 268 mV in the overpotential to reach 10 mA
cm−2 as compared with that of the unmodiﬁed NiMo in 1.0 M KOH. This method
provides a novel strategy of regulating the interfacial properties to strengthen the
catalytic performance of electrocatalysts.
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1. INTRODUCTION
Hydrogen production through electrochemical water splitting
represents an eﬃcient and crucial pathway for sustainable
energy storage, which can not only beneﬁt the distribution
eﬃciency of the power grid but also at the same time provide
useful chemicals and green fuels.1,2 In this regard, in the past
decade, heterogeneous catalysts based on earth-abundant
elements have been widely explored and developed for both
hydrogen evolution reaction (HER) and oxygen evolution
reaction.3−8 To further improve their catalytic HER performance, great eﬀorts have been invested in controlling the
electronic structures of the surface active sites through the
modulations of morphology, constituent compositions, and/or
dopants.9−15 Also, regulating the surface-adsorbed species may
provide an alternative approach to ﬁne-tune the interfacial
properties and the electronic structures of active materials.16−19
In general, electrocatalysts covered with adsorbed species
would get their catalytic activity degraded because of the
blockage of active surface sites.17,18 For example, removal of the
adsorbed oleylamine ligands on the Pt surface has been
revealed to signiﬁcantly improve its oxygen reduction activity.17
However, the adsorbed species are also demonstrated with the
potential to modify the electronic structures and then to
promote the electrocatalytic activity of the active surface
centers. In particular, the enhanced performance of the
© 2017 American Chemical Society

electrocatalysts modiﬁed by amines for formic acid oxidation
and electrooxidation of nitric oxide and supercapacitor has been
reported.20−22 The surface engineering is well-illustrated to
alter the surface wettability, to improve the accessibility of the
reactants, and to enhance the electrochemical activity of the
catalysts.23−28 In any case, as compared with the exploration for
other catalytic reactions, there is a very limited understanding
on the surface modiﬁcation of solid catalysts by the adsorbed
species for HER.
Among many catalyst choices, nickel−molybdenum (NiMo)
alloys have been extensively investigated as low-cost substitutions of high-performance noble-metal-based electrocatalysts for HER in alkaline media.29−31 However, their
corresponding catalytic activity is still unsatisﬁed until now.
Herein, we report to utilize amine-modulated/engineered
interfaces of NiMo electrocatalysts for improved HER in
alkaline solutions. It is found that primary amines hinder the
HER activity, whereas diamines promote the activity
signiﬁcantly. The diamine modiﬁcation can engineer the
interfacial properties of NiMo by decreasing the charge-transfer
resistance and modulating the electronic structures of the
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current density of 50 mA cm−2, using gas chromatography (Techcomp
GC 7900) with a thermal conductivity detector, and the faradaic
eﬃciency was calculated from the measured amount of hydrogen and
the theoretical value of hydrogen.

interfacial active sites. Explicitly, ethylenediamine (EDA)
decoration can yield the best HER activity of NiMo with the
lowest overpotential (72 mV) to drive the current density of 10
mA cm−2, which is 268 mV lower than that of the unmodiﬁed
NiMo. Therefore, surface engineering by decorating small
molecules of amines on NiMo can regulate their interfacial
properties with electrolytes and enhance their activity, deepening further insights into the relationship between small
molecules and surface properties on the HER activity.

3. RESULTS AND DISCUSSION
Crystalline NiMo alloy nanoparticles were prepared via a
previously reported method. Primary amines of EA and DDA as
well as diamines of EDA, HDA, and DDDA were chosen to
decorate the surface of the NiMo catalysts, as demonstrated in
Figure 1a. The modiﬁed catalysts are denoted as “NiMo-x”,

2. EXPERIMENTAL SECTION
2.1. Synthesis of NiMo Electrocatalysts. NiMo nanoparticles
were synthesized using a modiﬁed precipitation method.29 Brieﬂy, to
prepare NiMo precursors, 1 mmol Ni(NO3)2·6H2O and 0.143 mmol
(NH4)6Mo7O24·4H2O were dissolved in 1 mL of deionized water with
stirring in a 20 mL vial. Then, 0.4 mL of ammonia solution (25−28%)
and 9 mL of diethylene glycol were added to the above mixture to
obtain a deep blue solution. The vial was next placed on a preheated
hot plate (300 °C) with vigorous stirring. After turning into green
color, the mixture of NiOx and MoOx was then cooled by water,
centrifuged, washed three times with water and acetone, and dried at
60 °C overnight. To obtain NiMo nanoparticles, the obtained
precursors were reduced at 500 °C for 60 min with a temperature
ramping of 10 °C/min under a gas ﬂow of 10 sccm H2/90 sccm Ar.
After cooling to room temperature, the nanoparticles were passivated
in air for several minutes before fully withdrawing the quartz boat from
the furnace.
For modiﬁcation with diﬀerent amines, 10 mg of NiMo nanoparticles was dispersed in 5 mL of isopropanol by ultrasonication,
followed by adding 100 μL (for liquids or 100 mg for solids) of
amines. The mixture was stirred overnight, washed several times with
ethanol to remove extra amines, and then dried in vacuum at 50 °C. A
blank NiMo sample without adding any amines was also prepared in
isopropanol as a control. Liquids of ethylamine (EA), EDA,
dodecylamine (DDA), and hexanediamine (HDA) as well as a solid
of 1,12-dodecanediamine (DDDA) were used in this work.
2.2. Characterization. The morphology of the NiMo nanoparticles was examined on a Hitachi-7700 transmission electron
microscopy (TEM) instrument with an accelerating voltage of 120 kV.
High-resolution TEM (HRTEM) images and selected area electron
diﬀraction (SAED) patterns were obtained on an FEI Tecnai G2 STWIN microscope with an accelerating voltage of 200 kV. Powder Xray diﬀraction (XRD) patterns were obtained using a Rigaku powder
X-ray diﬀractometer with Cu Kα irradiation. Fourier transform
infrared (FTIR) analyses were carried out using a Thermo Scientiﬁc
Nicolet 6700 FTIR spectroscopy instrument. X-ray photoelectron
spectra (XPS) were obtained using a Thermo Electron model K-Alpha
spectrometer with Al Kα as the excitation source.
2.3. Electrochemical Measurements. To prepare the catalyst
ink, 5 mg of electrocatalysts was dispersed in a mixture solution of 768
μL of deionized water, 200 μL of ethanol, and 32 μL of Naﬁon
solution (5 wt %) by ultrasonication. Later, 5 μL of the as-prepared ink
was dropped on a glass carbon (GC) electrode and dried naturally,
with a loading density of 0.35 mg cm−2. All electrochemical
measurements were tested in 1 M KOH solution using a CHI 660D
electrochemical workstation. A three-electrode system was set up to
test the electrochemical properties of the NiMo-based electrocatalysts.
GC electrode-supported catalysts, an Ag/AgCl (3 M KCl) electrode,
and a graphite plate functioned as the working electrode, reference
electrode, and counter electrode, respectively, in this system. To learn
the activity of diﬀerent catalysts, linear sweeping voltammetry analysis
was carried out at a scan rate of 5 mV/s. The electrochemical
impedance spectra (EIS) were obtained under a bias potential of 100
mV within the frequency range of 100 kHz to 0.1 Hz. With respect to
reversible hydrogen electrode (RHE), the potential scale was corrected
by the Nernst equation, where Eversus RHE = Eversus Ag/AgCl + 0.0592 ×
pH + 0.197 V. All measurements were iR-corrected unless otherwise
noted. The generated amount of hydrogen was evaluated under a ﬁxed

Figure 1. (a) Surface modiﬁcation scheme of NiMo nanoparticles with
various amines. (b) TEM image and (c) HRTEM image and SAED
pattern of NiMo nanoparticles. (d) TEM image of NiMo-EDA
nanoparticles. (e) FTIR spectra of NiMo and NiMo-EDA nanoparticles.

where x represents the names of amines. Typical TEM image in
Figure 1b exhibited the aggregated nanoparticles of NiMo,
whereas the HRTEM image and the SAED pattern in Figure 1c
demonstrated the crystalline nature of the alloy. The XRD
spectrum was also consistent with the above result (Figure S1),
indexing to the Ni4Mo phase structure (JCPDS #65-5480).30
To clarify the changes induced by the amine modiﬁcation,
characterizations on NiMo-EDA as a typical example were
measured. After decorating with EDA, the particle-like
morphology was well-preserved (Figure 1c). The XRD pattern
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(Figure S1), HRTEM image, and SAED pattern (Figure S2) of
the NiMo nanoparticles present a crystal structure similar to
that of the modiﬁed Ni4Mo alloy, suggesting that their structure
and phase remain unaltered throughout the surface modiﬁcation process.
The FTIR spectra of NiMo nanoparticles and NiMo-EDA
were also collected to further illustrate the existence of the
surface-adsorbed amine species (Figure 1d). The broad peak at
3437 cm−1 is ascribed to the O−H stretching because of the
absorbed water for both NiMo and NiMo-EDA.32 Several new
peaks were observed for NiMo-EDA as compared with that for
NiMo. The peaks located at 817 and 1448 cm−1 corresponded
to the CH2 rocking vibration, deformation in EDA, and
stretching vibration of C−N bonds, whereas other peaks at
1264, 3132, and 3238 cm−1 are attributed to the wag
progression of NH2, N−H symmetric stretching, and overtone
of N−H deformation, correspondingly.32−34 Thus, all results
conﬁrm the preserved morphology and crystallinity of the
NiMo catalysts as well as the successful surface modiﬁcation of
EDA molecules.
The catalytic HER activities of the NiMo and aminemodiﬁed NiMo catalysts were then measured in 1.0 M KOH
solution. The GC electrode as the support shows negligible
HER activities in alkaline solutions (Figure 2a). For the primary
amine-decorated NiMo catalysts, the polarization curves (with
iR corrections) showed an apparent deterioration of activity for
NiMo-EA and NiMo-DDA as compared with that of the pure
NiMo nanoparticles. To reach the current density of 10 mA
cm−2, the NiMo nanoparticles required an overpotential of 340
mV, whereas those for NiMo-EA and NiMo-DDA were 414
and 469 mV, respectively, indicating that decorating with
primary amines (EA and DDA) on the NiMo surface would
have the HER catalytic activity decreased. In contrast, the
NiMo-EDA electrocatalysts demonstrated a remarkable catalytic HER performance with a much smaller overpotential of 72
mV to reach 10 mA cm−2, which was 268 mV lower than that of
the unmodiﬁed NiMo catalysts. Further electrochemical
analyses in Figure 2b−d illustrate the diﬀerences in the HER
kinetics of NiMo with various surface decorations. As shown in
Figure 2b, the derived Tafel slope of NiMo-EDA was 89 mV/
dec, which was much lower than those of NiMo (135 mV/dec),
NiMo-EA (143 mV/dec), and NiMo-DDA (155 mV/dec). To
assess the actual diﬀerence of the active catalytic sites of NiMo
modiﬁed with various amines, the double-layer capacitance
(Cdl), proportional to the electrochemically active surface area
(ECSA), was calculated. From cyclic voltammetry (CV) curves
(Figure S3a−d) and their dependence plots (Figure 2c), both
NiMo-EA (0.32 mF cm−2) and NiMo-DDA (0.27 mF cm−2)
showed smaller Cdl values as compared with that of NiMo (0.37
mF cm−2). On the other hand, the Cdl value of NiMo-EDA
(16.3 mF cm−2) was far larger than those of others, exhibiting
decreased amounts of active sites by decorating EA and DDA
but an increased quantity of sites by EDA modiﬁcation. The
EIS in Figure 2d clearly indicate the changes in the chargetransfer resistances (Rct), where both NiMo-EA and NiMoDDA yield larger Rct, whereas NiMo-EDA displays a much
smaller Rct as compared with that of NiMo. Therefore, all of
these ﬁndings designate the adverse eﬀect of modifying primary
amines on NiMo surfaces by hindering their catalytic activity
with slower kinetics and worse charge transfer but the apparent
enhancement by decorating EDA to prominently facilitate the
HER process.

Figure 2. Electrochemical activity of the NiMo and amine-modiﬁed
NiMo catalysts in 1.0 M KOH. (a,e) Catalytic activity for HER (with
iR corrections). (b,f) Tafel slopes derived from (a,e). (c,g) Cdl
obtained from CV curves. (d,h) Nyquist plots.

As demonstrated with the substantial catalytic HER improvement on the NiMo catalysts by EDA surface modiﬁcation,
various diamines with diﬀerent aliphatic amine chains, such as
EDA, HDA, and DDDA, were then selected to further
understand their insights on the activity enhancement.
Polarization curves (with iR corrections) reveal that all
diamine-modiﬁed NiMo catalysts show the improved HER
activity as compared with that of the NiMo nanoparticles
(Figure 2e). The overpotentials to drive the current density of
10 mA cm−2 were 72, 85, and 161 mV for NiMo-EDA, NiMoHDA, and NiMo-DDDA, respectively. The derived Tafel slopes
(Figure 2f) of NiMo-HDA and NiMo-DDDA were 107 and
132 mV/dec, respectively, which are much larger than that of
NiMo-EDA (89 mV/dec). Moreover, NiMo-EDA also had a
much larger exchange current density of 1.888 mA cm−2 as
compared with those of NiMo (0.044 mA cm−2), NiMo-HDA
(1.629 mA cm−2), and NiMo-DDDA (0.933 mA cm−2).
Diﬀerences in the overpotentials, Tafel slopes, and exchange
current densities (Table S1) indicate the beneﬁts and variation
of the diamine-modiﬁed NiMo accompanied with the
decreasing molecular chain length. Similarly, the values of Cdl
in Figure 2g calculated from the CV curves (Figure S3d−f) also
exhibit a similar trend that NiMo-EDA (16.3 mF cm−2) has the
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largest capacitance, followed by NiMo-HDA (12.9 mF cm−2)
and NiMo-DDDA (6.5 mF cm−2). In addition, the chargetransfer resistances for the diamine-modiﬁed NiMo are smaller
than those of the unmodiﬁed NiMo. Among them, NiMo-EDA
has the smallest resistance (Figure 2h). Consequently, all of the
diamine decoration can strengthen the catalytic HER activity of
NiMo catalysts and their enhancement contributions would
decrease gradually along with the chain length.
It is also important to investigate the catalytic stability for
practical utilizations. The unmodiﬁed NiMo nanoparticles
showed a stable current density of ∼10.8 mA cm−2 without
signiﬁcant ﬂuctuations for 100 h under an overpotential of 350
mV (Figure 3). For the NiMo-EDA catalysts, a drop in the

Figure 4. (a) FTIR spectra of NiMo-EDA at various HER time
intervals for stability tests. XPS spectra of (b) Ni 2p, (c) Mo 3d, and
(d) N 1s.

Figure 3. Catalytic stability of NiMo and NiMo-EDA in 1.0 M KOH.
All measurements were performed without iR corrections.

h test illustrated the residual strongly bonded EDA molecules
on the NiMo surface (Figure 4d). Therefore, the stable current
density in the case of NiMo-EDA after several hours of testing
can be ascribed to the tightly chemical-bonded EDA on the
NiMo surfaces.
Regarding the combination form between amines and NiMo
catalysts, it could be attributed to the interaction between the N
atom of the amino group of various amines and the metal
surface. Speciﬁcally, the N atom in the amino group has one
lone pair of electrons, whereas the metal atoms of both Ni and
Mo have unoccupied d-orbitals; therefore, when they meet
together, the donation of the lone pair of electrons from N to
d-orbitals of metals would lead to the formation of coordination
bonds between N and metals, which is well-consistent with the
classic Lewis acid−base concept. In contrast, because both C
and H atoms do not have lone pair of electrons, their
interactions with metals would be very weak and unstable.
Moreover, according to the previous study,34,35 the N atom of
the amine group has been conﬁrmed to be directly coordinated
to the metal surface without protonated amino groups.
Similarly, the direct bonding of N atom in amines with metals
in other compounds is also reported.19,32 Also, after the
formation of monolayers of amines on the metal surface
through chemical bonding, the multiple layers of amines should
also be adsorbed physically. These physically adsorbed layers of
amines can be desorbed by washing or during the catalytic
process, which is consistent with the gradually decreased
catalytic activity (Figure 3), which can be further conﬁrmed by
FTIR spectra (Figure 4a). In any case, the ﬁrst layer or
monolayer of amines on the metal surface is anticipated to be
stable during washing and catalytic reactions, where this
stability is well-observed during the catalytic performance
evaluation of the modiﬁed NiMo catalysts (Figure 3) and XPS
measurement of the catalysts operated for 10 h (Figure 4b−d).
Many works have illustrated the catalytic enhancement by
removing the surface-adsorbed organic ligands to avoid the site
blockage and to promote the accessibility of the catalyst
surface.17,19 Cossairt et al. reported that DDA on the surface of

catalytic current density under the overpotential of 200 mV was
ﬁrst observed within the initial several hours and then tended to
be stable at ∼13.5 mA cm−2. The subsequent testing period of
over 95 h witnessed their excellent stability under the
overpotential of 200 mV, which is much larger than that of
the NiMo catalysts at an even larger overpotential of 350 mV.
Besides, the NiMo-EDA catalysts also displayed a good stability
at a much higher current density of ∼70 mA cm−2 for 100 h
under an overpotential of 300 mV (Figure S4). Additionally,
the NiMo-EDA sample showed a faradaic eﬃciency of >99%
during the HER process (Figure S5).
To shed light on the changes in the catalytic activity of
NiMo-EDA during the stability test, FTIR and XPS were
employed to examine their surface chemistry and oxidation
states at various HER time intervals (5, 10, 30, and 60 min).
FTIR spectra results in Figure 4a reveal the suppression in the
characteristic peaks of EDA with increasing HER time,
suggesting the gradual detachment of the physically adsorbed
and loosely bonded EDA molecules from the NiMo surface.
This is consistent with the decreased catalytic HER activity at
the initial stage, as shown in Figure 3. After a duration of 10 h,
because the peaks of EDA for NiMo-EDA were too weak to
conﬁrm the existence of EDA on the NiMo surface by FTIR
(Figure S6), the surface chemical states of NiMo and NiMoEDA before and after the 10 h tests were examined by XPS.
The as-synthesized NiMo-EDA catalysts show a downshift of
∼0.4 eV in the binding energies of both Ni 2p and Mo 3d as
compared with those of NiMo (Figure 4b,c), suggesting the
modulated oxidation states of NiMo by amine modiﬁcations.
After 10 h of HER, there is not any evident change in the spent
NiMo-EDA catalysts, which still give a peak downshift of ∼0.4
eV as compared with that of the unmodiﬁed NiMo catalysts.
This conﬁrms the existence of EDA on the NiMo surface after a
long-term catalytic reaction. Also, no apparent signal of
nitrogen was observed for the unmodiﬁed NiMo, but the
clear peak of N 1s for the used NiMo-EDA catalysts after the 10
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WSe2 would block the surface catalytic centers, reducing the
HER activity and kinetics, but the removal of DDA could
recover its catalytic activity.19 Being consistent with the
previous ﬁndings, our results clearly demonstrate that
decorating primary amines on NiMo, regardless of their chain
length, results in the suppression of the HER catalytic activity
because of the blockage of active surface sites, which can be
justiﬁed by asmaller ECSA and slower kinetics of HER with
larger Tafel slopes and higher charge-transfer resistances.
Because of the relatively large Tafel slopes for all aminemodiﬁed NiMo catalysts, the HER pathway would undergo the
Volmer−Heyrovsky process in alkaline solutions.3,36 Furthermore, because alkyl groups (e.g., C2H5− and C12H25− in this
work) are hydrophobic to inhibit water adsorption37 and the
steric hindrance of long alkyl chains also prevent the access of
water molecules,23 the Volmer reaction (electroreduction of
water molecules with hydrogen adsorption, M + H2O + e− →
MHads + OH−) and Heyrovsky reaction (electrochemical
hydrogen desorption, MHads + H2O + e− → M + H2 +
OH−) for the primary amine-decorated NiMo would be
sluggish, leading to a decreased catalytic performance.
On the contrary, the positive eﬀects of diamines have been
examined to facilitate the HER process with lower overpotentials, smaller Tafel slopes, larger ECSA, and more eﬃcient
charge transfers (Figure 2e−h). For the NiMo-EDA electrocatalysts, the amino groups bounded to the NiMo surface
would donate electrons to NiMo, leading to an electron-rich
surface to accelerate the HER process. As given in Figure 4b,c,
both Ni and Mo of NiMo-EDA show the downshift of ∼0.4 eV
in the binding energy as compared with those of NiMo,
suggesting the electron-rich state of the NiMo surface by
accepting electrons from amino groups in EDA. The catalytic
activities are also closely dependent on the interface properties
(e.g., wettability) between the electrolyte and the electrode for
speciﬁc electrocatalysts.17,19 As a consequence, the free amino
group in EDA for the EDA-modiﬁed NiMo can further help the
adsorption of water molecules and their transportation to the
NiMo surface.38,39 Therefore, using diamines to decorate the
NiMo surface can enhance their HER catalytic performance
remarkably because of the modiﬁed surfaces with an electronrich state, better conductivity, and easier access of water.
Interestingly, for both primary amine- and diamine-modiﬁed
NiMo, the longer aliphatic chains of amines, the poorer HER
activity of the modiﬁed NiMo is observed, which may be
related to the steric hindrance eﬀect of the aliphatic chains.20,36
In any case, as analyzed above, the diamine-modiﬁed NiMo
electrocatalysts still perform much better than the unmodiﬁed
NiMo nanoparticles.

those of the unmodiﬁed ones. This method may provide a
valuable strategy to engineer the electrolyte−electrode interface
with surface modiﬁcation of electrocatalysts with the aim to
enhance their catalytic performance.
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