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A B S T R A C T

Synthesis of high-performance and cost-effective electrocatalysts towards hydrazine electrooxidation is vital to
develop the direct hydrazine fuel cell (DHFC) as a viable energy conversion technology. Herein, we report a
combined experimental and theoretical study of nickel phosphides (NixP) as promising catalysts for hydrazine
electrooxidation. NixP nanowire array supported on a Ni foam (NF) was synthesized by a one-step phosphor-
ization method using hypophosphite as a P-source. Ni12P5 and Ni2P phases are observed as the products of the
direct phosphorization of commercial NF under the applied conditions with Ni2P nanoparticles exclusively
distributing on the surface of Ni12P5. The NixP/NF catalyst exhibits a synergetic capabilities of exceptionally high
activity, excellent durability and nearly 100% selectivity towards the complete electrooxidation of hydrazine in
alkaline condition, which is among the best performance reported on hydrazine electrooxidation catalysts. First-
principles calculations have been conducted to gain insight into the catalytic mechanism of Ni phosphides to-
wards hydrazine electrooxidation.

1. Introduction

Fuel cells are expected to play an important role in the future energy
system, as they promise highly efficient and reliable conversion of
chemical energy into electric energy, and the latter is feasible for di-
verse applications, from large stationary power plants to transportation
vehicles and to the vast types of portable devices. Depending upon the
fuel type, fuel cells can be operated across a broad range of operation
temperatures and exhibit remarkably different performance specifica-
tions [1,2]. In the quest of viable fuel cells for vehicular or portable
applications, direct hydrazine fuel cell (DHFC) using hydrous hydrazine
(N2H4·H2O) as a fuel has attracted considerable attention owing to its
many favorable attributes [3]. Hydrous hydrazine is a carbon-free fuel
with high energy density, low material cost and satisfactory stability at
ambient conditions. The electrooxidation of hydrazine (N2H4) via a 4-
electron pathway, as described by Eqs. (1)–(3), yields a theoretical cell
voltage of +1.56 V, which is higher than hydrogen-air and most liquid
fuel cells [4–6]. DHFC can be operated at near-ambient temperatures
and the resulting dinitrogen and water are eco-friendly. Importantly,
DHFC does not require the usage of prohibitively expensive noble
metals as electrocatalyst, which is a distinct advantage over hydrogen-
air and direct alcohol fuel cells [3,7–9]. A major concern that hampers

the practical application of DHFC is the toxicity and mutagenicity of
hydrous hydrazine, whereas it can be addressed through the formation
of solid hydrazone by reacting hydrous hydrazine with carbonyl-con-
taining polymer according to Tanaka and coworkers [10]. Hydrazone is
safe and releases hydrous hydrazine upon contacting with warm water.

Anode reaction: N2H4+4OH−→N2+4H2O+4e− E° = -0.33 V vs. RHE
(1)

Cathode reaction: O2+2H2O+4e−→4OH- E°= 1.23 V vs. RHE (2)

Cell reaction: N2H4+O2→N2+2H2O E°= 1.56 V vs. RHE (3)

Seeking advanced electrocatalysts is paramount in the development
of DHFC energy conversion technology. In the past decades, a number
of noble and non-noble transition metals and their alloys or compounds
had been identified as active catalysts for the eletrooxidation of hy-
drazine [11–25]. In a general view, non-noble metal catalysts exhibited
higher activity but lower durability than the noble metal catalysts in
alkaline conditions. Electrocatalytic performances of non-noble metal
catalysts can be ameliorated through two approaches. One is to enhance
the intrinsic activity of electrocatalyst via alloying or formation of
metal compounds. The other is to increase the number of active sites,
primarily via nanostructuring the electrocatalytic materials. In practice,
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these two approaches are always adopted simultaneously to boost the
performance [26]. This is evident from the recent development of
nickel phosphide (NixP) catalyst. According to Sun et al., the in situ
grown Ni2P nanoarray on Ni foam (Ni2P/NF) dramatically out-
performed the relevant catalysts for hydrazine electrooxidation,
thereby representing an encouraging progress in the development of
DHFC [27]. However, the relation between the phase structure and the
catalytic properties of Ni phosphide remains to be established and the
mechanism underlying the remarkable activity enhancement upon
phosphidation of Ni is still unclear. Understanding these fundamental
issues is clearly crucial for successful future searches and development
of high-performance catalysts for hydrazine oxidation.

Herein, we report a systematic study of nickel phosphide (NixP)
catalyst towards the electrooxidation of hydrazine. The NixP nanoarray
was in situ grown on NF using a straightforward phosphidation method.
The as-prepared NixP/NF exhibited extraordinary performance in terms
of activity, durability and selectivity towards the complete electro-
oxidation of hydrazine. First-principles calculations have also been
conducted to shed light on the mechanism of such outstanding elec-
trocatalytic performance of Ni phosphides towards hydrazine electro-
oxidation.

2. Experimental

2.1. Electrocatalyst synthesis

Sodium hypophosphite (NaH2PO2, 99.0%) was purchased from
Macklin and used as received. Ni foam (NF, ≥ 99%) with a thickness of
1.80mm, an area density of about 650 g m―2 and an average pore size
from 0.25 to 0.80mm was purchased from Incoatm. Prior to phos-
phorization, the NF was cleaned by ultrasonication in ethanol for
10min to remove surface impurities. Typically, a piece of cleaned NF
(1× 1.45 cm2) was loaded into a quartz boat and around 2.0 g of
NaH2PO2 was placed 1 cm away from the NF at the upstream side. The
boat was heated up to 300 °C at a ramping rate of 2 °Cmin–1 and then
held at this temperature for 3.0 h under a flowing Ar atmosphere. After
being naturally cooled down to room temperature, the obtained NF
sample was washed with deionized water and ethanol, and then dried
in vacuum. The chemical reactions in the phosphorization process can
be illustrated by Eqs. (4) and (5).

4NaH2PO2→Na4P2O7+H2O+2PH3 (4)

2xNi+2PH3→2NixP+3H2 (5)

For comparison, NixP film was also grown on NF using an electro-
plating method. The plating solution contained 0.3 M NaH2PO2, 0.1 M
NiSO4·6H2O, 0.1 M NaCl, and 0.15M H3BO3, with a pH value of 4.7.
The electrodeposition was performed at 30 °C under a constant poten-
tial of ―0.85 V vs. saturated calomel electrode for 10min.

2.2. Electrochemical measurements

Electrochemical measurements were performed in an electro-
chemical workstation (PARSTAT MC 2000) using a standard three-
electrode cell at ambient temperature. The electrochemical cell consists
of a catalytic electrode, a Hg/HgO (with 1M NaOH) and a Pt foil as the
working electrode, reference electrode and counter electrode, respec-
tively. Potentials, measured versus Hg/HgO, were referenced to the
reversible hydrogen electrode (RHE) by adding a value of (0.059×PH
+0.098) V. Before each measurement, the electrolyte solution was
deoxygenated by bubbling Ar gas for at least 15min. All measurements
of linear sweep voltammetry (LSV) were performed in an alkaline
medium (1.0 M NaOH) at a scan rate of 20mV s―1. The double-layer
capacitances (CDL) of the catalyst samples were determined from the
scan-rate dependence of capacitive current in cyclic voltammetry (CV)
measurements. Electrochemical impedance spectroscopy (EIS)

experiments were performed with above three-electrode cell system
while sweeping the frequency from 100 KHz to 100mHz with a 5mV
amplitude at the onset potential. The curve fitting was performed by
Zview software. In determination of Faradic efficiency (FE), the amount
of generated gas during anode electrooxidation process was measured
by a classic water-displacement method. The FE was calculated by
comparing the experimentally measured gas amount with theoretical
value.

2.3. Characterization

The morphology and microstructure of the catalyst samples were
observed using field-emission scanning electron microscope (FE-SEM,
ZEISS MERLIN) and high-resolution transmission electron microscopy
(HRTEM, JEOL-2100 F). The phase structure was identified using X-ray
diffraction (XRD, Rigaku RINT 2000, Cu Kα radiation, λ=1.5418 Å).
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-ALPHA+,
Al Kα X-ray source) technique was used to analyse the chemical states
of the constituent elements of the catalyst samples. In the XPS mea-
surements, high-resolution scans of elemental lines were recorded at
50 eV pass energy of the analyzer. All the BEs were calibrated using the
C1s peak at 284.8 eV of the adventitious carbon as an internal standard.
The curve fitting was performed by XPS PEAK 4.1 software.

2.4. Computational methods

First-principles calculations were performed based on density
functional theory implemented in Vienna ab-initio Simulation Package
[28]. Spin-polarized generalized gradient approximation of Perdew-
Burke-Ernzerhof exchange-correlation functional was used to describe
the exchange-correlation interaction [29]. A plane wave cutoff energy
of 500 eV was used in all calculations, sufficiently ensuring the con-
vergence [30–32]. The surfaces were modelled by a five-layer (3×3)
unit cell for f.c.c. Ni (111) and a six-layer (1× 1) unit cell for hexigonal
Ni2P (001). Specifically, Ni3P2-terminated plane was found to be pre-
dominatly exposed for Ni2P (001) surface [33]. The vacuum thickness
was set to be at least 20 Å to eliminate unphysical interaction between
the replicas of the slab. In each calculations, the top three layers to-
gether with the adsorbates were fully relax in all dimensions till all
residual forces have declined below 0.02 eV/Å. A standard dipole cor-
rection was employed due to asymmetric slabs [34]. The Brillouin zone
was sampled by Gamma-centered 5× 5×1 and 7× 7×1 k-meshes for
the (3× 3) Ni (111) and (1×1) Ni2P (001) supercells, respectively.

The adsorption energy (Eads) of adsorbates on surfaces was defined
as

Eads=EX/surface-EX-Esurface (6)

where EX/surface, EX and Esurface are the total energies of X adsorbed
sufaces, gas-phase species and clean surfaces, respectively. The Gibbs
free energy changes of each elementary step were calculated as

ΔG=ΔE+ΔZPE-TΔS (7)

where ΔZPE and ΔS are the zero-point energy and entropy differences,
respectively. Temperature was set to be 298 K. The entropies and ZPE
were calculated based on additional vibrational frequency analysis
[35].

3. Results and discussion

3.1. Catalyst characterization

Direct reaction of transition metals with P vapor or gaseous PH3 at
elevated temperatures provides a straightforward approach to produce
metal phosphides [27,36–40]. In the present study, we employed this
simple method to prepare NixP nanoarray on the NF surface using
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NaH2PO2 as a P source. The resulting sample from direct phosphor-
ization of NF was denoted as NixP/NF (DP). It was observed that the NF
sample well retained its 3D porous structure after phosphorization, but
with a notable colour change from the initial silver grey to black (Fig.
S1, Supplementary material). XRD analysis of the post-phosphidated
sample evidences the formation of two crystalline nickel phosphide
phases with slightly different stoichiometries. As seen in Fig. 1a, besides
the strong peaks of the NF substrate, the diffraction peaks at 41.7°,
46.9°, and 48.9° can be well indexed to the tetragonal Ni12P5 (JCPDS
card 01-074-1381) and those at 40.7°, 47.4°, and 54.2° to the hexagonal
Ni2P phase (JCPDS card 01-074-1385). From the weight change before
and after phosphidation, the amount of the in situ formed NixP on Ni
foam was estimated to be around 15.5∼18.0 mg cm–2. The NixP/NF
(DP) sample was further examined by the surface-sensitive XPS tech-
nique to determine the chemical states of the constituent elements. As
seen in Fig. 1b and c, both Ni and P elements showed two chemically
different entities. For Ni, the peak at 856.1 eV can be safely assigned to
NiII species resulted from the possible surface oxidation of the sample
upon air exposure. The other Ni 2p3/2 signal at 853 eV exhibited a
positive shift of binding energy (BE),∼0.5 eV, compared to the metallic
Ni°. Meanwhile, the P 2p3/2 and 2p1/2 peaks at 129.1 and 128.5 eV
showed negative shifts of BE, ∼1.4 eV, compared to the pristine P°.
These results clearly indicate a electron transfer from Ni to P, which is
consistent with the observed formation of nickel phosphides.

Morphology observation of the NixP/NF (DP) sample by FE-SEM
(Fig. 2a–c) found that the surface of NF was entirely covered by high-
density arrays of vertically aligned nanowires. These nanowires showed
poorly defined shapes, varied diameters ranging from 200 to 400 nm,
and relatively long lengths up to several micrometers. Fig. 2d–g present
the two-dimensional elemental mapping results that were acquired in
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) mode in combination with energy dispersive X-
ray spectroscopy (EDS) analysis. It is evident that Ni and P elements
dispersed homogeneously throughout the nanowires. The selected area
electron diffraction (SAED) analysis and HRTEM observation further
help identify the phase structures as well as their spatial distributions.
As seen in Fig. 2i, the SAED pattern clearly showed two sets of dif-
fraction spots seperately corresponding to the Ni12P5 and Ni2P crys-
talline phases. In the representative HRTEM images (Fig. 2j, k), the
lattice fringes with interplanar spacings of 0.610 and 0.437 nm inter-
sected with an interplanar angle of 69° could be safely assigned to
Ni12P5, while the lattice fringes with distance of 0.338 and 0.293 nm
and an interplanar angle of 90° belong to the Ni2P phase. The SAED and
HRTEM observations are in good agreement with the XRD result.

Particularly, the HRTEM results revealed that the Ni2P phase ex-
clusively distributes on the surface of the Ni12P5 phase (Fig. 2j and k).
Such spacial phase distribution from the outlayer Ni2P to the internal
Ni12P5 with the decreased P content inwards reflects the diffusion and
phosphorization pathway from the outer P source.

3.2. Electrocatalytic performance for N2H4 oxidation

The electrocatalytic properties of the NixP/NF (DP) sample towards
hydrazine oxidation were examined and compared with those of the
neat NF and the NixP/NF (EP) sample prepared using an electroplating
method. As shown in Fig. 3a, the CV curves of all three catalyst samples
showed an anodic peak in the forward scan, which primarily corre-
spond to hydrazine oxidation. Judging from the peak currents and peak
potentials, the directly phosphidated NixP/NF (DP) sample exhibited
the highest activity towards hydrazine oxidation, followed by the NixP/
NF (EP) and NF samples. The same ascending order of activity was also
observed in the LSV measurements (Fig. 3b). In comparison with the
neat NF, the NixP/NF (EP) sample showed a reduced onset potential of
57mV and a one-fold increase of current density, while the NixP/NF
(DP) sample obtained from direct phosphidation of NF exhibited further
remarkably enhanced catalytic activity. It showed an onset potential of
–0.08 V vs. RHE and a current density of 580mA cm−2 at 0.30 V, which
is comparable to the top notch hydrazine electrooxidation catalysts
reported up to date (Table S1, Supplementary material). The remark-
able activity advantage of the NixP/NF (DP) over the NF and NixP/NF
(EP) catalysts should be ascribed to the formation of the nanostructured
NixP phases with an enhanced intrinsic activity and/or the increased
number of active sites, as stated below.

N2H4+nOH−→N2+(2-0.5n)H2+nH2O+ne− (8)

where n is the number of reaction electrons (n=1, 2, 3, and 4).

N2H4→N2+2H2 (decomposition) (9)

3N2H4→N2+4NH3 (decomposition) (10)

In the DHFC, anodic oxidation of hydrazine ideally follows a 4-
electron-reaction (Eq. (1)), yielding N2 and H2O as the final products.
However, practically the electrooxidation of hydrazine may proceed via
different reaction pathways, which involve different numbers of elec-
trons transferred, as described by Eq. (8). Furthermore, the electro-
oxidation reactions may be entangled by the catalytic decomposition of
hydrous hydrazine, as described by Eqs. (9) and (10). All these side-
reactions may result in a deteriorated fuel efficiency. In the present
study, we observed that the hydrous hydrazine fuel solution was stable

Fig. 1. (a) XRD pattern, (b) Ni 2p XPS spectrum, and (c) P 2p XPS spectrum of the post-phosphidated Ni foam. The inset in (a) showed a magnified view of the region
of interest.
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upon contacting with the NixP/NF (DP) catalyst, suggesting that the
hydrazine decomposition over the NixP/NF (DP) catalyst should be
negligible at open circuit potential. In an effort to determine the
number of the transferred electrons during hydrazine oxidation, we
measured the current density dependence of the anodic gas generation
rates. As shown in Fig. 3c, the measured gas amounts were in excellent
agreement with the values calculated from the 4-electron-reaction in
the examined current density range, indicating a nearly 100% FE for the
electrooxidation of hydrazine over the NixP/NF (DP) catalyst.

In order to gain insight into the variations of electrocatalytic ac-
tivity, we conducted CV measurements at varied scan-rates to de-
termine the CDL (Fig. S2, Supplementary material) and used EIS tech-
nique to measure the charge-transfer resistance (Rct) of a series of
catalysts. It was found that the CDL of the NixP/NF (DP) catalyst nearly
doubled that of the NixP/NF (EP) and was about 15-fold higher than
that of the neat NF (Fig. 3d). Since the electrochemical active surface
area (ECSA) is proportional to the CDL, these results clearly indicate that
the direct phosphorization of NF provided a simple but effective
method for maximizing the active surface area of the electrocatalyst.
This was directly evidenced by the morphology observations. As seen in
the SEM images, the NixP/NF (EP) sample showed a relatively smooth
surface morphology (Fig. S3, Supplementary material), which was in
sharp contrast to the formation of nanowire arrays in the NixP/NF (DP)
sample (Fig. 2b and c). The EIS measurement results further showed
that coating NF with NixP, particularly via direct phosphorization of

NF, caused a notable decrease of Rct (Fig. 3e). This was supported by
our first-principles calculations (Fig. S4, Supplementary material). The
calculated density of states revealed that both the Ni12P5 and Ni2P
phases are conductors with continuous energy bands near the Fermi
level, thus ensuring efficient electron transfers during N2H4 electro-
oxidation.

Long-term stability is also an important criterion for evaluating the
N2H4 electrooxidation catalysts. In the present study, we tested and
compared the durabilities of the NixP/NF (DP) and relevant catalysts
using chronoamperometry and CV methods. In the chronoamperometry
measurements, as shown in Fig. 3f, all three electrocatalysts showed
rapidly decreased current densities at the initial reaction stage. After
10,000 s of constant-potential measurement, the NixP/NF (DP) catalyst
still retained 80.5% of its initial activity. In sharp contrast, the NF and
NixP/NF (EP) samples showed only 34.8% and 63.5% of their initial
levels, respectively. To gain insight into the improved stability, we
conducted XPS analyses of the as-prepared and the post-used catalyst
samples (Fig. S5, Supplementary material). It was observed that the
chemical state of Ni species in the NixP/NF (DP) sample showed no
significant change, whereas the NiII signal became remarkably
strengthened in the NixP/NF (EP) and NF samples after the stability
test. These results suggested the excellent stability of NixP/NF (DP)
catalyst towards hydrazine electrooxidation might stem from the alle-
viated surface oxidation of NixP coating. In the CV measurements, the
anodic current at 0.2 V vs. RHE was periodically extracted and plotted

Fig. 2. (a), (b) and (c) FE-SEM images at different resolutions; (d)-(g) HAADF-STEM image and corresponding EDS maps for Ni, P and combined image, respectively.
(h) TEM image and (i) the corresponding SAED pattern; (j) and (k) Two representative HRTEM images of NixP/NF (DP) catalyst.
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against the cycle number (Fig. S6, Supplementary material). The NixP/
NF (DP) catalyst exhibited an activity loss of only 14% after 1000 CV
cycles, which is much lower than those of the NixP/NF (EP) (48.7%)
and NF (51.4%). SEM observations found that the morphological fea-
ture of the catalyst was well maintained after long-term operation (Fig.
S7, Supplementary material). These results clearly indicate the out-
standing stability of the NixP/NF (DP) catalyst for the N2H4 electro-
oxidation in alkaline condition.

3.3. Understanding the catalytic property of NixP towards N2H4

electrooxidation

To rationalize such remarkably advanced catalyzing properties of
the NixP/NF (DP) over the neat NF for the N2H4 electrooxidation, and to
discern the activity boost upon phosphorization and especially identify
the nature of active sites of the NixP catalysts, we performed first-
principles calculations to study the elementary steps (N2H4→N2H3→
N2H2→N2H→N2) involved in N2H4 electrooxidation on the f.c.c. Ni

(111) and hexagonal Ni2P (001) surfaces [41]. The (111) plane is well
known as the most stable Ni surface and the select of Ni2P (001) surface
as a model substrate was based on the experimental observations that
the Ni2P phase with a predominant (001) orientation exclusively dis-
tributed on the Ni12P5 surface, which made it readily accessible to the
N2H4 reactant. Fig. 4 presents the Gibbs free energy diagram for the
stepwise N2H4 dehydrogenation process with optimized structures on
the two modelled surfaces. On both surfaces, only the H extraction from
N2H2 is endothermic and all the other steps are exothermic in nature. A
comparison of the calculated Gibbs free energy profiles suggested that
the path of N2H4 dehydrogenation over Ni2P (001) surface is en-
ergetically smoother than that on Ni (111). In particular, the rate-lim-
iting transformation of N2H2 to N2H on Ni2P (001) was less en-
dothermic by nearly 30% than that on Ni (111). These results clearly
suggest that Ni2P possesses a higher intrinsic activity than metallic Ni
towards N2H4 electrooxidation. Our calculations further showed that,
due to the formation of single-atom-like isolated Ni active sites by the
surrounding P atoms (Fig. S8, Supplementary material), the Ni2P (001)

Fig. 3. (a) CV curves and (b) LSV profiles at 30 °C in a solution containing 0.1M N2H4·H2O and 1.0M NaOH at a scan rate of 20mV s−1. The inset shows a zoomed-in
view of the onset potential region of the examined electrocatalysts; (c) The current density dependence of the anodic gas generation rates; (d) The capacitive current
densities at open circuit potential as a function of scan rate; (e) EIS Nyquist plots at onset potentials; (f) Chronoamperometric curves of the examined electrocatalysts
at a constant-potential of 0.2 V in a solution containing 3.0M N2H4·H2O and 1.0M NaOH.
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surface per unit provides a larger number of active sites than Ni (111)
surface. Specifically, a (1× 1) Ni2P (001) surface ensures a comparable
adsorption strength of N2H4 molecule (around −0.80 eV) to a (3× 3)
Ni (111) surface. But the area of the (1×1) Ni2P (001) surface is just
around 60% of the (3×3) Ni (111). Based on these calculation results,
the experimentally observed superior electrocatalytic activity of NixP
nanowires array towards N2H4 electrooxidation should stem from a
favorable combination of high intrinsic activity and high density of
active sites of the Ni2P surface, as well as the intrinsically high electrical
conductivity of Ni12P5 and Ni2P phases.

4. Conclusions

A supported nickel phosphides nanowire catalyst on Ni foam was
synthesized by direct phosphorization method. The in situ grown na-
nowire arrays are composed of Ni12P5 and Ni2P phases with Ni2P na-
noparticles exclusively distributing on the surface of Ni12P5. Thus-pre-
pared NixP/NF catalyst exhibits exceptionally high activity, excellent
durability and nearly 100% selectivity towards the complete electro-
oxidation of hydrazine, and the overall catalytic performance was
comparable to the top-notch hydrazine electrooxidation catalysts re-
ported to date. According to our first-principles calculations, the out-
standing electrocatalytic performance should be primarily ascribed to
the high intrinsic activity and high density of active sites of Ni2P, as
well as the good electrical conductivity of Ni12P5 and Ni2P phases. Our
experimental and theoretical results may provide insights and guide-
lines for future exploitation of high-performance phosphide-based

electrocatalysts for the applications of direct hydrazine fuel cell.
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