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� A new and mass-produced strategy
was used to synthesize Ni2P/Fe2P/
NF 3D electrode.

� The Ni2P/Fe2P/NF electrode exhibits
superior activity toward both UOR
and HER.

� Only a cell voltage of 1.47 V is
required to the current density of
10 mA cm�2.

� The facile synthetic strategy provides
a prospect for industrializable
production.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 12 December 2018
Revised 21 January 2019
Accepted 22 January 2019
Available online 23 January 2019

Keywords:
Manual shaking
Ni, Fe-PBA
Ni2P/Fe2P nanohybrids
Electrocatalysis
Overall urea electrolysis
a b s t r a c t

Urea electrolysis is regarded as an alternative energy-saving hydrogen production technique to replace
the conventional water splitting method due to the predicted lower thermodynamic potential. Herein,
we demonstrate a robust and mass-produced strategy to in-situ grow Ni2P/Fe2P nanohybrids on Ni foam
(Ni2P/Fe2P/NF) as an advanced electrode for overall urea electrolysis via a 30 s manual shaking reaction of
FeCl3�6H2O, K3[Fe(CN)6] and pre-treated NF, followed by a facile phosphorization treatment. The as-
prepared Ni2P/Fe2P/NF electrode exhibits high activity for the HER at 115 mV and UOR at 1.36 V with
the current density of 10 mA cm�2, and only a cell voltage of 1.47 V is required to deliver the current den-
sity of 10 mA cm�2. This work reveals a promising industrializable pathway to develop non-noble mate-
rials as bifunctional catalysts.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The production of hydrogen (H2) fuel with clean and
cost-effective strategies is vital to achieving the switch from the
conventional fossil-fuel economy to a green and sustainable hydro-
gen economy with the help of efficient energy storage technologies
[1–4]. Tremendous H2 production can be easily obtained through
conventional routes like coal gasification and steam reforming,
with the massive generation of carbon dioxide, aggravates the
greenhouse effect [5,6]. Catalytic H2 generation by means of elec-
trolytic water splitting is a simple and eco-friendly method. How-
ever, owing to the sluggish kinetics of anodic oxygen evolution
reaction (OER), a considerable overpotential is commonly required
[7–11]. The overpotential is hopeful to be reduced by replacing the
OER with a more efficient oxidation process, such as methanol [12],
ethanol [13] and urea oxidation reaction (UOR) [14,15]. Among
these alternative methods, urea catalysis is especially attractive
for the merit of purifying urea-rich wastewater to produce H2

[16]. Usually, noble-metal-based electrocatalysts such as platinum
(Pt) or rhodium (Rh) can be used to overcome the intrinsic barrier
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of sluggish kinetics of UOR, involving the 6e- transfer process [15],
but the high-cost problem limits their practical applications. Sim-
ilarly, H2 evolution reaction (HER) as a reductive half reaction of
water splitting is a crucial component of several developing
clean-energy technologies [17,18]. The development of clean, effi-
cient cathodic HER electrocatalysts is needed for reducing the
energy loss for H2 production by achieving large cathodic current
densities at low overpotentials. Nevertheless, HER catalysts also
confront the cost problem of the state-of-the-art Pt-based materi-
als [19] and most HER catalysts are just effective in acidic media
[20,21]. Therefore, it is highly desirable to design and develop
low-cost but high-efficiency transition-metal-based whole-cell
urea splitting electrocatalysts for H2 production in alkaline media.

Recently, the manufacture of three-dimensional (3D) electrodes
to construct self-supported arrays and films without using other
additives is regarded as an effective strategy to promote carrier
transport and achieve high electrochemical activities [22–24]. Var-
ious techniques have been proposed to fabricate electrodes, includ-
ing vapor phase [25], solution-based [26,27], and electrospinning
methods [28] and so on [29], which demand either high tempera-
ture or long synthesis time. Lots of efforts have been made to seek
mild and feasible methods to fabricate electrodes, especially which
can be fulfilled even at room temperature in a short reaction time.
For example, Yu et al. demonstrated a simple and feasible route to
obtain electrodes by planting Cu(OH)2 nanowires on Cu foam
through a chemical oxidation method at room temperature
[30,31]. Moreover, the design of the heterogeneous architectures
with multi-components have exhibited synergistically enhanced
electrocatalytic activity compared to their single-component coun-
terparts, which may be attributed to the abundant active sites and
electronic reconfigured interfaces [4,32]. Recently, Li group clari-
fied that the strong interface interaction between MoS2 and Ni3S2
in MoS2/Ni3S2 hybrids promotes the adsorption of the intermedi-
ates and plays a major role for the increase of electrochemical
activity for the overall urea splitting [33]. Hence, it still remains
a big challenge to explore more convenient, reliable and rapid
route for the fabrication of high-efficiency anodic UOR and catho-
dic HER electrodes with large quantity production.

Herein, we demonstrate a rapid and facile method to fabricate
3D electrocatalytic electrode, in which prussian blue analogue/Ni
foam (Ni, Fe-PBA/NF) composite is first synthesized with 30 s man-
ual shaking by using NF as the Ni source as well as the substrate
and then the obtained Ni2P/Fe2P/NF 3D nanohybrid electrode is
phosphorized subsequently. Owing to the simple and fast nature,
this method is prospective for large-scale industrial production.
And benefiting from the merits of the 3D hybrid structure and
favored carrier transport, the Ni2P/Fe2P/NF electrode exhibits the
excellent activities towards both UOR and HER with low overpo-
tentials, indicating the significant application for urea electrolysis.

2. Experimental

2.1. Materials and reagents

All reagents and solvents were of analytical grade. Iron(III) chlo-
ride hexahydrate (FeCl3�6H2O, 99.0%), Nickel(II) nitrate hexahy-
drate (Ni(NO3)2�6H2O, 98%), potassium ferricyanide(III) (K3[Fe
(CN)6], 99.5%) and Sodium hypophosphite (NaH2PO2�H2O, 99.0%),
Ethanol (EtOH, 99.7%) were purchased from Sinopharm Chemical
Reagent Co., Ltd (China), and used as received without further
purification.

2.2. Synthesis of Ni, Fe-PBA/NF

Typically, the NF (1 � 1.5 cm2) was first immersed into the HCl
solution (3 M) for 10 min and FeCl3�6H2O aqueous solution
(0.05 M) for 5 min to remove the oxides. After washed by
ethanol and water for three times, the pre-treated NF was
immersed into the mixed solution of 10 ml of FeCl3�6H2O
(0.05 M) and 10 ml of K3[Fe(CN)6] (0.1 M) via manual shaking for
about 30 s to obtain the Ni, Fe- PBA layer on the surface of NF
substrate.
2.3. Synthesis of Ni2P/Fe2P/NF

Briefly, the as-obtained Ni, Fe-PBA/NF composite and 0.4 g of
commercial NaH2PO2�H2O were placed at the center and upstream
side of the tube furnace, respectively, and the phosphorization
treatment was performed at 300 �C for 2 h to obtain Ni2P/Fe2P/NF
composite. The loading amount of Ni2P/Fe2P on NF was determined
to be 2.53 mg cm�2. For comparison, Ni2P/NF sample was
synthesized via the similar phosphorization treatment except
directly using pre-treated NF as the precursor. Additionally, the
Fe2P/NF was synthesized according to the previously reported
work [34]. In a typical synthesis, the cleaned NF (2 � 4 cm2) was
immersed into 2 mmol FeCl3�6H2O, 15 mmol KNO3 and 40 ml
deionized water, and then the mixture were transferred to a
50 ml Teflon-lined stainless-steel autoclave and maintained at
100 �C for 12 h. After the autoclave cooled down, the NF was
washed with deionized water several times, then dried in air.
Finally, Ni2P/NF was obtained after the similar phosphorization
treatment.
2.4. Characterization

The crystalline phase of the as-prepared samples was analyzed
by powder X-ray diffraction (XRD) measurements with a Bruker D8
Advance X-ray diffractometer using Cu-Ka radiation at a scanning
rate of 0.2� s�1. The morphologies were investigated by scanning
electron microscopy (SEM) with a Hitachi S-4800 scanning elec-
tron microanalyzer with an accelerating voltage of 15 kV.
Microstructures are further observed by transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) at 200 kV with a JEM-2100F field emission
TEM. The surface composition of the samples were analyzed
through X-ray photoelectron spectroscopy (XPS), using an ESCALab
MKII X-ray photoelectron spectrometer with Mg Ka X-ray as the
excitation source. For TEM measurements, samples were prepared
by dispersing the products in ethanol and placing several drops of
the suspension on holey carbon net supported on copper grids.
2.5. Electrochemical measurements

A three-electrode electrochemical cell was used to test the elec-
trochemical performance with a bipotentiostat workstation
(WD20-BASIC Metrohm PGSTAT101) at room temperature. The
saturated calomel electrode (SCE, saturated KCl) was selected as
reference electrode and graphite rod was used as counter elec-
trode. The back side of as-prepared Ni2P/Fe2P/NF electrode was
covered with epoxy resin and the size of working electrode was
restricted to 0.5 � 1.0 cm2. The electrolyte was 1 M KOH and
0.5 M urea aqueous solution. The reversible hydrogen electrode
(RHE) reference scale was determined as follows: E(RHE) = -
E(SCE) + 0.059 � pH + 0.241. The polarization curves were recorded
through linear sweep voltammetry (LSV) with a scan rate of
10 mV s�1. Electrochemical impedance spectroscopy (EIS) was con-
ducted at potential of 1.4 V (vs. RHE) with frequency from Hz 0.1 to
100,000 Hz by using Zennium electrochemical workstation (ZAH-
NER, Germany).
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3. Results and discussion

The synthesis strategy of the Ni2P/Fe2P/NF electrode consists of
two steps, as described in Fig. 1a. In the first step, the Ni, Fe-PBA
Fig. 1. (a) Schematic illustration of the fabrication of Ni2P/Fe2P/NF electrode. (b)

Fig. 2. (a) Low-magnification and (b) high-magnification SEM images of the as-prepare
images of the Ni2P/Fe2P nanohybrids.
nanohybrids grown on NF was obtained by a facile manual shaking
at room temperature. It is a very interesting and rapid reaction pro-
cess, which is intrigued by simply immersing pre-treated NF into a
50 ml beaker containing the mixed solution of 10 ml FeCl3�6H2O
Digital photos of pre-treated NF, Ni, Fe-PBA/NF and Ni2P/F2P/NF composites.

d Ni2P/Fe2P/NF. (c) TEM, (d) HRTEM and (e–h) corresponding elemental mapping
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(0.05 M) and 10 ml K3[Fe(CN)6] (0.10 M) and completed within
30 s manual shaking. As both the substrate and the Ni source, the
Ni foam reacts immediately with Fe3+ upon its immersion in the
solution, releasing Ni2+ and transforming Fe3+ into Fe2+ (Ni
+ Fe3+ ? Ni2+ + Fe2+). At the same time, the newly generated metal
ions interact with K3[Fe(CN)6] to produce insoluble PBA layer on
the surface of the Ni foam. In the second step, the as-prepared
Ni, Fe-PBA/NF are converted into Ni2P/Fe2P 3D nanohybrids
through a facile phosphorization reaction with NaH2PO2 at
300 �C for 2 h under nitrogen atmosphere. As revealed by the video
(see Supporting Information) recording the preparation process of
the 3D Ni, Fe-PBA/NF nanohybrids, the silvery NF was converted
into dark green color after the manual shaking, indicating the for-
mation of PBA layer (Fig. 1b).

SEM image presented in Fig. S1a exhibits a smooth surface of
the pre-treated NF, but the surface becomes rougher induced by
the agglomeration of nanoparticles after the coated of Ni, Fe-PBA
product on NF substrate (Fig. S1b). The crystallographic structure
and phase purity of the as-prepared Ni, Fe-PBA/NF composite
was further characterized by the power XRD measurement. As
shown in Fig. S2a, the weak diffraction peaks can be indexed to
cubic Ni3[Fe(CN)6]2�10H2O (JCPDS card No. 86-0501) and cubic
Fe4[Fe(CN)6]3 (JCPDS NO.01-0239) and the other three strong peaks
can be assigned to the NF substrate. The chemical components
were further confirmed by Fourier transform-infrared spec-
troscopy shown in Fig. S3, where the peak at about 2080 cm�1

can be assigned to the stretching of C„N bonds and the small peak
at about 1610 cm�1 to d(OH) in PBA. As revealed by the SEM in
Fig. 2a and b, after the phosphorization treatment, Ni, Fe-PBA/NF
composite was converted into Ni2P/Fe2P/NF electrode, and the
morphology was maintained. The XRD analysis (Fig. S2b) of the
as-obtained Ni2P/Fe2P/NF shows that the coexistence of Ni2P
(JCPDS card No. 03-0953) and Fe2P (JCPDS card No. 83-2337). In
addition, the SEM images and XRD patterns of the as-obtained
Fig. 3. XPS spectra of (a) survey, (b) Ni 2p, (c)
Ni2P/NF and Fe2P/NF are shown in Fig. S4, respectively, which fur-
ther confirm the successful synthesis of Ni2P and Fe2P on the sur-
face of NF. TEM examinations have also been carried out to
evaluate the detailed structures of the samples. As shown in
Fig. 2c, the Ni2P/Fe2P nanohybrid is constructed with nanoparti-
cles, which endows the electrocatalyst with abundant active sites
to promote the electrochemical performance [35]. The HRTEM
image in Fig. 2d displays distinct a lattice fringe of 0.22 nm, corre-
sponding to the spacing of (1 1 1) plane of Ni2P, and the interplanar
space of 0.29 nm is consistent with the (1 1 0) lattice plane of Fe2P.
Furthermore, the mapping result indicates a uniform distribution
of Ni, Fe and P elements throughout the whole sample (Fig. 2e–g).

XPS measurements were conducted to determine the surface
chemical states of the Ni2P/Fe2P/NF 3D electrode. The XPS results
shown in Fig. 3a reveal the presence of Ni, Fe, P, C and O elements.
The existence of C and O elements may mainly arise from the air
contact [36]. As shown in the high-resolution of Ni 2p spectrum
(Fig. 3b), the peaks centered at 853.4 eV and 870.7 eV can be
assigned to Ni species in Ni2P/Fe2P/NF 3D nanohybrids. The peaks
located at 856.6 eV and 874.6 eV accompanied with the two satel-
lite peaks at 861.5 and 880.0 eV are attributed to the oxidized Ni
species [37,38]. Similarly, as displayed in the Fe 2p3/2 spectrum
(Fig. 3c), the peak located 706.7 eV and the two peaks at 710.5
and 713.6 eV correspond to the Fe species in Ni2P/Fe2P nanohy-
brids and oxidized Fe species, respectively [39–41]. The peaks cen-
tered at 130.3 and 129.6 eV in the P 2p spectrum (Fig. 3d) can be
ascribed to the low-valence P species in Ni2P/Fe2P nanohybrids.
The peak at 134.2 eV can be assigned to the oxidized P species,
as a result of the exposure of the product to the air [42].

The UOR tests were carried out in a conventional three-
electrode cell with different electrolyte, and directly employing
the as-synthesized Ni2P/Fe2P/NF as the working electrode. As
shown in Fig. S5a, an obvious oxidation peak centered at around
1.4 V can be observed in the OER polarization curve with 1.0 M
Fe 2p and (d) p 2P for the Ni2P/Fe2P/NF.
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KOH can be attributed to the formation of oxyhydroxide species
[43,44]. In contrast, with the addition of urea in the electrolyte,
the anodic current density exhibits a great enhancement. The onset
potential of UOR is quite consistent with the potential where
NiOOH appears, manifesting that the active sites for UOR are the
newly generated NiOOH species, which are identical to previous
reports about Ni-based electrocatalysts [15,45]. For the aim of
comparison, the polarization curves of the Ni2P/Fe2P/NF, Ni2P/NF
and Fe2P/NF electrodes in 1.0 M KOH with 0.5 M urea were dis-
played at Fig. 4a. Remarkably, the anodic current density of Ni2P/
Fe2P/NF electrode increases dramatically with a more positive
potential, but the increase is limited to the Ni2P and Fe2P electrode.
Specifically, a potential of 1.36 V is required to reach the current
density of 10 mA cm�2 for Ni2P/Fe2P/NF electrode, which is supe-
rior to that of Ni2P/NF (1.39 V), Fe2P/NF (1.40 V) and NF substrate
(1.45 V). Notably, the UOR activity of the as-prepared Ni2P/Fe2P/
NF electrode is comparable or superior to the reported UOR elec-
trocatalysts, including Ni-MOF (1.37 V) [44], NiO-Fe2O3 (1.40 V)
[46] and so on (Table S1). The enhanced UOR electrocatalystic
behavior of Ni2P/Fe2P/NF electrode was confirmed by Tafel plots
(Fig. 4b). The Tafel slope is determined to be 79.10 mV dec�1, much
lower than that of the Ni2P/NF and Fe2P/NF electrodes, indicating a
Fig. 4. Polarization curves and Tafel plots for the (a and b) UOR and (c and d) HER of vario
the Ni2P/Fe2P/NF electrode at a constant current density of 10 mA cm�2 and �10 mA cm
more favorable catalytic kinetics of the Ni2P/Fe2P/NF electrode
towards UOR. The long-term durability of Ni2P/Fe2P/NF electrode
was assessed by galvanostatic experiment at the fixed current den-
sity of 10 mA cm�2. As displayed in Fig. 4e, the Ni2P/Fe2P/NF elec-
trode retains catalytic activity after 20 h, indicating its long
durability for UOR. Additionally, the SEM images of the Ni2P/
Fe2P/NF electrode after the durability measurement imply the
highly stable structure of catalyst (Fig. S6). All these results indi-
cate that the Ni2P/Fe2P/NF electrode is a promising electrocatalyst
for UOR.

We also examined the HER activity of the Ni2P/Fe2P/NF elec-
trode in 1.0 M KOH with 0.5 M urea electrolyte. Fig. 4c presents
the polarization curves without iR correction. The overpotential
of Ni2P/Fe2P/NF electrode is observed to be 115 mV at the current
density of 10 mA cm�2, which is lower than that of Ni2P/NF, Fe2P/
NF and NF substrate, and comparable to the recently reported non-
noble metal catalysts (Table S2). The superior HER property of the
Ni2P/Fe2P/NF electrode is also confirmed by the lower Tafel slope,
which was determined to be 193.6 mV dec�1 (Fig. 4d), while it
was calculated to be 222.3 mV dec�1 and 217.6 mV dec�1 for the
Ni2P/NF and Fe2P/NF, respectively. In addition, we further investi-
gate the influence of the addition of urea on the HER process.
us electrodes. (e) Long-term chronopotentiometric stability test for UOR and HER of
�2 in 1 M KOH with 0.5 M urea electrolyte.
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The change of overpotential for HER is negligible with or without
the presence of urea (Fig. S5b), which is consistent with the previ-
ous reported value [43]. Moreover, the galvanostatic experiment at
the static current density of 10 mA cm�2 was employed to evaluate
the stability performance, and the HER activity could be main-
tained over 20 h (Fig. 4e).

Inspired by the excellent activity of the Ni2P/Fe2P/NF electrode
for UOR and HER, a two-electrode electrolyzer was constructed to
estimate the performance of electrochemical hydrogen generation
with the Ni2P/Fe2P/NF electrode as both anode and cathode
(Fig. 5a). For comparison, the overall water splitting was also con-
ducted in the 1.0 M KOH solution. As shown in Fig. S7, to drive the
current density of 10 mA cm�2, the required cell voltage is only
1.47 V in 1.0 M KOH with addition of urea, whereas a higher cell
voltage of 1.57 V is demanded in 1.0 M KOH. Meanwhile, the elec-
trolyzer composed of the Ni2P/NF or Fe2P/NF electrode was also
used to measure the performance of electrochemical hydrogen
generation (Fig. 5b) and it delivers a current density of 10 mA cm�2

at the cell voltage of 1.55 V and 1.51 V in 1.0 M KOH with urea,
respectively, which is inferior to that of the Ni2P/Fe2P/NF electrode.
Furthermore, the Ni2P/Fe2P/NF electrode needs voltages of 1.47,
1.56, 1.69 and 1.85 V to reach current densities of 10, 50, and
100 mA cm�2, whereas Ni2P/NF and Fe2P/NF electrodes need much
higher values to reach the same current densities (Fig. 5c). This
result obviously exhibits the superior efficiency of the Ni2P/Fe2P/
NF electrode. The long-term durability was examined by galvano-
static experiment and the potential changes from 1.47 to 1.50 after
20 h at a fixed current density of 10 mA cm�2 (Fig. 5d). These
results confirm that the process of UOR at anode is an effective
strategy to achieve electrocatalytic hydrogen generation with less
energy consumption. Furthermore, the Raman spectrum of the
post-UOR anode (Fig. S8) displays the featured peaks of the
oxyhydroxide species [47], indicating that the active species is oxy-
hydroxide for UOR process [15]. To further investigate catalytic
Fig. 5. (a) Schematic illustration of urea electrolysis using the Ni2P/Fe2P/NF composite for
reach different current densities of the Ni2P/Fe2P/NF, Ni2P/NF and Fe2P/NF electrodes.
performed at 10 mA cm�2.
activity, the Ni2P/Fe2P/NF electrocatalyst after UOR test was also
characterized by XPS. As shown in Fig. S9 a and b, compared with
the XPS spectra before the UOR test, the peak at 853.4 eV and
870.7 eV are assigned to the Ni2P bond and the peaks at 706.7 eV
corresponding to FeAP bonds disappear after the UOR test, which
indicates that the surface of Ni2P/Fe2P/NF electrode has been trans-
formed to metal oxides/hydroxides during the UOR process [48–
51]. Furthermore, the XPS spectrum of O 1s shown in Fig. S9c
reveals the peaks at 529.6 eV, 531.3 eV and 533.8 eV, which can
be ascribed to the oxygen chemical states of metal–O, OAH and
HAOAH, respectively [52]. The XPS P 2p spectrum (Fig. S9d) shows
PAO bond at around 133.2 eV, while the peak at 129.6 eV and
130.3 eV belonging to the metal phosphide disappears after the
UOR test, which is a solid evidence of the conversion of the metal
phosphide to its corresponding metallic oxide or hydroxide [53].
Therefore, Ni–Fe oxide/hydroxide active species are produced on
the surface of the catalyst during the UOR test.

Furthermore, the charge transfer resistance (Rct) and electro-
chemical surface area (ECSA) were also performed by the EIS and
double-layer capacitance (Cdl) tests. The Nyquist impedance plots
under UOR and HER of varies electrodes are fitted to an equivalent
electronic circuit in Fig. S10, and the corresponding EIS data and the
errors of EIS parameters are shown in Tables S3 and S4. It can be
seen that the Ni2P/Fe2P/NF owns the smallest charge transfer
resistance (Rct) value (2.45X) compared with that of Ni2P/NF
(3.95X) and Fe2P/NF (11.04X) during the UOR process. And the
Ni2P/Fe2P/NF electrode also shows a smallest Rct value of 9.62X
among all electrodes (25.29X for Ni2P/NF, 41.61X for Fe2P/NF)
under HER. These results suggest that Ni2P/Fe2P/NF possess a
higher charge-transfer rate in the electrocatalytic test process
[6,54]. The Cyclic voltammograms of the as-prepared Ni2P/Fe2P/
NF, Ni2P/NF, Fe2P/NF and NF at different scan rates from 2 to
10 mV s�1 were further conducted to determine the value of
double-layer capacitances (Cdl) (Fig. S11). From the data in
both electrodes. (b and c) Comparison of polarization curves and voltage required to
(d) The long-term stability test for the Ni2P/Fe2P/NF electrode of urea electrolysis
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Fig. S12, the Ni2P/Fe2P/NF has a Cdl of 267.1 mF cm�2, which is
much higher than those of Ni2P/NF (15.6 mF cm�2), Fe2P/NF
(197.1 mF cm�2) and Ni foam (2.3 mF cm�2), suggesting the highest
electrocatalytically relevant surface area and more active site
exposure.

The outstanding electrocatalytic activities of the Ni2P/Fe2P/NF
electrode can be attributed to the following factors: (1) the unique
3D conductive network is helpful to promote the electron transfer,
which is favorable to the reaction kinetic process [55,56], (2) the
rapid electron transfer rate in the Ni2P/Fe2P/NF electrode indicates
its low Faradaic impedance, (3) the synergistic effect of the intimate
contact between Fe2P and Ni2P can tailor the electronic structure of
the catalysts which has been previously proved by theoretical com-
putations and experiments [57,58], and (4) the direct formation of
metal phosphides on the surface of Ni foam without the usage of
binder. The binder used in the electrocatalystic process will block
the active sites and reduce gas permeability to inhibit the
electrochemical performance [59].

4. Conclusions

In summary, Ni2P/Fe2P/NF electrodes has been fabricated via a
simple and rapid manual shaking route followed by a subsequent
phosphorization treatment. The Ni2P/Fe2P/NF electrode demon-
strates an outstanding UOR activity with a low Tafel slope of
79.10 mV dec�1 and only a small overpotential of 1.36 V to drive
the current of 10 mA cm�2, and a high HER activity with a small
overpotential of 115 mV to drive the current of 10 mA cm�2. Fur-
thermore, a two-electrode urea electrolyser composed of Ni2P/
Fe2P/NF electrodes as both the anode and cathode reveal a poten-
tial of 1.47 V to attain 10 mA cm�2, indicating the excellent overall
urea electrolysis activity. The facile synthetic strategy provides a
prospect for industrializable production of low cost NiFe phos-
phide catalysts as a promising bifunctional electrocatalyst for urea
oxidation and H2 production.
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