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Abstract: Nickel phosphide is an emerging low-cost, earth-
abundant catalyst that can efficiently reduce water to generate
hydrogen. However, the synthesis of nickel phosphide catalysts
usually involves multiple steps and is laborious. Herein,
a convenient and straightforward approach to the synthesis
of a three-dimensional (3D) self-supported biphasic NisP,
Ni,P nanosheet (NS) array cathode is presented, which is
obtained by direct phosphorization of commercially available
nickel foam using phosphorus vapor. The synthesized 3D
NisP,Ni,P-NS array cathode exhibits outstanding electro-
catalytic activity and long-term durability toward the hydrogen
evolution reaction (HER) in acidic medium. The fabrication
procedure reported here is scalable, showing substantial
promise for use in water electrolysis. More importantly, the
approach can be readily extended to synthesize other self-
supported transition metal phosphide HER cathodes.

Hydrogen, H,, has been proposed to be a clean and carbon-
neutral next-generation energy carrier. Globally, H, is mainly
produced by steam reforming, a process which is not only
environmentally unfriendly, but also consumes nonrenewable
fossil fuels. Compared with steam reforming, water electrol-
ysis represents a cleaner and more sustainable approach to H,
generation, but is underdeveloped. To deploy electrolyzers on
a large scale and to make the electrolyzed H, fuel econom-
ically competitive, it is important to develop inexpensive,
earth-abundant electrocatalysts to promote the hydrogen
evolution reaction (HER). This is also a pressing need for
solar-driven photoelectrochemical water splitting.!! To this
end, many efforts have already been made to develop HER
catalysts containing nonnoble metals, such as NiMo,”! MoS,,"!
MoS,.* MoC,”! WS, [ WC "I Ni-P¥l Co-P”! Fe-P,!% MoP,!!]
and WP to replace the commonly used precious Pt
catalysts, among which Ni-P has emerged as a new earth-
abundant HER catalyst since 2013.% In the past two years,
a variety of Ni-P HER catalysts with different stoichiometries
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like Ni,P,f04l N P, Beehl Nip, ¢ Ni,P, " and morphologies
including nanoparticles,®* " nanorods,®™ nanosheets,* and
peapods,® have been reported, and their catalytic perfor-
mance toward HER was carefully investigated.

According to the literature published so far, there are
generally two ways to prepare HER cathodes based on the
newly developed transition metal phosphide (TMP) catalysts
including Ni-P: one method involves the synthesis of TMP
nanocatalysts by solvothermal reactions, followed by their
immobilization on a conductive support such as a Ti platel®*
efaellbllell or glagsy carbon(®™m1%112%] ygsing Nafion or
a polymeric binder; the other way aims to develop binder-
free cathodes, which can be realized by first growing
transition metal oxide/hydroxide (TMO/TMOH) nanostruc-
tures through hydrothermal processing!®'* or electrodepo-
sition® on a current collector, for example, a Ti sheet, #7101
carbon cloth,®®*! or copper foam,['¥! then converting TMO/
TMOH into TMP through a low-temperature phosphidation
reaction.

Here, we report a very simple and straightforward method
to fabricate self-supported biphasic NisP,-Ni,P nanosheet
(NS) array cathodes for HER. The cathode is obtained by
direct phosphorization of commercially available Ni foam
using phosphorus vapor without complicated chemical reac-
tions and posttreatment steps involved. Moreover, the as-
obtained electrode is self-supported and can be directly used
as a cathode for HER. We demonstrate that the self-
supported NisP,-Ni,P-NS array cathode exhibits an HER
onset potential (7, the potential at which the cathodic current
density is 1 mAcm %) of —54 mV, a Tafel slope of 79.1 mV
dec™!, and an exchange current density of 0.116 mAcm 2.
Overpotentials of merely 120, 140, and 200 mV are needed to
reach cathodic current densities of 10, 20, and 100 mA cm 2,
respectively. Furthermore, the cathode can sustain for up to
72 h at a cathodic current density of 10 mA cm* with little
increase in the overpotential, showing good long-term
durability toward HER.

In our experiments, a piece of Ni foam (ca. 0.3 g, 5 mmol)
was loaded together with about 1g (32 mmol) of red
phosphorus in a tube furnace, and heated to 400, 500, 600,
or 800°C for 6 h in a flow of N, (99.999 %, see the Supporting
Information for details). Scanning electron microscopy
(SEM) examination reveals that the sheet-like morphology
only appears at 400 and 500°C (Figure Sla and S1b).
Electrochemical measurements show that the sample phos-
phorized at 500°C is the most active toward HER (Figure S2).
Therefore, unless specified otherwise, all data presented here
were acquired with the sample phosphorized at 500°C.

Figure 1ais the X-ray diffraction (XRD) pattern of the as-
synthesized NisP,-Ni,P-NS array cathode (i.e., 500°C, 6 h),
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Figure 1. XRD patterns of a) the as-synthesized NisP,-Ni,P-NS array
cathode, and b) a pristine Ni foam for comparison. The standard
powder X-ray diffraction patterns of NisP, and Ni,P are also given for
reference.

showing that the sample is composed of a mixture of
hexagonal NisP, (ICDD no. 04-014-7901) and Ni,P (ICDD
no. 04-003-1863), in which NisP, is the major component
accounting for ca. 80 wt % (Figure S3). Notably, the intensity
of the diffraction peaks from metallic Ni becomes fairly weak
after phosphorization, indicating an almost complete con-
version of Ni to nickel phosphide. This is also confirmed by
SEM elemental mapping over the cross-section of the
ligaments, which shows that P is present over the entire
ligaments (Figure S4). The areal density of the as-obtained
NisP,-Ni,P-NS electrode is measured to be 68.2 mgcm 2

After the phosphorization treatment, the original bright
silver color of the pristine Ni foam turned to black (Fig-
ure S5a), and the foam became brittle. Upon inspection of the
foam surface using scanning electron microscopy (SEM), it
was found that the macroporous morphology remains
unchanged, however, a burr-like skin appears on the entire
surface of the foam (Figures2a and S5c). A closer look
reveals that the ligament surface is uniformly covered with
a high-density array of vertically-aligned NSs (Figure 2b and
¢), the thickness of which ranges from several tens to one
hundred nanometers. The corresponding energy-dispersive
X-ray (EDX) spectrum verifies that these NSs consist
exclusively of Ni and P (Figure 2d). No peaks from other
elements were observed. Moreover, SEM-EDX mapping
shows that Ni and P are uniformly distributed over the
ligament surface (Figure S6).

Reaction of phosphorus vapor with metal powder is
a common way of producing metal phosphides in solid-state
chemistry."" For example, NisP, was produced by reaction of
Ni powder and phosphorus in evacuated silica ampoules at
800-900°C.1"%! Similar reaction may occur in the liquid phase
either in molten metal fluxes or under solvothermal condi-
tions.®1) We hypothesized that the NisP,-Ni,P-NS array
forms through a direct topotactic redox reaction between Ni
foam and P vapor, which is driven by the transfer of electrons
from the electropositive Ni metal to the electronegative P
Given the macroporous features of the Ni foam that allow P
vapor to readily access the foam surface, the formation of NSs
should start simultaneously at all surface sites through a short
nucleation step. This will then proceed by kinetically con-
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Figure 2. a) Low- and b,c) high-magnification SEM images of NisP,-
Ni,P-NS array cathode. d) EDX spectrum.

trolled growth of primary crystallites along favorable axis of
the hexagonal NisP, or Ni,P. Simultaneous nucleation and
homogeneous supply of precursor P vapor finally lead to the
uniform growth of vertically aligned NSs over the entire
surface of the foam.

Figure 3a shows a representative low-magnification trans-
mission electron microscopy (TEM) image of a single NS,
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Figure 3. a) TEM and b) HRTEM images of a single NS. Correspond-
ing SAED and FFT-ED patterns are shown as insets. ¢) HAADF-STEM
image together with elemental maps for d) Ni, e) P, and f) P+ Ni.
Scale bars in c—f: 10 nm.
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confirming its plate-like feature. Observed selected-area
electron diffraction (SAED) over this NS displays a well-
defined spotted pattern corresponding to the diffraction along
the [0001] zone axis of the NisP, hexagonal structure,
indicative of the single-crystalline nature of this NS (Fig-
ure 3a, inset). This is further corroborated by high-resolution
TEM (HRTEM) investigation (Figure 3b), in which well-
resolved crystal lattices with an interplanar spacing of
0.587 nm can be clearly distinguished, corresponding to the
distance of (2110) and (1210) crystal planes of the hexagonal
NisP,."] Moreover, the interplanar angle is measured to be
60°. These results prove that the NS under investigation
consists exclusively of NisP,. Furthermore, the fast Fourier
transformation (FFT) of this HRTEM image shows a pattern
pretty similar to the SAED pattern, indicating that the local
microstructure of the NS perfectly matches the overall crystal
structure. To further examine the composition of the NS, high-
angle annular dark-field scanning TEM (HAADF-STEM)
was performed. Figure 3c—f show a HAADF-STEM image
and the corresponding elemental maps of Ni, P, and Ni+ P,
which confirm that both Ni and P are uniformly distributed
over the NS, and no segregation was discernible.

Figure 4 a shows the polarization curve of the NisP,-Ni,P-
NS array cathode, measured in N,-saturated 0.5m H,SO, with
a scan rate of 10 mVs™'. A pristine Ni foam, a Pt sheet, and
commercial Pt/C catalysts were also examined for compar-

ison. All polarization curves are iR-corrected (i.e., electrolyte
resistance compensated, see SI for details). The Pt-based
catalysts including Pt sheet and 20 % Pt/C, as expected, reveal
the best HER activity with a near-zero overpotential. The
NisP,-Ni,P-NS array exhibits an HER onset potential as small
as —54mV, which is only slightly lower than that of Pt
electrodes. Further increase in the cathodic potential leads to
a sharp rise in the cathodic current. The NisP,-Ni,P-NS
cathode can offer cathodic current densities of 10, 20, and
100 mA cm ™~ for HER at overpotentials of 120 (1), 140 (17,),
and 200 mV (), respectively, the performance of which
favorably compares to that of many previously reported
nonprecious HER catalysts measured in acidic solutions,
including Mo- and W-based catalysts as well as some recently
developed TMPs (Table S1). In contrast, the pristine Ni foam
only shows negligible cathodic current in the potential range
of —300 to 0 mV versus RHE. Figure 4b presents the Tafel
plots of the fabricated NisP,-Ni,P-NS array cathode, a pristine
Ni foam, a Pt sheet, and commercial Pt/C. A linear fit using
the Tafel equation, 7 =a+ blog(j) (in which 7 is the over-
potential, a the Tafel constant, b the Tafel slope, and j the
current density), yields apparent Tafel slopes of 79.1, 190.5,
64.7, and 31.6 mVdec™! for the NisP,-Ni,P-NS array, pristine
Ni foam, Pt sheet, and Pt/C, respectively. The apparent Tafel
slope of the NisP,-Ni,P-NS array is larger than that of the Pt-
based catalysts, but comparable to that of Ni,P nanoparticles
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Figure 4. a) Polarization (LSV) curves, and b) Tafel plots of the NisP,-Ni,P-NS array, pristine Ni foam, Pt sheet,
and commercial Pt/C (20%) catalysts. c) Nyquist plots of the Ni;P,-Ni,P-NS array cathode measured at different
overpotentials in the frequency range of 10°-0.05 Hz. d) Dependence of the charge-transfer resistance (R.) on

exchange current density
(jo) of the HER on NisP,-
Ni,P-NSs is obtained,

: )
the overpotential. Inset: overpotential versus log(R..™"). Scatters: experimental data; line: fitting curves. All being 0.116 mAcm ™,
measurements were carried out in N,-saturated 0.5M H,SO, solution at room temperature. Scan rate in (a): outperforming that of
10 mvs".
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many transition metal sulfides and phosphides reported in the
literature, such as MoS,,**1 MoP,"!** and CoP"' (Table S1).

The outstanding HER electrocatalytic activity of the
NisP,-Ni,P-NS arrays can be attributed, on the one hand, to
the unique topology of the electrode that comprises 3D
microporous skeleton covered with high-density upright NSs,
which not only maximizes the number of exposed active sites,
but also facilitates the diffusion of electrolyte and the release
of generated gas bubbles. On the other hand, the presence of
a large fraction of NisP, and the synergistic effect between
NisP, and Ni,P phases may contribute to the excellent activity,
given the fact that the catalytic activity of the biphasic NisP,-
Ni,P-NS array is higher than that of the phase-pure Ni,P-NS
array prepared by phosphorization at 400°C (Figures S2 and
S7). The superior electrocatalytic activity of NisP, over that of
Ni,P was recently reported,™ and can be ascribed to the high
positive charge of Ni and a strong ensemble effect of P in
Ni,P,.

To explore the HER electrode kinetics, electrochemical
impedance spectroscopy (EIS) investigations on the NisP,-
Ni,P-NS array cathode were performed. The EIS experiments
were carried out at different applied overpotentials, as
illustrated by the Nyquist plots shown in Figure 4c. Exper-
imental data were fitted using an equivalent circuit consisting
of a resistor (R;) in series with two parallel combinations of
a resistor (R;, R,) and a constant phase element (CPE,,
CPE,),P*®! in which R, represents the ohmic resistance
arising from the electrolyte and all contacts, the time constant
R-CPE, may relate to the interfacial resistance resulting
from the electron transport between the NisP,-Ni,P-NSs and
the porous skeleton underneath, and R, -CPE, reflects the
charge transfer resistance (R, at the interface between the
NSs and the electrolyte. (Figure S§ and Table S2). It is
generally accepted that a small R, gives rise to fast charge
transfer kinetics. R, of the NisP,-Ni,P-NS cathode as a func-
tion of the overpotential applied is plotted in Figure 4d, in
which it is clearly seen that R is potential-dependent. At an
overpotential of 20 mV the R, was fitted to be 289.9 Q; it
sharply decreases to 4.4 Q at —130 mV, and down to merely
0.4 Q at —240 mV (Table S2), indicating that the charge-
transfer kinetics is significantly accelerated upon increasing
the overpotential. The Tafel plot can also be derived from the
plot of 5 versus log (R, ') (Figure 4d, inset), which is
68.49 mV dec™!, slightly smaller than that extracted from the
polarization curve (i.e., 79.1 mV dec™"). This can be explained
by the fact that the Tafel slope obtained from Figure 4d only
reflects the charge-transfer kinetics without considering the
contributions from the catalyst resistance,'® unlike those
derived from polarization curves (i.e., Figure 4b).

Stability and durability are important indicators for HER
catalysts, and were evaluated by accelerated degradation test
(ADT) and chronopotentiometry. The ADT was performed
by sweeping the potential in a range of —200-60 mV versus
RHE at a rate of 50 mVs™'. Figure 5 shows the polarization
curves of the NisP,-Ni,P-NS array cathode before and after
ADT for 1000 continuous cycles. The electrode shows only
a slight degradation after 1000 cycles of ADT, with an
overpotential increase of merely 18 and 21 mV to achieve
current densities of 10 and 100 mA cm 2, respectively. The
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Figure 5. Polarization curves of the NisP,-Ni,P-NS array cathode mea-
sured before and after ADT for 1000 continuous cycles. Scan rate:

10 mVs ™. Inset: 7t profile recorded at a constant cathodic current of
10 mAcm™2 All measurements were performed in N,-saturated 0.5 m
H,SO, solution at room temperature.

stability of the NisP,-Ni,P-NS array is much better than that of
the Ni,P nanoparticles supported on Ti electrode reported
previously.® The durability of the NisP,-Ni,P-NS array
cathode was examined by electrolysis in N,-saturated 0.5M
H,SO, solution at a fixed cathodic current density of
10 mA cm 2 over three days (Figure 5, inset). The overpoten-
tial slowly increases within the initial 20 h from 80 mV to
144 mV, which presumably results from partial blockage of
some active sites by reaction intermediates and/or local
dissolution of the NSs, as revealed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis
(Table S3). Afterwards, it begins to level off at this over-
potential to provide a constant cathodic current of
10 mA cm 2 for HER up to 72 h, showing excellent durability.
It is worth mentioning that the sheet-like morphology of the
NisP,-Ni,P-NS array remains unchanged after extended
stability and durability tests (Figure S9a and S9b). Moreover,
EDX analysis shows that no other elements exist in the tested
electrode except Ni and P (Figure S9c¢), and both Ni and P are
uniformly distributed over the porous framework (Fig-
ure S10). Furthermore, quantitative XRD phase analysis
demonstrates that the weight ratio of NisP, over Ni,P varies
only slightly within an accepted error range (Figure S11). All
these results from morphological and compositional charac-
terization manifest that the overall porous framework and
individual NSs are highly acid-stable.

In summary, a one-step route for the synthesis of self-
supported three-dimensional NisP,-Ni,P nanosheet arrays is
reported. The fabricated NisP,-Ni,P nanosheet array can be
directly utilized as a cathode for electrocatalytic hydrogen
generation, which shows outstanding catalytic activity and
excellent long-term stability and durability in acidic medium.
Compared with the multistep synthetic methods reported in
the literature, direct phosphorization of nickel foams using
phosphoric vapor offers a very simple and straightforward
approach to the fabrication of self-supported low-cost HER
cathodes, which can be readily up-scaled due to the commer-
cial availability and cost-effectiveness of nickel foam as well
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as the simplicity of the phosphorization process. The novel
method can be easily extended to synthesize other porous
transition metal phosphide cathodes using the corresponding
transition metal foam as the starting materials. The self-
supported three-dimensional nickel phosphide nanosheet
array electrodes reported in this work hold substantial
promise for use as low-cost cathodes for efficient water
electrolysis.

Keywords: electrocatalysis - heterogeneous catalysis -
hydrogen evolution - nanostructures - nickel phosphide
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