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ABSTRACT: Although transition-metal-based phosphides as cost-
effective catalysts have great potential for transforming water to hydrogen,
their electrocatalytic property for industrial application is still limited.
Herein, we focus on developing amorphous NiCoP with dandelion-like
arrays anchored on nanowires through a universal strategy of hydro-
thermal and phosphorization. The hierarchical structure features in larger
catalytic surface areas expedited reaction kinetics and improved structural
stability. Benefiting from these merits, the NiCoP reaches 10 mA cm™ at
an overpotential of mere 57 mV for a hydrogen evolution reaction in
standard solution. Also, a profound activity for the generation of oxygen is
along with it, which requires 276 mV to attain 10 mA cm ™2 Moreover, it

Catalytic activity

demonstrates satisfying durability for both processes.

B INTRODUCTION

Taking advantage of renewable energies to generate hydrogen
(H,) from water is greatly viewed as a promising strategy for
reducing fossil dependence.’ However, the conversion
efficiency is restricted by the two half reactions of hydrogen
and oxygen. Currently, both processes mainly rely on the
precious materials Pt or RuO, to reduce the reaction barrier
and expedite the sluggish kinetics.” However, the rare materials
with expensive costs cannot meet the requirement of practical
application. Thus, developing cost-efficient and robust
alternatives toward high-efficiency water splitting attracts
enormous research efforts and exists still as a bottle-neck
technique.

To replace noble catalysts, numerous studies focus on
electrocatalysts with low cost, good catalytic activity, and easy
processing. For example, considerable achievements have been
reported on various transition-metal-based compounds,®”**
including selenides, sulfides, nitrides, etc. Among them,
transition-metal-based phosphides (TMPs) have outstood
with their intrinsic high catalytic activities, high stability, and
good conductivity toward overall water splitting in alkaline
solutions.””*® Further, introducing other metals to TMPs has
been proposed.”” For instance, adjusting the composition of
Ni,P with Co doping, the bimetal phosphides exhibit
advantageous electrocatalytic performance to the monometallic
counterparts and many other bimetallic alloying phosphides
due to synergistic effects.””*" Accordingly, some investigations
have been dedicated to regulate chemical compositions to
improve the activity of TMP electrocatalysts.”*~*

Structure optimizing offers an additional strategy to enhance
the property by constructing and exposing more active sites.*’

© 2021 The Authors. Published by
American Chemical Society
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Catalysts with different morphologies from 0D to 2D have
been reported.** " These materials generally provide a large
active area and show the advantages for electron transfer and
diffusion of electrolytes. However, their durability is unsatisfy-
ing due to easy agglomeration.”” Therefore, 3D nanocatalysts
with a hierarchical structure and superior stability become
highly desirable.”' ™

Here, we develop NiCoP with dandelion-like arrays
anchored on nanowires by a universal scheme of hydrothermal
and phosphorization. The unique structure demonstrates
excellent activity for hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) in alkaline solution. After
experiencing electrocatalysis for over 10 h, the catalyst retains
the dandelion-like morphology well, demonstrating its out-
standing mechanical stability. Furthermore, they show an
impressive property when they act as couple electrodes for
overall water splitting. All the merits endow the hierarchical
NiCoP with a promise for practical application.

B RESULTS AND DISCUSSION

Hierarchical NiCoP with dandelion-like arrays anchored on
nanowires was synthesized by a facile hydrothermal,
phosphorization strategy, as illustrated in Figure SI. In brief,
a hydrothermal method was adopted to obtain the NiCo-pre,
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which is grown on commercial Ni foam, followed by
phosphorization to receive the final 3D NiCoP nanostructures.

The phase of the catalyst is identified by XRD. As shown in
Figure S2, besides the three sharp diffraction peaks belonging
to the Ni foam, the XRD pattern indicates a set of relatively
weak peaks, which can be assigned to the phase of NiCoP
(JCPDS, #71-2336). The SEM images of the prepared NiCoP
with dandelion-like arrays in a uniform size of about 6 ym
anchored on nanowires are depicted in Figure la. As can be

Figure 1. (a) SEM, (b) TEM, (c) and HRTEM images of NiCoP and
(d) elemental mapping of Ni, Co, and P.

seen, the dandelion-like arrays are made of numerous and
interconnected nanowires, forming a hierarchical and loose
structure. Such a well-aligned structure could reduce the
stacking of the catalysts, favorably improving the accessibility
of the reactant to active sites and exposing more active sites. In
addition, the nanowire feature can absorb a liquid electrolyte
on the catalyst surface due to the strong capillary forces. In
consequence, it will promote the release of hydrogen bubbles
from the electrocatalyst surface and reduce the gas—solid
friction, which is essential for both HER and OER. Figure 1b
shows a TEM image of a nanowire in the dandelion-like arrays.
It depicts that the nanowire with a convex surface comprises
numerous nanocrystals. This may be due to the fact that the P/
O or P/OH (—O or——OH originating from a precursor)
exchange process leads to the formation of coarse phosphide
nanocrystals during phosphorization, which would further
increase the effective surface areas of the catalyst. Additionally,
the HRTEM image (Figure 1c) shows an interplanar spacing
of 0.22 nm belonging to (111) facets of the NiCoP phase.
Furthermore, the Ni, Co, and P elements are distributed
uniformly over the nanowires according to the energy-
dispersive X-ray spectroscopy (EDS) elemental maps (Figure
1d).

During phosphorization, the NiCoP inherits the dandelion-
like morphology of the NiCo-pre well. As shown in Figure 2—

Figure 2. SEM images of NiCo-pre obtained at (a) 8 h, (b) 16 h, and
(c) 24 h and NiCo-pre/4 obtained at (d) 8 h, (e) 16 h, and (f) 24 h.

ca, the precursor with dandelion-like arrays anchored on
nanowires was prepared at different reaction times. When the
reaction time is 8 h, a small amount of precipitates is obtained,
showing that nanowires first form on the surface of Ni foam,
and then part of nanowires forms dandelion-like arrays by self-
assembling (Figure 2a). The SEM images of the evolution
from nanowires to dandelion-like arrays at different magnifi-
cations are clearly shown in Figure S3a,b. We speculate that
the unique structure will greatly enlarge the active surface area
and avoid the agglomeration of catalysts. Extending the
reaction time to 16 h, a large number of dandelion-like arrays
are formed by nanowires (Figure 2b). Elongating the reaction
time to 24 h, the dandelion-like arrays are obtained with an
enhanced yield, as illustrated in Figure 2c. They densely
assemble and completely cover the nanowires initially grown
on the foam. In addition, the single dandelion-like array is
denser itself. Spaces among the nanowires composing the
dandelion-like array are almost invisible. We assume that the
loose and dense dandelion-like arrays will result in different
activities because the dense dandelion-like arrays plague the
contact of reactants to active sites and subsequently affect the
electrocatalytic activity. Furthermore, it is interesting that the
NiCo-pre film is formed on the surface of Ni foam under a
relatively low (quarter) concentration of the solution (Figure
2—fd). The surface of the NiCo-pre/4 film becomes coarse
with an extended hydrothermal reaction time. This phenom-
enon may be related to the hydroxyl and nitrate ions. We
assume that the hydroxyl and nitrate ions from the hydrolysis
of salt/urea during the hydrothermal reaction not only
participate in the formation of the precursor and promote
the anisotropic growth of the nanowires but also serve as
coordination agents that are profitable to form more intricate
hierarchical structures at a high solution concentration.

The surface chemical states of the NiCoP were further
analyzed by X-ray photoelectron spectroscopy (XPS). The
valence states and local environment of Ni, Co, and P centers
have great impact on the electrocatalyst activities according to
previous reports. As depicted in Figure 3a, at the binding
energies of 857.6 and 862.8 eV, the spectrum of Ni 2p;,, of the
precursor exhibits two main peaks that can be assigned to
Ni(OH), and its satellite peak. At the binding energies of
853.0, 856.5, and 861.6 eV, we can find three peaks appear
after phosphorization. The sharp peak that is near to that of
metallic Ni (852.6 eV) at 853.0 eV can be assigned to the P—
Ni bond, implying the partially charged Ni species (Ni’") exist.
The binding energies of 856.5 and 861.6 eV can be assigned to
Ni—PO, (Ni**) and its shake up satellite, respectively. The Ni
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Figure 3. High-resolution XPS spectra of precursors and NiCoP: (a) Ni 2p, (b) Co 2p, and (c) P 2p.
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Figure 4. HER activity of the as-prepared NiCoP in H,-saturated 1 M KOH. (a) Polarization curves recorded with a scan rate of S mV s™". (b)
Tafel plots derived from (a). (c) HER stability test of NiCoP-16 for 1000 potential cycles. (d) CP curves of NiCoP-16.

2py, region also shows a peak at 874.9 eV (Ni**) and one
satellite peak at 880.4 (Ni®*) eV. Similar to this, the Co 2p, 7
core-level spectrum (Figure 3b) exhibits a satellite peak at
785.4 eV, an oxidized Co—PO, (Co*") peak at 781.7 eV, and a
positively charged Co—P species (Co®) at 778.8 €V.’® The
peaks at 798.1 and 802.8 eV belong to Co 2p,,,, which are
oxidized Co species (Co*"), and the satellite, respectively. The
P 2p region was exhibited in Figure 3¢, in which the binding
energies at 129.4 and 133.5 eV of two doublets can be
witnessed. The formation of metal-P and the latter to
phosphate species may be due to air exposure according to
the former peak.56 According to the peak at 129.4 eV, the
partial P is negatively charged, which is slightly lower than that
of elemental P (130 eV).”” On the whole, the opposite shifts
between P 2p, Ni 2p, and Co 2p are mainly attributed to
partial electron transfer. The negative shift of P 2p and the
positive shifts of Ni and Co 2p reveal the enhanced electron
transfer capacity from metallic Ni and Co to P, resulting in a
hydride acceptor (Ni and Co sites) and proton acceptor (P
site), respectively, and subsequently stimulating an adsorption
and desorption process.’

26824

We then evaluated HER performance of the dandelion-like
NiCoP sample in 1 M KOH in a three-electrode configuration
with a scan rate of 5 mV s As a contrast, three samples,
NiCoP-8, NiCoP-16, and NiCoP-24, were tested, respectively.
From Figure 4a, we can find that the NiCoP-16 displays an
excellent HER property, which only needs a low overpotential
of 57 mV to reach 10 mA cm™2, much lower than NiCoP-8
(101 mV) and NiCoP-24 (129 mV). As depicted in Figure 4b,
we can see that the Tafel slope of NiCoP-16 is 68 mV dec™,
which is much lower than those of NF (98 mV dec™"), NiCoP-
8 (90 mV dec™"), and NiCoP-24 (94 mV dec™). These results
indicate that the HER process of NiCoP-16 follows the
Volmer—Heyrovsky mechanism. In order to understand the
progress of the HER property of NiCoP-16, we measured the
electrochemical active surfaces (ECSAs) via the double-layer
capacitances (Cy). The CV and its corresponding computa-
tional procedure are shown in Figure S4a—d. Figure S4e
illustrates that the Cg4 values of NF, NiCoP-8, NiCoP-16, and
NiCoP-24 were calculated to be 0.68, 0.7, 4.18, and 0.88 mF
cm™?, respectively, indicating that NiCoP-16 boasts the highest
ECSA and abundant active sites. Electrochemical impedance
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Figure S. OER activities of the as-prepared electrocatalysts in H,-saturated 1 M KOH. (a) Polarization curves recorded with a scan rate of S mV
s'. (b) Tafel plots derived from (a). (c) OER stability test of NiCoP for 1000 potential cycles of CV. (d) CP curves of NiCoP.

spectroscopy is an effective method to study the electrode
kinetics interface reactions of NF, NiCoP-8, NiCoP-16, and
NiCoP-24 in the HER process, as evidenced by Figure S4f.
Compared with the other three samples, the NiCoP-16 shows
a smaller charge transfer resistance R, (6 Q) than those of NF
(78 Q), NiCoP-8 (43 Q), and NiCoP-24 (18 ), which
implies the faster electron transfer and enhanced electro-
chemical performance for NiCoP-16 in HER.>® The out-
standing property of NiCoP-16 can give the credit to not only
the special morphology but also the intrinsic electronic
properties. The increase in the contact area between the
electrolyte and interface, the shortening of ion/mass diffusion
paths, and the acceleration of charge transfer are owed to the
3D hierarchical and loose structure.

In addition, designing a sustained and steady nanostructured
electrocatalyst is of great significance for optimizing the
catalytic property. From +0.2 to —0.2 V (vs RHE), the NiCoP-
16 was further operated in successive CV tests with an
accelerated scanning rate of SO mV s™'. The HER LSV curves
show a tendency that is almost identical to the initial one after
1000 CV cycles (Figure 4c). The NiCoP-16 also exhibits
excellent HER stability with a negligible potential degradation
for long-term electrochemical tests (Figure 4d). Notably, the
morphology of the NiCoP-16 catalyst is well-preserved after
the durability measurement, as evinced by Figure SSa,b for
their SEM images, showing an excellent structural durability to
retain marvelous catalytic performance in cycling.

Moreover, in 1 M KOH solution, the OER performance of
the NiCoP electrode was evaluated as well. Figure Sa shows
LSV curves of these four electrodes with iR corrected. As
illustrated, the NiCoP-16 boasts an optimal OER performance
and only needs a relatively low overpotential of 276 mV to
deliver a geometric current density of 10 mA cm?,
outperforming NiCoP-8 (303 mV) and NiCoP-24 (327
mV). In addition, all the catalysts exhibit a clear anodized
peak at about 1.35 V (vs RHE),” and this phenomenon may
be related to the oxidation of Ni or Co (or both) species.
According to the corresponding Tafel plots (Figure Sb), we

26825

evaluated the reaction kinetics. Compared with NiCoP-8 (112
mV dec™) and NiCoP-24 (116 mV dec™"), NiCoP-16 (89 mV
dec™) boasts the smallest Tafel slope. This indicates a more
advantageous OER kinetics with a speed oxygen evolution rate.
The relatively low small Tafel slope and onset potential
emphasize the oxygen production efficiency of NiCoP-16,
which places it at the top-tier electrocatalysts among other
earth-abundant OER catalysts (Table S1). We tested the
double-layer capacitance (Cg) to calculate the ECSA to reveal
the intrinsic catalytic property of NiCoP-16. The CV and its
corresponding computational procedure are shown in Figure
S6a—d. Figure S6e depicts that the Cy of NiCoP-16 (6.45 mF
cm™?) is 1.3 and 1.8 times larger than that of NiCoP-8 (5.01
mF cm™) and NiCoP-24 (3.54 mF cm™), manifesting that
more effective active sites are exposed. Via electrochemical
impedance spectroscopy (Figure S6f), we further examined the
electrode kinetics and interface reactions. Compared with the
other two samples, as shown in the Nyquist plots, the NiCoP-
16 electrocatalyst shows a smaller charge transfer resistance
(R = 2.76 Q) than Ni foam (43.66 Q2), NiCoP-8 (3.98 Q),
and NiCoP-24 (4.53 Q), indicating the faster electron transfer
and enhanced electrochemical activity. The enhanced charge
transfer property could facilitate the conjunction of H,4 and
electrons, as well as profit electrical integration to diminish
concomitant ohmic losses, which further leads to the enhanced
electrocatalytic activity. Moreover, the stability of NiCoP-16
was examined by a continuous CV test and chronopotenti-
ometry. The OER polarization curve for NiCoP-16 still retains
the initial one and shows negligible decay after 1000 CV cycles
(Figure Sc). Also, the NiCoP-16 exhibits satisfying stability
(Figure Sd). The morphology of the post-cycling sample
retains a similar structure to that of the as-synthesized NiCoP-
16, except for the surface of nanowires consisting of the
dandelion-like arrays covered by ultrathin nanosheets (Figure
S7a,b). However, the ultrathin nanosheets are demonstrated to
have a negligible effect on stability, as illustrated in Figure 5d.

Induced by the profound property of the three-dimensional
dandelion-like NiCoP during the water splitting process, we
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Figure 6. (a) Polarization curves of the NiCoP-16(+)//NiCoP-16(—) couple. (b) CP curves of the NiCoP-16(+)//NiCoP-16(—) couple.

used a NiCoP-16(+)//NiCoP-16(—) couple to assemble an
alkane electrolyte. The overall water splitting property was
evaluated by LSV. As can be seen, Figure 6a shows that the
NiCoP-16 exhibits a high activity with a relatively low cell
voltage of 1.63 V to afford 10 mA cm™2. Moreover, the
electrode demonstrates durability for overall water electrolysis
well (Figure 6b).

B CONCLUSIONS

To sum up, we have established NiCoP with dandelion-like
arrays anchored on nanowires for more efficient water splitting.
Owing to a series of advantages, such as enormous surface
areas, affluent active sites, and low mass and charge transfer
resistance, in the alkaline environment, the hierarchical NiCoP
nanostructure catalyst exhibits excellent property and dura-
bility. It only needs relatively low overpotentials of 57 and 276
mV to afford 10 mA cm™ for HER and OER, respectively.
Furthermore, the NiCoP-16(+)//NiCoP-16(—) couple needs
a cell voltage of 1.63 V to drive a current density of 10 mA
cm™2 This work elucidates that the elegant designs of
morphology can pave the way of various complex transition
metal-based materials for more energy applications, e.g,
supercapacitors, battery electrodes, and electrocatalysis.

B EXPERIMENTAL SECTION

Fabrication of NiCoP with Dandelion-like Arrays
Anchored on Nanowires. We first produce the precursor
(NiCo-pre) on nickel foam (NF) through a hydrothermal
approach. Before reaction, the NF was thoroughly cleaned with
acetone and water. After then, it was cut into several pieces (2
X 4 cm?) for utilization. Nickel nitrate hexahydrate, cobalt
nitrate hexahydrate, and urea were homogeneously dissolved in
30 mL of deionized water. The total concentration of the
solution was 1.5 mM (the ratio of nickel salt to cobalt salt is
2:1). Then, the solution was transferred into a Teflon
container. The NF was immersed into the solution.
Subsequently, the container was sealed in an autoclave and
heated at 120 °C for 16 h to obtain the precursor. As a control
experiment, the precursor was also synthesized with a quarter
concentration of the solution, which was denoted as NiCo-
pre/4. In addition, the variance of reaction time will result in
different morphologies of NiCo-pre. Therefore, the precursors
were prepared at 120 °C for 8, 16, and 24 h, respectively.

Next, the prepared precursor was immersed in 40 mL of
distilled water containing NaH,PO,-H,0 (24 mM) and
together transferred to the same autoclave used in the first
step. The reaction was maintained at 160 °C for 8 h. After a
certain time of cooling, the NiCoP was obtained. The NiCoP-
8, NiCoP-16, and NiCoP-24 represent the NiCoP derived

from the NiCo-pre synthesized at the hydrothermal times of 8,
16, and 24 h, respectively, after phosphorization.

Characterization. The microstructure of the prepared
materials was observed by field emission scanning microscopy
(FESEM, FEI QUANTA 650) and transmission electron
microscopy (TEM, JEOL 2100). The crystal phase was
identified using powder X-ray diffraction (XRD-7000) and X-
ray photoelectron spectroscopy (XPS, PHIS700 ESCA).

Electrochemical Tests. We used an electrochemistry
workstation (CHI660, Shanghai) to evaluate electrocatalytic
properties. In a three-electrode cell, the sample, a Pt wire, and
a Hg/HgO electrode acted as the working, the counter, and
the reference electrode, respectively. All the electrochemical
tests (HER and OER) were conducted in a 1 M KOH
electrolyte. Polarization curves were gathered with a scan rate
of 2 mV s™. In all the measurements, we calibrate the
reference electrode versus a reversible hydrogen electrode
(RHE) based on the formula Epyp = Epgugo + 0.098 +
0.059pH. The scanning rate of the CV curve during the
stability test was SO mV S' for 2000 cycles. The applied
voltage of the impedance spectra is obtained at —0.1 V vs RHE
for the HER and 1.6 V vs RHE for the OER in a frequency
region of 0.1—10° Hz.
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