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Abstract: Ternary transition metal phosphides (TTMPs) with two-dimensional heterointerface and
adjustable electronic structures have been widely studied in hydrogen evolution reactions (HER).
However, single-phase TMPs often have inappropriate H* adsorption energy and electronic transfer
efficiency in HER. Herein, we utilized the heterogeneity in the crystal structure to design an efficient
and stable catalyst from the NiCoP nanowire@NiCoP nanosheet on nickel foam (NW-NiCoP@NS-
NiCoP/NF) for HER. Layered double hydroxides (LDHs) with a heterogeneous matrix on crystal
surfaces were grown under different reaction conditions, and non-metallic P was introduced by anion
exchange to adjust the electronic structure of the transition metals. The hierarchical structure of
homologous NiCoP/NF from the LDH allows for a larger surface area, which results in more active
sites and improved gas diffusion. The optimized NW-NiCoP@NS-NiCoP/NF electrode exhibits
excellent HER activity, with an overpotential of 144 mV, a Tafel slope of 84.2 mV dec™! at a current
density of 100 mA cm ™2 and remarkable stability for more than 500 h in 1.0 M KOH electrolyte. This
work provides ideas for elucidating the rational design of structural heterogeneity as an efficient
electrocatalyst and the in situ construction of hierarchical structures.

Keywords: layered double hydroxides; transition metal phosphide; homologous material; hydrogen
evolution; hierarchical structure

1. Introduction

With the increasing demand for energy, water splitting, as a representative of clean
production capacity, has attracted more and more of researchers’” attention. Among them,
the hydrogen evolution reaction (HER), as the upper limit of water splitting reaction perfor-
mance, has made great progress in various research directions [1]. However, the multi-step
proton double-electron transfer in HER still limits its micro-reaction kinetics and hinders
the smooth progress of energy conversion [2,3]. At present, the platinum-based catalyst
with the best performance has the problems of low earth abundance and high cost, and
there are still many obstacles to large-scale industrial production. Transition metal phos-
phides (TMPs) are expected to be alternatives for noble metal catalysts due to their good
conductivity, easy heteroatom doping and rich chemical states [4-6]. However, the catalytic
performance of single-phase TMPs is far inferior to that of noble metal catalysts due to the
limited number of active sites and inappropriate electronic structure. Ternary transition
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metal phosphides (NiCoP, NiFeP, CoFeP) exhibit excellent HER, OER and overall water-
splitting properties due to their enhanced electronic conduction and bimetallic synergistic
effect [7-9]. Among them, NiCoP has promising potential as a non-noble metal catalyst
for HER. This is due to its ability to tune the chemical states of the Ni and Co double sites,
which optimizes the acceptance position of the hydrogen intermediate. Additionally, the
introduction of P as an electron donor regulates the electronic structure and hydrogen
adsorption energy of the bimetal. This enhances the electron transfer level, making it an
effective catalyst [10-12]. Numerous researchers have explored the potential of NiCoP and
have enhanced its catalytic performance by incorporating elemental doping, interfacial en-
gineering and structural nanosizing [13-16]. For example, Mu et al. constructed Ru-doped
NiCoP nanoflowers on a nickel foam (NF) substrate, which only required overpotentials
of 216 mV to afford 20 mA cm~2 for OER and 44 mV to afford 10 mA cm~2 for HER [17].
Chen et al. designed unique hollow nanostructures, rich micro/mesoporous channels and
optimized nanoparticles [18]. At current densities of 10, 50 and 100 mA cm~2, the HER
potentials are —0.052, —0.115 and —0.159 V, respectively. Jiang et al. adjusted the morphol-
ogy and structure of the product by changing the calcination temperature, constructing a
richer heterogeneous interface in the catalysts. The obtained Co/NiCoP catalyst displays
a low Tafel slope of 84 mV dec~! and an overpotential of 54 mV at a current density of
10 mA em~2 [19].

Researchers often use various methods, such as constructing heterointerfaces or dop-
ing heteroatoms, to expose more active centers and achieve the flexible and adjustable
electronic structures of the catalysts. Jeon et al. used continuous three-dimensional (3D)
nanopatterning to synthesize NiP-coated 3D Ni composite nanostructures with Cu atom-
doped Ni3N [20,21]. The prepared catalyst exhibits good HER performance due to the
optimized Gibbs free energy of H* (AGy-~), fast electron transfer channels and highly ex-
posed active sites. The heterogeneity of the crystal structure can produce a large number
of homogeneous interfaces of different crystal planes of the same material; enhance the
internal mass transfer and charge transfer of the material; and give full play to the in-
herent catalytic performance of the material [22-24]. In addition, regulating the reaction
conditions and the number of auxiliary reagents can further construct the nanostructures
of materials. Layered nanostructures are a good choice for catalysts. They can provide
rich material diffusion channels, a large number of junction interfaces and an expanded
catalytic surface area [25,26]. Abundant material diffusion channels and a large number of
junction interfaces can accelerate the release of generated gas and promote mass transfer.
The increased specific surface area and layered structure not only increase the number
of active sites, allowing them to be fully exposed, but also accelerate the transmission
of electrons. By controlling the reaction temperature of the two-step hydrothermal reac-
tion, the optimal growth orientation of the crystal can be effectively controlled, and the
addition of morphology regulators can also effectively adjust the micromorphology of
the material. The composite 3D nanostructures of nanowires (NWs) [27,28], nanosheets
(NSs) [29-31], nanotubes (NTs) [32-34], and layered double hydroxide (LDH) nanosheets,
such as “wire-on-sheet” [35,36], “sheet-on-sheet” [37-39] and “sheet-on-tube” [40,41] can
effectively combine the HER properties of the active sites in different components and
enhance the stability of the electrode [42—44]. These establishments of hierarchical struc-
tures can leverage the combined advantages of different structures, accelerate the mass
and charge transfer rate of materials and improve the mechanical stability and flexibility
of materials.

Secondary chemical conversion of hierarchical nanostructures can be achieved through
anion exchange technology. In this work, we report a two-step hydrothermal and sub-
sequent phosphating method for the hierarchical design of a homologous NiCoP/NF
electrode from LDH (NiCoP nanowire@NiCoP nanosheet on nickel foam, NW-NiCoP@NS-
NiCoP/NF). As shown in Scheme 1, basic nickel-cobalt carbonate nanowire and nanosheet
arrays were grown in situ on NF substrate through hydrothermal reactions at different
temperatures. Subsequently, according to the anion exchange reaction mechanism, the
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precursor was phosphated in situ by PHj gas decomposed from sodium hypophosphite
at 300 °C to obtain fully converted NiCoP. In the hydrothermal reaction process, due to
the differences in hydrothermal temperature and time, the optimal growth of basic nickel-
cobalt carbonate crystal surface is also different. The combination of basic nickel-cobalt
carbonate with different crystal phases can create a large number of hierarchical interfaces,
accelerating the process of charge and mass transfer. The subsequent phosphating op-
eration not only maintained the original morphology characteristics of the catalyst but
also further adjusted the electronic structure of the NiCo bimetal, achieving a better HER
performance. As a result, the optimal NW-NiCoP@NS-NiCoP /NF-160 electrode exhibits
excellent electrocatalytic performance with a low overpotential of 80 and 144 mV at 10 mA
cm 2 and 100 mA cm 2, respectively, and remarkable stability for more than 500 h in 1.0 M
KOH electrolyte.

Bare NF NW-NiCoLDH@NS-NiCoLDH

In-situ Growth of NWs

¥ -

g i " iy
V i tt t | *
@ !i s % 3 94: Anion Exchange
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Scheme 1. Schematic illustration of the preparation procedures of the NiCoP@NiCoP /NF.

2. Results and Discussion
2.1. Subsection
2.1.1. Structural Characterization of the Catalyst

The catalyst morphology was characterized by field emission scanning electron mi-
croscopy (FESEM) and transmission electron microscopy (TEM). Figure 1a shows the mor-
phology of flake NiCo-LDH after the first step of hydrothermal treatment. The diamond-
shaped flake LDH with a thickness of about 100 nm provides a stable substrate for in situ
growth of needle-like NiCo-carbonate hydroxide. After the second step of the hydrother-
mal treatment, the nanowire array continues to grow on the original structure, forming a
multi-level structure of “wire-on-sheet”. At the initial stage of the phosphating treatment,
the NiCo hydroxide will decompose into OH~ and CO3%~ at high temperatures, and the
PHj gas generated by the decomposition of NaH, PO, will react with the NiCo metal sites
to generate the corresponding bimetallic phosphide. The morphology obtained after anion
exchange is shown in Figure 1b,c. As shown in Figure 1b, after secondary hydrothermal
treatment, NiCo hydroxide nanowires with a diameter of about 150 nm were grown in
situ on the surface of the NF based on the original nanosheets. Nanosheets and nanowires
combine to form nanoflowers, which increase the surface area of the catalyst and expose
more active sites, providing a good channel for the transfer of catalytic intermediates. The
nanowire array has completely covered the nanosheets, and the micro-environment where
the nanosheets and nanowires coexist can be seen in the TEM of Figure 1c. The TEM image
of the NiCoP@NiCoP /NF-160 shows a good combination of nanosheets and nanowires
(Figure 1c). The element mapping in Figure 1d—f show the uniform distribution of Ni, Co
and P elements. We also prepared control samples for one-step hydrothermal phosphating.
Figure Sla,b show the SEM images of NiCoP nanosheets and NiCoP nanowires obtained
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through a one-step hydrothermal process, respectively. It can be seen that the NiCoP after
one-step hydrothermal phosphating exhibits distinct sheet or wire structures, providing a
foundation for the establishment of composite structures.

Figure 1. The SEM images of (a) NiCo-LDH/NF and (b) NiCoP@NiCoP /NF-160. (c) The TEM image
of NiCoP@NiCoP/NF-160. (d-f) The elemental mapping images of the NiCoP@NiCoP /NF-160.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to
investigate the structural transformation, electronic properties and valence states of the
elements of NiCo phosphide produced by the two-step hydrothermal method. As shown
in Figure S2—except that 44.5°, 51.8° and 76.4° correspond to the three strong peaks
of Ni (111), (200) and (222) (PDF#87-0712) from NF substrate—the diffraction peaks at
41.0°, 44.9°, 47.6° and 54.4° correspond to the (111), (201), (210) and (300) crystal planes
of NiCoP (PDF#71-2336), which prove that ternary NiCoP was successfully synthesized.
Additionally, a clear splitting peak appeared at the Ni (222) diffraction peak corresponding
to 76.4°, proving that Co atoms were doped into the Ni lattice [45]. Moreover, we found
that NiCoP composite structures prepared at different hydrothermal temperatures in the
second step exhibit different crystallinity. With the change of temperature and compared to
the control samples, the diffraction peaks of NiCoP@NiCoP /NF-160 are intense and sharp,
and there is no interference from impurity peaks, indicating that NiCoP@NiCoP /NF-160
has optimal crystallinity. The XPS spectra show that the surfaces of NiCoP@NiCoP /NF-160
(Figure 2a) and NiCoP/NF (Figure S3) both contain Ni, Co, P, C and O elements. The
high-resolution Ni 2p XPS spectrum of NiCoP@NiCoP /NF-160 shows that there are two
satellite peaks centered at 856.1 eV and 873.9 eV that can be designated as the characteristic
spin orbit signals of Ni** (Figure 2b) [46]. The binding energy at 853.9 eV is assigned to
Ni-P bonding [47]. Compared to NiCoP /NF, both peaks of Ni** 2p; ;, and 2p3,, exhibit
a negative shift of 0.4 eV. Similar analyses on Co 2p were performed, with three pairs of
peaks corresponding to the Co-P, Co?* and satellite peaks (Figure 2c). The peaks of Co-P
and Co?* of NiCoP@NiCoP/NF-160 also have a distinct shift toward low binding energy
compared to the peaks in NiCoP/NF. The predominant peak at 133.5 eV could be ascribed
to the P-O bonds, which resulted from the inevitable oxidation on the sample surface [48].
The positive shift of the P-O peak and the negative shift of the Ni>* and Co?* related peaks
in NiCoP@NiCoP /NF-160 compared to NiCoP/NF proves that the composite structure
of nanosheets and nanowires obtained after the two-step hydrothermal phosphitylation
accelerates the charge transfer of the catalytic material and facilitates the redox reaction.
Although XPS results suggest the presence of a small amount of nickel/cobalt phosphide in
the sample, the XRD results indicate that the main component responsible for the catalytic
role is the NiCoP phase.
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Figure 2. (a) XPS survey spectra of NiCoP@NiCoP /NF-160, high-resolution XPS spectra of (b) Ni 2p,
(c) Co 2p and (d) P 2p of NiCoP@NiCoP/NF-160 and NiCoP/NF.

To optimize the nanowire shape of NiCoP@NiCoP /NF to achieve the optimal mass-
transfer efficiency and accessible active sites, the effects of different hydrothermal tempera-
tures on the size of the nanowires were recorded through SEM, TEM and XRD (Figure 3).
With the continuous hydrothermal reaction, solute molecules will continue to destroy
the solvation effect and overcome the formation of nuclear barriers by the crystals. The
nucleation rate of crystals is related to the reaction temperature, and an increase in reaction
temperature will accelerate the movement rate of solute molecules, thereby increasing
the nucleation rate of crystals. At the same time as grain refinement, due to the existence
of the Ostwald ripening effect, higher temperatures tend to promote grain growth and
display different sizes of nanowires [49]. According to the TEM images in Figure 3d—f, as
the hydrothermal temperature continues to rise, the morphology of the nanowire material
changes from fine to dense at low temperatures and to coarse and sparse at high tempera-
tures. Ultrafine nanowires can make the material unable to withstand the stress generated
by bubble impact during the HER, leading to structural collapse and aggregation, which is
particularly evident under reaction conditions of 120 °C. If the nanowire is too thick, it is
not conducive to the effective exposure of the catalytic active site and the improvement
of the electrochemical surface area, which affects the embodiment of catalytic activity. At
a reaction temperature of 160 °C, mechanically stable nanowires were grown from the
nanosheet structure, creating the best-graded structure. Appropriately sized nanowires in-
crease the contact area with the electrolyte and the build mass and charge transfer channels
from outside to inside, increasing the number of accessible active sites.
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Figure 3. The SEM and TEM images of (a,d) NiCoP@NiCoP /NF-120, (b,e) NiCoP@NiCoP /NF-140
and (c,f) NiCoP@NiCoP /NEF-180.

2.1.2. Characterization of Electrochemical Performance

In order to evaluate the catalytic HER activity, the NiCoP@NiCoP/NF was elec-
trochemically tested in 1 M KOH solution (pH =~ 14). Based on a three-electrode sys-
tem, Pt foil was used as the counter electrode, and Hg/HgO was used as the refer-
ence electrode. NiCoP@NiCoP/NF-120, NiCoP@NiCoP/NF-140, NiCoP@NiCoP /NF-
160, NiCoP@NiCoP/NEF-180, bare NF and Pt/C (20%) electrodes were characterized and
compared. The polarization curves recorded by linear sweep voltammetry (LSV) are
shown in Figure 4a. All polarization curves have undergone iR compensation. As shown
in Figure 4a,c, compared to NiCoP@NiCoP/NF-120 (172 mV), NiCoP@NiCoP /NF-140
(195 mV), NiCoP@NiCoP/NF-180 (351 mV), bare NF (303 mV) and other precursor cat-
alysts, the NiCoP@NiCoP /NF-160 shows the lowest 144 mV overpotential (120 mV for
50 mA cm~2) at the current density of 100 mA cm 2. Benefiting from the modulation of
non-metallic P on the electronic structure of Ni and Co d-bands, NiCoP catalysts show a
low overpotential in HER. In addition, we also discussed the influence of the amount of
sodium hypophosphite on the electrode performance during high-temperature annealing.
We investigated the effect of different PH3 concentrations on the HER performance of
NiCoP products by controlling the amount of NaH;PO, added during the phosphating
process. At a current density of 50 mA cm~2, the overpotentials of NiCoP@NiCoP/NF-0.2,
NiCoP@NiCoP /NF-0.5 and NiCoP@NiCoP /NEF-2 are 255, 220 and 149 mV. At a current
density of 100 mA cm—2, the overpotentials of NiCoP@NiCoP /NF-0.2, NiCoP@NiCoP /NF-
0.5 and NiCoP@NiCoP/NE-2 are 297, 302 and 184 mV (Figure S4a). According to the
experimental data, the NiCoP obtained with the reaction of 1 g NaH;PO, has the best
HER overpotential. Compared with single-phase NiCoP, the NiCoP-composite structure
has an obviously lower overpotential (Figure Slc). The Tafel slope can reflect the ki-
netic process of the electrode during hydrogen evolution. According to the LSV curve
of the samples, they can be directly converted into Tafel curves, and the growth trend
of overpotential with current density can be reflected by linear fitting of the specific
current density range. The smaller the Tafel slope, the smaller the change in overpo-
tential with increasing current density, and the better the electrocatalytic performance.
Additionally, different Tafel slope values indicate different HER rate-determining steps.
The smaller the Tafel slope is, the faster the rate-determining step is at the end of the
HER double-electron transfer reaction, that is, the Tafel step. As shown in Figure 4b, the
Tafel slope of NiCoP@NiCoP /NF-160 (84.2 mV dec™1) is lower than NiCoP@NiCoP/NF-
120 (97.5 mV dec™!), NiCoP@NiCoP/NF-140 (96.5 mV dec '), NiCoP@NiCoP/NF-180
(336.2 mV dec™!) and NF (146.4 mV dec™!), while only higher than Pt/C (23.6 mV dec™ 1),
indicating that the HER mechanism of NiCoP@NiCoP/NF-160 is a Volmer-Heyrovsky
step, while the HER mechanism of Pt/C is a Volmer-Tafel step, and their rate-determining
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steps are the Heyrovsky step and Tafel step, respectively [50]. Similarly, compared to single-
phase NiCoP, NiCoP-composite structures also exhibit faster reaction kinetics (Figure S1d).
The charge transfer rate of the electrode was further analyzed using electrochemical
impedance spectroscopy (EIS). The charge transfer resistance (R¢t) is mainly the charge
transfer resistance at the interface between the electrode and the electrolyte. A smaller
Rt represents better charge transfer ability, which in turn exhibits better catalytic activity.
NiCoP@NiCoP/NF-160 had the smallest charge transfer resistance (Rt = 1.17 (3), which
is superior to other prepared electrodes, indicating the most advanced charge transfer
capability. The effect of different amounts of NaH,PO, on charge transfer was investigated
(Figure S4b). Compared with the control samples, NiCoP@NiCoP /NF-160 still had the
smallest Rc;, which proves that the reduction of overpotential is closely related to the
improvement of charge transfer ability.
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Figure 4. (a) iR-corrected LSV polarization curves, (b) Tafel slope, (c) overpotential at 50 and

100 mA cm~2, (d) EIS plot and (e) ECSA estimated by Cg; values of different catalysts. (f) The

chronopotentiometry of NiCoP@NiCoP/NF-160 at 100 mA cm 2

To link structural properties with intrinsic activity, the double-layer capacitance value
(Cq) is used to reflect the level of the electrochemical active surface area (ECSA) of the
material [51]. The Cg4; values of different samples were calculated according to cyclic voltam-
metry (CV). Figure S5 shows the CV curves of NiCoP@NiCoP /NF-120, NiCoP@NiCoP /NF-
140, NiCoP@NiCoP/NF-160 and NiCoP@NiCoP/NF-180. Under the voltage range of
—0.725~—0.825 V vs. Hg/HgO, the polarization current density contrast of the cathode
and anode corresponding to the scanning speed and the middle voltage (0.775 V vs. RHE)
under different scanning speeds (A] =ja — jc) is plotted as a linear graph (Figure 4e). Due to
the proportional relationship between Cq; and ECSA, this can be used to evaluate the active
surface area of electrodes. Obviously, the Cg; value of NiCoP@NiCoP /NF-160 is the highest
(18.88 mF cm’z), higher than NiCoP@NiCoP /NF-120 (13.02 mF cm’z), NiCoP@NiCoP /NF-
140 (12.89 mF cm~2) and NiCoP@NiCoP /NF-180 (10.13 mF cm~2). This comparison shows
that the appropriate hydrothermal temperature can affect the morphology and structure
of the catalyst, expose more active sites and further affect the HER activity of the catalyst.
Increased ECSA means more abundant interface and active sites exposure. To investigate
the intrinsic activity of catalysts, we performed ECSA normalization on the LSV curves
(Figure S6). The results indicate that the NiCoP@NiCoP /NF-160 exhibits higher intrinsic
catalytic activity compared to the control samples. Based on the above results, the joint
improvement of intrinsic activity, accessible active sites and charge transfer ability leads to
a significant decrease in the HER overpotential of the catalyst.
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In addition to evaluating the HER activity of the catalyst, the stability of the elec-
trode is also one of the most effective means to determine the application value of the
catalyst. Figure 4f shows the trend of electrode potential over time at a current density of
100 mA cm~2. After 500 h of the HER test, the retention rate of electrode HER overpoten-
tial is still as high as 96.7% (the potential percentage is obtained from the ratio of initial
potential to test potential). The long-term stability of the material is not only attributed to
the establishment of the composite structure but may also be related to the small amount of
amorphous nickel/cobalt phosphides detected by XRD and XPS characterizations, thereby
improving the corrosion resistance of the material. After 500 h of HER testing, we recorded
changes in the morphology, phase and catalytic performance of the catalyst. The LSV after
the stability test displayed only a small shift (10 mV at 100 mA cm~2) from that at the
beginning, which shows that the active sites of the catalyst are well maintained (Figure
57). In addition, the SEM, XRD and TEM results after stability testing showed that after
long-term stability testing, the nanosheets grown on the surface tended to become thicker
and larger, and the nanowires also showed slight aggregation (Figure 5a—). However, the
original bonding mode was still maintained overall, and the phase of the material did not
change, again confirming its good durability. From the XPS spectra after stability, it can
also be seen that there is no significant change in the chemical state of the material before
and after testing (Figure 5d—f). It is worth noting that the P-Metal peaks appeared in the
XPS of P 2p with a significant intensity, which further proved that the absence of P-Metal
peaks before testing was caused by surface oxidation of the sample. The improvement of
the HER activity of the catalyst is closely related to the number of accessible active sites, the
intrinsic activity, the efficiency of charge and mass transfer and the stability displayed by
the active substances. After being optimized by temperature and P introduction, the homol-
ogous NiCoP /NF catalyst has a more suitable electronic structure, more stable structure
characteristics and higher conductivity, thereby demonstrating good HER activity.
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Figure 5. The (a) SEM, (b) TEM, (c) XRD images and (d—f) XPS spectra of NiCoP@NiCoP /NF-160
after 500 h stability test.

3. Materials and Methods
3.1. Materials and Chemicals

The following reagents were obtained and used as received without further processing:
nickel(Il) nitrate hexahydrate (Ni(NOj3),-6H,O, AR, Tianjin Kermel Chemical Reagent Co.,
Ltd., Tianjin, China), cobalt nitrate hexahydrate (Co(NOz3),-6H,0O, 99%, Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China), ammonium fluoride (NH4FE, 98%,
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), urea (CH4N,O,
AR, Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, China), sodium hypophosphite
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(NaHPO,-Hy0O, AR, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China), KOH (AR,
Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, China) and commercial Pt/C (20 wt%,
Sigma-Aldrich Chemical Reagent Co., Ltd., St. Louis, MO, USA).

3.2. Preparation
3.2.1. Synthesis of NiCo-LDH/NF

Firstly, the nickel foam (1 cm x 3 cm) was sonicated in 3 M HC], ethanol and deion-
ized water for 10 min, respectively to remove the surface oxide layer. Then, 1 mmol
Ni(NO3),-6H,0O, 2 mmol Co(NOj3),-6H,O, 6 mmol NH4F and 6 mmol urea were dissolved
in 60 mL deionized water. Magnetic stirring was performed at room temperature for 10 min.
Then, they were added together into a 100 mL Teflon stainless steel autoclave to react at
120 °C for 8 h. When the reaction was completed, the sample was taken out and washed
alternately with deionized water and ethanol several times and dried under vacuum at
60 °C for 12 h. Finally, NiCo-LDH nanosheets were uniformly grown on the NF.

3.2.2. Synthesis of NiCo-LDH@NiCo-LDH/NF

The as-prepared NiCo-LDH/NF nanosheets were transferred together with 60 mL aqueous
solution containing 1 mmol Ni(NO3),-6H,O, 2 mmol Co(NOs),-6H,O and 6 mmol of urea into
a 100 mL Teflon stainless steel autoclave. The mixed solution was maintained at 160 °C for
6 h. The prepared samples were repeatedly washed with ethanol and deionized water several
times, and vacuum dried at 60 °C for 12 h. Finally, NiCo-LDH nanowires were grown in situ on
NiCo-LDH nanosheet arrays. The obtained samples were named NiCo-LDH@NiCo-LDH/NF-
120, NiCo-LDH@NiCo-LDH /NF-140, NiCo-LDH@NiCo-LDH/NF-160 and NiCo-LDH@NiCo-
LDH/NF-180 according to the different hydrothermal temperatures.

3.2.3. Synthesis of NiCoP@NiCoP/NF

In the phosphating reaction, the as-prepared NiCo-LDH@NiCo-LDH/NF was placed
downstream of the tube furnace and 1 g of NaH,PO,-H,O was placed upstream of
the Ar atmosphere. Afterwards, we heated the tubular furnace at a heating rate of
2°Cmin~! to 300 °C and maintained it for 2 h. After natural cooling and washing, the
optimal sample obtained was named NiCoP@NiCoP /NF-160. For comparison, samples
obtained at different hydrothermal temperatures were labeled as NiCoP@NiCoP /NF-120,
NiCoP@NiCoP /NF-140 and NiCoP@NiCoP /NF-180. In addition, in order to investigate
the effect of the amount of P added on the performance of the products, the same method
was used to synthesize NiCo-LDH@NiCo-LDH /NF-160, and we changed the dosage of
NaH,;PO;-H,O to 0.2 g, 0.5 g and 2 g, respectively. The control samples prepared were
labeled as NiCoP@NiCoP /NF-0.2, NiCoP@NiCoP/NF-0.5 and NiCoP@NiCoP/NF-2. The
NiCoP/NF sample was prepared by one-step hydrothermal phosphorization. The precur-
sor preparation of NiCoP nanosheets and NiCoP nanowires is consistent with the first- and
second-step hydrothermal methods of NiCoP@NiCoP /NF-160, respectively.

3.3. Materials Characterization

Field emission scanning electron microscopy (FESEM, Carl Zeiss Super55 (Carl Zeiss
NTS GmbH, Oberkochen, Germany) operated at 15 kV) was carried out to observe the
morphology of samples. Transmission electron microscopy (TEM) images were obtained
using a Hitachi HT7700 electron microscope (HITACHI Transmission Electron Microscope,
Tokyo, Japan) at 120 kV. The phase composition and crystal structure were characterized by
X-ray diffraction (XRD, RigakuSmart Lab, X-ray Diffractometer, Tokyo, Japan) at a scanning
rate of 5° min~!. X-ray photoelectron spectroscopy (XPS, ThermoFisher Nexsa, Fanrui
Yunzhi Technology (Zhengzhou) Co., Ltd., Zhengzhou, China) was used to analyze the
chemical composition and charge transfer of the samples.
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3.4. Electrochemical Measurements

All the electrochemical measurements were performed on a CHI 660E electrochemical
workstation (CH Instruments, Inc., Shanghai, China) at room temperature. All measure-
ments were performed in 1 M KOH aqueous electrolyte. In a three-electrode system,
the final catalyst NiCoP@NiCoP/NF is used as the working electrode directly, with the
Hg/HgO electrode and Pt foil as the reference electrode and counter electrode, respectively.
Linear sweep voltammetry (LSV) curves were measured at a scanning speed of 5mV s~
and iR correction was performed on the obtained results. Electrochemical impedance
spectroscopy (EIS) data collection was performed in the frequency range of 100 kHz to
0.01 Hz with an AC voltage of 5 mV. The double-layer capacitance of the electrode was
characterized by cyclic voltammetry (CV) and tested at different scan rates from 20 to
120 mV s~ ! in the potential region of —0.725~—0.825 V. The chronopotentiometry was
used for long-term stability testing at a constant current density of 100 mA cm~2. All
potentials reported in our work were displayed vs. the reversible hydrogen electrode (RHE)
according to the equation Erug) = Eng/Hgo/0H ) + 0.925V. ECSA = Cy1/Cs, in which Cs is
the specific capacitance for a flat surface and is taken as 60 uF cm ™2 in alkaline electrolytes.

4. Conclusions

The hierarchical construction of different components with homologous structures can
not only fully utilize the intrinsic activity of materials, but can also improve the chemical
stability of synergistic components, thereby promoting the effective progress of HER. This
work investigates the coupling construction of different morphological structures on NF
substrates, and achieves the construction of higher active phases through anion exchange
between P3~ and OH . Based on the regulation of hydrothermal temperature and non-
metallic introduction, a well-designed hierarchical structure and fully exposed active sites
are fully combined. By using the synergistic catalysis of NiCo bimetallic sites in HER and
the regulation of P on the electronic structure of NiCo, the synthesized NiCoP@NiCoP /NF-
160 has rich catalytic sites, rich diffusion channels and low charge transfer resistance. Even
at a current density of 100 mA cm~?2, the catalyst still exhibits HER stability for over 500 h,
and its morphology, structure and catalytic activity remain unchanged. This provides a
reference scheme for the application of the ion exchange method and the construction of a
hierarchical structure.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13091232/s1, Figure S1: SEM images of (a) NiCoP nanosheets
and (b) NiCoP nanowires. (c) LSV curves and (d) Tafel plots of NiCoP nanosheets and NiCoP nanowires;
Figure S2: XRD spectra of NiCoP@NiCoP /NF-120, NiCoP@NiCoP /NF-140, NiCoP@NiCoP /NF-160
and NiCoP@NiCoP/NF-180; Figure S3: XPS survey spectra of NiCoP /NF; Figure S4: (a) iR-corrected
LSV polarization curves and (b) EIS plot of NiCoP@NiCoP/NF-0.2, NiCoP@NiCoP/NF-0.5 and
NiCoP@NiCoP/NEF-2; Figure S5: CV curves of (a) NiCoP@NiCoP /NF-120, (b) NiCoP@NiCoP/NF-
140, (c) NiCoP@NiCoP/NF-160 and (d) NiCoP@NiCoP/NF-180; Figure S6: ECSA-normalized po-
larization curves of NiCoP@NiCoP /NF-120, NiCoP@NiCoP /NF-140, NiCoP@NiCoP /NF-160 and
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