Published on 10 janvier 2025. Downloaded on 2025-05-08 18:31:01.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
2833

Received 21st November 2024,
Accepted 8th January 2025

DOI: 10.1039/d4dt03258f

Achieving advanced hydrogen evolution under
large current density using an amorphous/
crystalline core—shell electrocatalyst of
a-NiCoP/Co,P+

Xiaodong Chen,? Zhi Cheng,? Jiao Li,* Hongyu Chen,” Siyuan Liu,
Shuxian Wei, (2° Zhaojie Wang ) *2 and Xiaoging Lu (2 *2

a

Non-precious transition metal-based electrocatalysts with high activities are promising candidates for
substituting Pt- or Ru-based electrocatalysts in hydrogen evolution. In this study, we propose core-shell
engineering to combine the amorphous NiCoP and crystalline Co,P (a-NiCoP/Co,P@NF), which requires
an ultra-low overpotential of only 26 mV to achieve the benchmark current density of 10 mA cm™.
Furthermore, it achieves an industrial-level hydrogen evolution current density of 500 mA cm™2 with
excellent stability. The superior catalytic performance and stability can be attributed to the hierarchical
amorphous/crystalline interface and the electron-rich interfacial Co sites. The amorphous NiCoP shell
can not only protect the internal Co,P from corrosion, but also provide a larger electrochemically active
area. Together, the Co,P core provides fast electron transport and promotes H, emission from the inter-
facial electron-rich Co sites. This work provides inspiration to the rational design of an advanced core—

rsc.li/dalton

1. Introduction

Due to the excessive exploitation and use of fossil fuels, energy
and environmental issues are becoming more and more
severe."* Hydrogen, as a green and renewable energy carrier,
has great potential in the near future.>® Among all the
methods to produce hydrogen, water electrolysis driven by
renewable energy represents the most promising technology.”®
However, the feasibility of the hydrogen evolution reaction
(HER) still highly depends on efficient and stable electrocata-
lysts. Although platinum (Pt) group metals have been the most
active HER catalysts until now, their high cost and scarcity
hinder their large-scale industrial application.”™® Recently,
numerous transition metal phosphides,'*'® carbides,'® and
selenides'” with Ptlike properties have been developed.
Among them, transition metal phosphides (TMPs) such as
nickel phosphides, cobalt phosphides, and iron phosphides
have been proposed as new HER electrocatalysts. For example,
phosphorus species in cobalt phosphides can grab electrons
from cobalt atoms and exhibit affinity to protons during the
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shell structure between amorphous and crystalline states.

HER. However, these electrocatalysts with different mor-
phologies, e.g. nanoparticles or nanoarrays, tend to collapse or
aggregate at high current density and in long-term tests for the
HER, resulting in poor stability and low activity irrespective of
the pH value."®?*

Interfacial engineering, such as coating a protective shell
with rich active sites and good conductivity, is an effective
measure to improve the HER performance.”** Amorphous
electrocatalysts, particularly amorphous metal phosphide elec-
trocatalysts, have attracted the attention of researchers with
their structures of long-range disordering with short/medium-
range ordering. In other words, amorphous structures are
composed of disordered atomic arrangement and expose dan-
gling bonds and high surface areas with more active sites.>>®
Moreover, initially amorphous electrocatalysts can retain their
amorphous states during/after electrochemical reactions, exhi-
biting corrosion resistance, and they have been extensively
studied. Therefore, to simultaneously realize good activity and
stability of HER electrocatalysts, initially amorphous assisted
crystalline hybrid materials are a significant requirement for
HER technology.

Recent research studies have proposed some heterojunc-
tions of crystalline and amorphous states, such as, Ni-P/Ni
(OH),,>” CoP/Ce0,,*® and CeO,/Co,N,*® which exhibit better
HER performances than crystalline/crystalline hybrids.
However, there are still some problems that need to be con-
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sidered: (i) it is difficult to precisely control the amorphous
parts of morphology and proportion; and (ii) the synthesis pro-
cesses are generally completed under harsh conditions.
Finding a simple preparation method under mild reaction con-
ditions to obtain heterostructures that have excellent perform-
ance is the current research focus.**? It is accepted that their
catalytic properties are determined by the synergy of the elec-
tronic and geometric features that originate at the interface
between the core and the shell layer.

In this study, we designed and synthesized a core-shell
heterostructure of an amorphous NiCoP layer coating on Co,P
nanoneedles (a-NiCoP/Co,P@NF) with outstanding HER activity
and stability. In 1 M KOH, only 26 and 123 mV ultralow overpo-
tentials are required to achieve 10 and 500 mA cm™>, respect-
ively, which is superior to the recently reported TMP electrocata-
lysts. The experimental characterization and DFT calculations
confirm that the crystalline/amorphous heterostructure results
in interfacial electron redistribution. Electron-rich interfacial Co
active sites serve to weaken hydrogen adsorption and accelerate
H, emission. Meanwhile, the corrosion resistance of amor-
phous and strong interfacial electronic interactions endow the
electrocatalyst with excellent stability in electrochemical reac-
tions. This work provides a versatile strategy to improve the per-
formance of TMP electrocatalysts.

2. Experimental section

2.1. Chemicals and materials

Cobalt nitrate hexahydrate (Co(NOs),-6H,0) was purchased
from Aladdin Co., Ltd. Sodium hypophosphite (NaH,PO,) was
purchased from Macklin Co., Ltd. Urea (CH4N,0), ammonium
fluoride (NH,F), nickel(u) chloride hexahydrate (NiCl,-6H,0),
cobalt(n) chloride hexahydrate (CoCl,-6H,0), boric acid
(H3BO3), hydrochloric (HCI), acetone (C3H¢O), sodium chlor-
ide (NaCl), and potassium hydroxide (KOH) were purchased
from Sinopharm Chemical Reagents. The chemicals were used
directly without further treatment.

2.2. Synthesis of cobalt carbonate hydroxide (Co-CH@NF)

Co-CH®@NF was synthesized using a hydrothermal method
according to ref. 33. Firstly, a piece of nickel foam (NF, 3 x
2 cm?®) was washed under ultrasonication with acetone, 1 M
HCI, deionized water, and ethanol for 20 min in turn and then
dried under vacuum at 60 °C for 6 h. Secondly, a mixture of Co
(NO3),-6H,0 (1.164 g), urea (0.6 g), and NH,F (0.185 g) was dis-
solved in 30 ml of DI water before being transferred into a
Teflon-lined autoclave. Then, clean NF was added to the above
solution. Finally, the autoclave was sealed and maintained at
120 °C for 5 h. After cooling down to room temperature, the
NF-supported product was washed several times with DI water
and ethanol, and dried in a vacuum oven at 60 °C for 6 h.

2.3. Synthesis of cobalt phosphide (Co,P@NF)

To obtain Co,P@NF, Co-CH®@NF and 1 g of NaH,PO, were put
into the downstream and upstream quartz boats, respectively.
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Then, the tube furnace was annealed to 350 °C at a heating
rate of 2 °C min~' and maintained for 120 min under a N,
atmosphere.

2.4. Synthesis of amorphous nickel cobalt phosphides
(a-NiCoP/Co,P@NF and a-NiCoP@NF)

a-NiCoP/Co,P@NF and a-NiCoP@NF were synthesized by one-
step electrodeposition, in which Co,P@NF and NF were used
as the working electrodes, respectively. Ag/AgCl electrode and
Pt plate were employed as the reference electrode and counter
electrode, respectively. The electrolyte was prepared with 50 ml
of uniform aqueous solution containing NiCl,-6H,0 (2.38 g),
CoCl,-6H,0 (2.38 g), H;BO; (0.46 g), NaCl (0.5844 g), and
NaH,PO, (1.32 g).**** Amorphous NiCoP was electrodeposited
onto the substrate at a potential of —1.2 V.*® Then, the pro-
ducts were washed with DI water and ethanol several times to
remove the residual electrolyte and dried in a vacuum oven at
60 °C for 12 h.

2.5. Preparation of Pt/C@NF

To prepare the Pt/C working electrode, 5 mg of the commercial
Pt/C catalyst was dispersed in 370 pl of ethanol, 600 pl of DI
water and 30 pl of Nafion (5 wt%) solution under sonication
for 1 h to form a homogeneous ink. It was dripped onto clean
NF (1 x 1 cm) with a loading amount of ~5 mg cm™>. Finally,
the electrode was dried at 60 °C for 6 h.

2.6. Characterization of materials

The morphology and microstructure of the fabricated electro-
des were studied via scanning electron microscopy (SEM,
HITACHI Regulus100) and transmission electron microscopy
(TEM, JEM-2100 PLUS). The composition and structure of the
sample were analyzed using X-ray diffraction (XRD, Regaku
Miniflex 600). The chemical composition of samples was
studied by EDS. More information on the crystal structure was
acquired by high-resolution transmission electron microscopy
(HRTEM). The oxidation state and chemical bindings were
characterized via X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha).

2.7. Electrochemical characterization

Electrochemical tests were carried out with a three-electrode
system on a CHI 660E electrochemical workstation. The resul-
tant NF supported electrodes were cut into 1 cm X 1 cm as
working electrodes before the measurement. A graphite rod
and an Ag/AgCl electrode were used as the counter electrode
and reference electrode, respectively. The electrocatalytic per-
formance of the prepared catalyst was tested in 1.0 M KOH by
linear sweep voltammetry (LSV) with a scan rate of 5 mV s~
The electrochemical double-layer capacitance (Cq;) was calcu-
lated according to the CV curves, and the electrochemical
surface area (ECSA) was calculated using eqn (1).

ECSA = Cq1/Cs (1)

where Cy is 0.04 F cm™2,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt03258f

Published on 10 janvier 2025. Downloaded on 2025-05-08 18:31:01.

Dalton Transactions
2.8. Computational method
Density functional theory (DFT) calculations were performed

using the Dmol3 module in the Materials Studio program of
Accelrys. The generalized gradient approximation method

53 i—)’
& ("] ) X sy"meﬂs osphi ation P
¥ 6

NF Co-CH@NF

Scheme 1 Schematic illustration of the fabrication of a-NiCoP/Co,P@NF.
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using the Perdew-Burke-Ernzerhof functional was applied for
the exchange-correlation functional. The core was treated
using the effective core potential, and the double-numerical-
polarization functions basis set was employed. The correction
of van der Waals interaction was included using the DFT-D

Co,P@NF  a-NiCoP/Co,P@NF

d=0.29 nm
(110)

Fig. 1 SEM images of (a) Co—-CH@NF, (b) Co,P@NF, and (c) a-NiCoP/Co,P@NF. (d) Low and (e) high magnification TEM images of a-NiCoP/Co,P. (f)
HRTEM image of a-NiCoP/Co,P. Inset in (f) shows the SAED pattern. (g) EDX elemental mappings images of a-NiCoP/Co,P.
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method of Grimme. The structures were optimized with 1 x
10™° Hartree for energy change, 0.02 Hartree per A for
maximum force, and 0.05 A for maximum displacement,
respectively. For all of the calculations of slab models, a 2 x 3 x
1 Monkhorst-Pack grid k-point mesh was employed in the
Brillouin zone. To avoid periodic interactions, a vacuum space
of 20.0 A was used along the normal direction to the catalyst
surface.

3. Results and discussion

As schematically illustrated in Scheme 1, a-NiCoP/Co,P@NF
was synthesized by a hydrothermal reaction followed by low-
temperature phosphorization and electrodeposition. The
optical images of the as-prepared samples obtained in each
step are shown in the Fig. S1.7 First, the Co-CH@NF precursor
was deposited on the surface of clean NF through a hydro-
thermal method. Next, after the typical phosphorization treat-
ment under a N, atmosphere, Co,P@NF was obtained. The fol-
lowing electrodeposition process realized the in situ growth of
the a-NiCoP shell on the Co,P surface (a-NiCoP/Co,P@NF). In
this process, Co®* and Ni*" ions accepted electrons and
induced co-deposition of P generated through the reduction of
H,PO,.***” The X-ray diffraction (XRD) was applied to track
the crystal structure evolution from Co-CH@NF to a-NiCoP/
Co,P@NF. XRD patterns of the NF skeleton and the Co-
CH@®@NF precursor are shown in Fig. S2 and S3,T respectively.
As illustrated in Fig. S3,T except for the diffraction peaks of the
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NF substrate, all other peaks correspond well with the stan-
dard PDF card of orthorhombic Co(COj3)y50H-0.11H,0O (PDF
#48-0083). After the phosphorization procedure, the diffraction
peaks of Co,P@NF (Fig. S41) can be readily indexed to hexag-
onal Co,P (PDF #54-0413). Notably, the XRD pattern of
a-NiCoP/Co,P@NF coincides with the NF substrate and hexag-
onal Co,P, without any obvious crystal peaks of NiCoP
(Fig. S51). This implies possible heterogeneous interfaces con-
sisting of amorphous NiCoP and crystalline Co,P, which can
be verified from the XRD pattern of a-NiCoP (Fig. S61).

The morphological evolution of samples is characterized by
scanning electron microscopy (SEM). Fig. S7} presents a SEM
image of the NF skeleton with a smooth surface. After the
hydrothermal reaction, Co-CH@NF with a nanoneedle array
structure was successfully obtained (Fig. 1a), which was well-
maintained after phosphorization (Fig. 1b). After the electrode-
position process, the increased average diameter suggests that
the Co,P nanoneedle is wrapped by a layer of rough shell
(Fig. 1c). In addition, for comparison, irregular cellular amor-
phous NiCoP was prepared directly on NF using a similar elec-
trodeposition process (Fig. S87).

To further study the morphology and microstructure of
a-NiCoP/Co,P@NF, transmission electron microscopy (TEM)
was applied to characterize the nanoneedles. As shown in
Fig. 1d and e, we can see that a thin layer with several nano-
meters is closely coated on the surface of cobalt phosphide
nanoneedles, which further confirms the core-shell structure
of a-NiCoP/Co,P@NF. The HRTEM image was used to further
confirm the amorphous/crystalline heterostructure in a-NiCoP/
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Fig. 2 (a) XPS survey of a-NiCoP/Co,P. (b) High-resolution XPS spectra of Ni 2p. High-resolution XPS spectra of (c) Co 2p, (d) P 2p of Co,P and
a-NiCoP/Co,P. (e) Schematic illustration of electronic structure modulation.
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Co,P. As shown in Fig. 1f, the interface between crystalline
Co,P and amorphous NiCoP can be clearly identified. The
lattice fringes with spacings of 0.29 nm and 0.21 nm can be
assigned to the (110) and (111) crystal planes of hexagonal
Co,P, respectively. However, no lattice fringe can be observed
in the shell of a-NiCoP, which demonstrates that there is no
long-range ordered structure. The inset in Fig. 1f shows the
SAED pattern of the core-shell a-NiCoP/Co,P. The simul-
taneous existence of diffraction and dispersion rings further
confirms the successful construction of crystalline and amor-
phous heterostructure. The energy dispersive X-ray (EDX)
elemental mappings (Fig. 1g) show that the Co, Ni, P elements
are uniformly dispersed in a-NiCoP/Co,P@NF and the Co
element is the most densely distributed one. It can be seen
from above, the amorphous shell obtained by electrodeposi-
tion combines closely with the internal Co,P core. The syner-
gistic effect of core-shell structure is expected to improve the
HER catalytic performance of the catalyst.

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the chemical state and interfacial electron redistribution
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of a-NiCoP/Co,P. Fig. 2a presents XPS survey spectra of
a-NiCoP/Co,P and Co,P. In detail, the high-resolution XPS
spectra of Ni 2p, Co 2p, and P 2p are deconvoluted. The exist-
ence of Ni** species can be verified by the main peak at 855.92
eV of Ni 2p in Fig. 2b.*®*° The lower binding energy at 852.22
eV corresponds to Ni’" species (8 is close to 0). As for Co,P, the
binding energy at 781.48 eV in Co 2p spectra is attributed to
Co?', while the lower binding energy at 778.99 eV is Co®"
species (Fig. 2¢).">*" After undergoing the electrodeposition
procedure, the typical peaks of Co 2p in a-NiCoP/Co,P@NF
were clearly shifted to lower binding energies, indicating that
an electron-rich state of Co was attained after electron redistri-
bution. With regard to the P 2p spectrum in a-NiCoP/Co,P
(Fig. 2d), the peak at 129.43 eV can be assigned to P bonded
with Ni or Co (metal phosphide). Moreover, a higher peak at
134.06 eV is recognized as the oxidized phosphate species (P-
0), which are probably induced by the partial oxidation of
metal phosphides in air.*>** The P 2p binding energy of
a-NiCoP/Co,P@NF shifted towards higher binding energy, con-
firming the electron-deficient state of P. Fig. S9 and S10f

3 0 7 E@ —— a-NiCoP/Co,P
@ (\"Eg 10 mA om2 7 400 aNiCoP \“/( @ RERI IR
O -20+ > CoP S a
E E 300 Co-CH ; ——a-NiCoP/Co,P
= = —— Ni foam | aeC -NiCoP
<. 401 S pUC o™ ap l
= ——a-NiCoP/Co,P § 200+ :
S -60- a-NiCoP )
© Co,P =3 4
= 2 5 100
c gol —PC > o
g Co-CH o A LI g
8 —— Ni foam J 0+ ; 32mV dec % =
-100 . . . : . . . o
-0.3 ‘9-2 -0.1 0.0 0.0 0.5 ‘1-0 1.5 2.0 Tafel slopey;g, (MV dec”)  Tafel slope,,, (mV dec™’)
Potential (V versus RHE) Log [l (mA cm?)]
@] —~ 200
2 . & ® o a-NiCoP/Co,P .
- a @ 9 % @ Co,P
& 150 38 = 2 L & o w z o o 2 o2 °
g 2 a 43 o ® 228, 2 & % Q & a-NiCoP
< mS 239 L£Z%5382¢ .8 £ 2 E 4 "
s, |aBl50605 . 2R8I SPWer8£¢ 2, 38 - ¢
—= 1004 ‘= o &y a 2 % 3 s ®© S = 0 =S & & O = < V&
© 8 ? T 8 Z 2\ 8 o o 2 2 = s 8 9 38 £ >~ o
] = 38 8 2 & %3 0 Z 8 o 2 5 zQ o ~
Q % . > § 2 F 38 & Q a = gz_
,g 504 Li) = 8 E . ; g § a < ¢
= ©
9 — -
=B % 4 e 8 160
Electrocatalysts Scan rate (mV's™)
ﬁ 1.00 - 0.4
o a-NiCoP/Co,P g o
NiCoP @ 02 a-NiCoP/Co,P
0.75 a
e~ Co,P E
E £ 0.1
050 P > 2
i\.‘ ; % \>/_0A2_ @10 mA cm
3 ©
0.254 ' 3 b=
ly"\ g 04
: 8 o
o
0.00 . - r -0.6 T - - .
0 1 2 3 4 0 5 10 15 20 25 30
Z' (ohm) Time (h)

Fig. 3 The electrochemical measurements of the samples in 1 M KOH. (a) Linear sweep voltammetry curves with iR-corrected. (b) Tafel slopes of
as-prepared catalysts. (c) Comprehensive comparison of the overpotential at a current density of 10 mA cm™2, Tafel slopes at low and high current
density. (d) Comparison of the HER performance with recent work. (e) The electrochemical double layer capacitances (Cy4) of a-NiCoP/Co,P, Co,P
and a-NiCoP. (f) EIS of the as-prepared catalysts. (g) Chronopotentiometry curve of a-NiCoP/Co,P.
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reveal that the strong interaction between a-NiCoP and Co,P
leads to a significant redistribution of electrons at the amor-
phous/crystalline heterogeneous interface (Fig. 2e). The result-
ing electron-rich metal sites are regarded as potential high-
quality active sites for the HER.

The impact of tailored electron-rich metal sites on the HER
performance of a-NiCoP/Co,P@NF electrocatalysts was
assessed using a standard three-electrode system in 1 M KOH
solution at room temperature (Fig. S11}). The Ag/AgCl refer-
ence electrode was pre-calibrated relative to the reversible
hydrogen electrode (RHE) prior to electrochemical testing
(Fig. S121).** Fig. 3a presents the linear sweep voltammetry
(LSV) curves of the bare NF substrate, commercial Pt/C@NF
and as-prepared catalysts. All of the curves were corrected with
an iR compensation of 100%. The bare NF substrate shows
negligible HER catalytic activity. It is evident that the presence
of electron-rich metal sites significantly enhances the HER
activity compared to a-NiCoP@NF and Co,P@NF. Specifically,
a-NiCoP/Co,P@NF electrocatalysts require an overpotential of
only 26 mV to obtain a current density of 10 mA cm™2, respect-
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ively. In addition, the HER kinetics was assessed through the
corresponding Tafel plots. As illustrated in Fig. 3b, the Tafel
slope for a-NiCoP/Co,P@NF is 52 mV dec™' at low current
density, which is comparable to that of Pt/C (32 mV dec™") and
lower than the values for other as-prepared catalysts. Notably,
a-NiCoP/Co,P@NF exhibits significantly accelerated HER kine-
tics (49 mV dec™) at high current density, superior to that of
standard Pt/C catalysts (91 mV dec™").** The superior perform-
ance indicators of a-NiCoP/Co,P@NF due to the interfacial
electron-rich Co sites compared to other samples are presented
in Fig. 3c. Furthermore, such an HER performance of a-NiCoP/
Co,P@NF even exceeds those of most of the recently reported
catalysts, as summarized in Fig. 3d and Table S1.f

In order to find out the reasons for the excellent HER per-
formance of a-NiCoP/Co,P@NF, we first compared the electro-
chemical double layer capacitances (Cq;) of a-NiCoP/Co,P@NF,
Co,P@NF and a-NiCoP @NF. We performed cyclic voltamme-
try experiments in the non-Faraday potential range at different
scan rates and calculated the Cy, values proportional to the
electrochemically active surface area (ECSA) (Fig. 5131).* As
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Fig. 4 (a) LSV curves of the as-prepared catalysts at a scan rate of 5 mV s™%. (b) Comparison of the HER performance at 500 mA cm™2 with recent
work. (c) Analysis of the HER mechanism for Co,P (left) and a-NiCoP/Co,P (right). (d) Chronoamperometry curves of Co,P and a-NiCoP/Co,P. (e)

Schematic illustration of the excellent stability.
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shown in Fig. 3e, the Cq; value of a-NiCoP/Co,P@NF is 50 mF
cm™2, which is about 1.3 and 1.7 times those of Co,P@NF and
a-NiCoP @NF, respectively. The ECSA value of a-NiCoP/
Co,P@NF (1250 cm?) is larger than those of Co,P@NF
(950 cm®) and a-NiCoP@NF (725 ¢cm?) (Table S2+), which indi-
cates that plenty of active sites are introduced into a-NiCoP/
Co,P@NF on account of the construction of a heterogeneous
structure. In addition, the charge transfer behavior of the as-
prepared catalysts was evaluated by electrochemical impedance
spectroscopy (EIS). The charge transfer resistance was analyzed
by fitting the EIS results to the equivalent circuit model shown
in Fig. S14.1 As illustrated in Fig. 3f, the charge transfer resis-
tance (R.) of a-NiCoP/Co,P@NF is 0.88 Q, which is signifi-
cantly lower than those of a-NiCoP@NF (1.53 Q) and Co,P@NF
(1.71 ). This indicates that a-NiCoP/Co,P@NF facilitates
faster charge transfer during HER electrocatalysis. The stability
of the catalyst is another fundamental criterion for evaluating
the catalysts in addition to catalytic activity. As shown in
Fig. 3g, the chronopotentiometry response shows that
a-NiCoP/Co,P@NF can operate stably for 30 h at a current
density of 10 mA cm™> with negligible potential change, sig-
nifying the robust HER stability.

To evaluate the practicability of the a-NiCoP/Co,P@NF cata-
lyst, the HER activity and long-term stability were studied at a

@ Co
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high current density. As presented in Fig. 4a, the a-NiCoP/
Co,P@NTF catalyst exhibits the best performance with an over-
potential of only 123 mV at 500 mA cm 2. The superior HER
performance of the a-NiCoP/Co,P@NF catalyst at high current
density exceeds those of the vast majority of recently reported
Co-based catalysts (Table S1, Fig. 4b and S15%). Notably, the
excellent HER dynamics of a-NiCoP/Co,P@NF at high currents
may originate from the faster H, emission from the interfacial
electron-rich Co sites (Fig. 4c). Additionally, the chronoam-
perometry results are presented in Fig. 4d, which indicate that
the Co,P catalyst exhibits reduced stability at a high current
density of 500 mA cm™ in alkaline media, with an activity
decrease of approximately 8% within 20 h. In contrast, the
a-NiCoP/Co,P catalyst was able to retain its original catalytic
activity for more than 50 h at the same high current density,
demonstrating its robust stability for HER electrolysis. As can
be seen from XRD and SEM images of the samples after the
stability test in Fig. S16 and S17,T respectively, the structure
and morphology of the a-NiCoP/Co,P@NF catalyst remained
almost unchanged. In contrast, the performance of Co,P@NF
decreased significantly after 20 h of stability testing. This con-
firms the excellent stability of a-NiCoP/Co,P@NF, indicating
the effective protection of the internal active sites by the amor-
phous shell (Fig. 4e).

Co,P

a-NiCoP

a-NiCoP/Co,P
<y
-
L 00 . 049
e
g W, 039 0.50 ,
£ ‘\\ “ 0.04 ’

LS —_—.ee..
§-0‘0- 0.620 Q0 . _.0.14 '~ -0
&= \
\
> 4
g 0.35%, L7034
2 a0t —
15 HyO+* | ” H0* 2 LOH*+H* ()II:OlIZII,(g)

Reaction coordinate

Fig. 5 The theoretical model of (a) Co,P, (b) a-NiCoP, and (c) a-NiCoP/Co,P. (d) The reaction pathway of the HER process for Co,P, a-NiCoP and

a-NiCoP/Co,P.
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In order to further elucidate the enhanced HER perform-
ance of a-NiCoP/Co,P@NF, we designed the theoretical models
of Co,P, a-NiCoP and a-NiCoP/Co,P (Fig. 5a—c). The optimized
structural models and adsorption of different reaction inter-
mediates are shown in Fig. S18.f As shown in Fig. 5c, three
adsorption sites of a-NiCoP/Co,P were selected to compare the
adsorption ability for H,O and it was found that site II (inter-
facial Co site) exhibits the lowest adsorption energy of H,O
molecules (—0.39 eV) compared with sites I (—0.10 eV) and III
(Ni 0.02 eV) (Table S3t). Therefore, the interfacial Co site in
a-NiCoP/Co,P can be regarded as the main electrocatalytically
active site. The densities of states (DOS) of Co,P, a-NiCoP, and
a-NiCoP/Co,P were calculated and compared (Fig. S197%). It can
be concluded that the DOS of Co atoms makes a major contri-
bution near the Fermi level, which may play a critical role in
the catalytic activity for the HER. Free energy diagrams of the
HER on Co,P, a-NiCoP, and a-NiCoP/Co,P in Fig. 4d show the
reaction pathway of the HER process. It can be concluded that
hydrogen desorption in the HER process is the potential deter-
mining step (PDS) for Co,P (AG = 0.50 eV) and a-NiCoP (AG =
0.34 eV). Moreover, a-NiCoP/Co,P exhibits a continuous down-
hill step for the HER and exhibits a superior electrocatalytic
HER performance to Co,P and a-NiCoP, which is consistent
with the experimental results. The construction of a hetero-
junction structure effectively regulated the electronic structure
of active sites. Therefore, the combination of Co,P and
a-NiCoP plays an important role in promoting hydrogen de-
sorption and enhancing electrocatalytic activity. These results
can further confirm the feasibility of the core-shell hetero-
structure. And electron-rich interfacial cobalt active sites serve
to accelerate the desorption of H* intermediates.

In brief, the excellent catalytic performance of a-NiCoP/
Co,P@NF in the hydrogen evolution reaction can be attributed
to the unique crystalline and amorphous core-shell structure,
and mainly includes the following aspects: (1) the 3D core-
shell structure provides a larger specific surface area and
exposes more active sites; (2) the amorphous NiCoP shell
closely coated on Co,P can protect the Co,P core from KOH
corrosion with its corrosion resistance properties; and (3) the
strong interaction between a-NiCoP and Co,P induces inter-
facial electron redistribution, resulting in electron-rich Co
sites that weaken hydrogen adsorption and accelerate H,
emission.

4. Conclusions

In summary, we designed and prepared a unique amorphous/
crystalline core-shell structure of a-NiCoP/Co,P@NF with
excellent HER activity and stability at industrial current
density. It requires only 26 and 123 mV ultralow overpotential
to obtain 10 and 500 mA cm™ >, respectively. Experimental
results and theoretical calculations reveal that the interfacial
electron redistribution leads to electron-rich interfacial Co
sites, which weaken the hydrogen adsorption and accelerate
H, emission. Meanwhile, the corrosion resistance of the amor-
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phous shell and interfacial strong interaction endow the elec-
trocatalyst with outstanding stability in electrocatalysis. This
work provides a promising strategy for designing corrosion-
resistant and efficient catalysts in multiphase catalysis.
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