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The design of a protective electron-rich surface is an ideal route to
enhance the performance of catalysts. Due to the higher work
function of NisB, facile-directed electron transport occurs from
PtNi to NizB to enrich electron density on the surface of the NizB
shell. This process increases hydrogen adsorption—desorption
kinetics and mitigates Cl™ corrosion.

Electrolysis of seawater for hydrogen production, as a future
option of green energy, has been paid attention in national
plans, scientific research and industrial interest.> However,
many issues need to be addressed such as serious corrosion
and easy catalyst deactivation caused by the abundance of
chloride ions in seawater with metal chloride/hydroxide for-
mation (eqn (1)-(3)).*® One win-win technique is heteroatom
(P, S, O, B, and N) incorporation into the metal catalyst, which
enables avoiding ClI™ adsorption and enhances the durability of
Pt-based catalysts because of their anion-rich design promoting
water affinity and H* desorption to benefit seawater splitting.”

Pt + Cl~ — PtClygs + €~ (1)
PtCl,gs + CI~ — PtCl,~ (2)
PtCl, + OH™ — Pt(OH), + CI~ (3)
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Direct synthesis of PtNi coated with NizB for
efficient electrochemical hydrogen evolution

Xiong Yang,® Yu-Xuan Xiao,*° Fei Yu,” Wen-Ying Zhao,? Ling Shen,? Jie Ying,”
Song Zhang,? Kenneth |. Ozoemena,

€ Christoph Janiak &2 ¢ and Xiao-

Nanostructured PtNi is considered as one of the best catalysts for
the hydrogen evolution reaction (HER) of water electrolysis.®® The
application of PtNi catalysts in seawater electrolysis for efficient
hydrogen could be predicted, although Ni shows poor stability
during electrocatalytic seawater splitting.’® However, it has to be
pointed out that the excess doping of P, S, O, B, and N onto the Ni/Pt
surface would reduce the exposed metal sites and decrease its
electrocatalytic activity."' NizB is a stable compound with a high
metallic conductivity owing to delocalized electrons.”>"* More
importantly, the presence of Ni in both alloys could improve the
lattice match and interface fusion between PtNi and NisB."* Very
interestingly, the work function of Ni;B is higher than that of PtNi,
which is available to direct electron transfer for improvement of
both the electrocatalytic activity and stability in seawater.> More-
over, compared with post-synthesis such as post-doping, modifying
and treatment, the direct-synthesis of a PtNi-NiB nanostructure is
mostly preferred.

In this work, a facile direct synthesis at room temperature in an
open system of PtNi coated with Ni;B (denoted as Pt;Ni, 3@
(Ni3B),) has been developed. Experimental characterizations and
theoretical calculations suggested the existence of directed electron
transfer and enhanced Cl™ resistance in Pt;Ni, ;,@(Ni3B),. Benefit-
ing from the advantages of Ni;B: (i) the intrinsic stability of Ni;B can
serve as a natural parclose for PtNi to avoid the corrosive Cl™; (ii) the
intermetallic properties of Ni;B can accelerate the unfavorable water
dissociation step of PtNi for promoted electrocatalytic kinetics; (iii)
the gap of the work function can facilitate a directed electron
transfer from PtNi to Niz;B for both an improved electrocatalytic
step and enhanced surface electronegativity. Pt;Ni, 3,@(Ni;3B), dis-
plays superior performance in catalyzing the HER in an aqueous
alkaline medium (1 mol L* KOH) and alkaline seawater (1 mol L™
KOH + 3.5 wt% NaCl) with high durability.

A schematic representation of the method used to construct
Pt;Ni, 3,@(Ni3B), is shown in Fig. 1a. In this route, the precursor of
the catalyst was generated by the reduction of H,PtCls and NiCl,
reduced by NaBH, to rapidly form PtNi nanowires. Then, with the
prolonging of the reaction time, a layer of Ni;B was formed and
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Fig. 1 (a) Illustration of the formation of the PtsNi,_s,@(NisB),. (b) Low
magnification TEM images and (c) electron diffraction pattern of
PtsNi>_3,@(NizB),. (d) HRTEM image of PtsNi,_3,@(NizB),. Lattice fringes
and corresponding FFT results of (e) and (f) NisB and (g) and (h) PtNi
corresponding to area i and ii in Fig. 1(d), respectively. () HAADF-STEM
image of PtzNi>_z,@(NisB),. EDX elemental mapping results of (j) Pt, (k) Ni,
() B, and (m) overlaid color mapping for PtzNi,_z,@(NizB),.

coated on the PtNi network. The morphology and content of the
electrocatalysts could be regulated by controlling the ratio of Pt and
Ni precursors during synthesis, as shown by the SEM (Fig. S1-54,
ESIt) and ICP-AES (Table S1, ESIt) results, which indicate that
surplus Ni** would result in an increase of NizB coating. Transmis-
sion electron microscopy (TEM) was conducted to further explore the
morphology of Pt;Ni, ;,@(Ni;B),. Compared to the network struc-
ture of Pt;Ni (Fig. S5, ESIT), the TEM images of Pt;Ni, 3, @(NizB),
show an obvious core-shell structure (Fig. 1d and Fig. S6, ESIY).
The fast Fourier transform (FFT) result of Pt;Ni, 3,@(NizB),
contains a set of diffraction rings assignable to the (111), (220) and
(200) planes of face-centered cubic (fcc) PtNi (Fig. 1c). Notably, high-
resolution transmission electron microscopy (HRTEM, Fig. 1d)
further reveals a partially crystalline structure of Pt;Ni, 3, @(NizB),.
The HRTEM (Fig. S7, ESIt) and the inverse Fourier transformation
(IFT) image (Fig. 1e) of area i in the coating reveal the lattice
spacings of 0.242 nm and 0.193 nm, which are consistent with
the (210) and (112) planes of Ni;B. Meanwhile, the FFT image
belonging to area i shows the diffraction spots of the {210} and {112}
planes of Ni;B (Fig. 1f). The IFT image of area ii is also shown in
Fig. 1g. It can be seen that the lattice spacings of the high crystal-
linity core in Pt3Ni, 3,@(NizB), are 0.220 nm and 0.192 nm, which
are consistent with the (111) and (200) planes of fcc PtNi alloy. The
FFT image of region ii also contains a set of diffraction rings
assignable to the {111} and {200} planes in Fig. 1h, demonstrating
the periodic structure and good crystallinity of PtNi. High angle
annular dark-field detector (STEM-HAADF) imaging shows the
specific outline of the inner PtNi without the imaging of the outer
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Ni;B coating, which could be ascribed to the low crystallinity of the
thin Ni;B layers with few lattices to form the diffraction (Fig. 1i). The
energy-dispersive X-ray elemental mappings of this heterophase
structure clearly shows that Pt is homogeneously distributed along
the networks while both Ni and B are distributed on the whole
Pt;Ni, 5,@(NizB),, further confirming the core-shell structure of
Pt;Ni,_3,@(NizB), (Fig. 1j-m).

Fig. 2 shows more detailed structural characterizations of
Pt;Ni, 3,@(NizB),. As shown in Fig. 2a, the X-ray diffraction
(XRD) peaks match well with fcc PtNi.'®"” Note that the
diffraction peak corresponding to Ni;B is absent in the XRD
patterns, possibly due to the short-range ordered crystallinity of
the NizB coating.'® When the as-obtained Pt;Ni,_;,@(Ni;B), was
further annealed under the protection of argon at 300 °C, the XRD
peaks of Ni;B become apparent, which illustrates the relatively
low crystallinity of the NizB (Fig. S8, ESIT). The surface areas and
porosities were measured by N, physisorption isotherms (Fig. 2b).
The Brunauer-Emmett-Teller (BET) surface area of Pt;Ni, 3,@
(Ni3B), reaches a remarkable 169 m? g%, which is rare in metal
materials (Table S2, ESIT). Based on this, the high surface area can
offer more active sites and improved catalytic activity.'® Fig. S9
(ESIt) shows the pore size distribution results, which indicates a
mesoporous structure for all samples.

As shown in Fig. 2c, the work functions (®) were tested by
ultraviolet photoelectron spectroscopy (UPS), following the
trends of @ (Pt3Ni, 3, @(Ni3B),) ~ @ (Pt,Niz;_3,@(NizB),) > @
(Pt networks) > @ (Pt;Ni networks). Considering that the work
function is defined as the energy required for an electron from
the Fermi level to escape from the metal in a potential well of
depth @ (see ESIt), electrons would transfer from PtNi to the
Ni;B coating. To further confirm the directed electron transfer,
X-ray photoelectron spectroscopy (XPS) studies were conducted
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Fig. 2 (a) XRD patterns of the Pt networks, PtzNi networks, PtzNi,_z,@
(NisB),, Pt2Niz_z,@(NizB), and annealed PtzNi,_z,@(NisB),. (b) Nitrogen
physisorption isotherms (77 K) and (c) UPS spectra of the Pt networks,
PtsNi networks, PtzNi>_z,@(NisB),, and Pt;Nis_3,@(NizB),. XPS spectra of
(d) Pt 4f for the Pt networks, PtzNi networks, PtzNi,_3,@(NizB),, and
PtoNis_3,@(NizB),, and (e) Ni 2p and (f) B 1s for the PtzNi networks,
PtsNi>_3,@(NisB),, and Pt;Niz_z,@(NisB).. (g) ESR spectra of the Pt/C, Pt
networks, PtsNi networks, PtzNi>_3,@(NisB), and Pt;Niz_3z,@(NizB),.
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to explore the chemical states and structure (Fig. S10-512,
ESIT). The Pt 4f XPS spectra in Fig. 2d reveal that the Pt 4f;),
peaks of the Pt;Ni network (71.1 eV) are shifted to lower binding
energies than that of the Pt networks (71.8 eV) (Table S3, ESIT),
clearly illustrating electron migration from Ni to Pt owing to the
difference of electronegativity between Ni (1.8) and Pt (2.2).
Notably, the Pt 4f;, binding energies of these materials follow
the sequence of Pt,Ni;_3,@(NizB), (71.5 €V) > Pt;Ni, 3,@(Ni3B),
(71.3 €V) > Pt;Ni networks (71.1 €V), revealing electron transfer
from Pt to NizB. Furthermore, Pt;Ni, 3,@(NizB), and Pt,Ni;_ ;@
(NizB), are shown in Fig. 2e. In contrast to Pt;Ni networks
(856.8 eV), the Ni 2p binding energies of Pt;Ni, 3,@(NizB),
(856.6 eV) and Pt,Ni; ;,@(NizB), (856.5 eV) display negative shifts
as a consequence of electron transport from Pt to Ni;B. Moreover,
metallic Ni 2p3z, was absent in Pt;Ni, due to Ni oxidated by the
oxygen adsorbed on the surface of Pt;Ni. The presence of metallic
Ni 2p;), in Pt3Ni, 5,@(NizB), and Pt,Ni; ;,@(NizB), may come
from the high oxidation resistance owing to the directed electron
transfer. In addition, the stronger peak with 192.4 eV can be clearly
observed for the B> spectra of Pt;Ni, 5,@(NizB), and Pt,Ni;_3,@
(Ni3B), compared to that of the Pt;Ni networks, suggesting the
incorporation of B with the increase of Ni content during the
preparation (Fig. 2f).>>*' Electron spin resonance (ESR) measure-
ments were also carried out to probe the unpaired electrons in
Pt;Ni, 3,@(NizB), (Fig. 2g). Stronger single Lorentzian line
signals can be observed for the spectra of Pt3Ni, 3, @(NizB),
and Pt,Ni;_3,@(Ni3B), compared to that of the Pt;Ni networks,
suggesting that the Ni;B composites possess a higher content of
unpaired electrons as a result of the electron transport between
PtNi and Ni;B.?*

The data in Fig. 3a and d and Fig. S13 (ESIt) clearly show that the
HER activity follows the sequence of Pt;Ni, 3, @(NizB), >
Pt,Ni; 5,@(NizB), > Pt;Ni networks > Pt/C > Pt networks >
Ni;B. A summatry of the overpotentials to drive a current density of
10 mA cm > (denoted as 1#,,) in different electrolytes is given in
Fig. 3b, Fig. 3e and Table S4 (ESIt). Pt;Ni, ;,@(Ni;B), displays

A o] Awaline media Alkaline Pc c” Alkgline media

PNI,, @(Ni,B),

1
1]
= media Ptnetworks | _ 0.08 o,
2 150] @10 mArcm? . prpinetworks | S Ptnetworks * PLNi,, @(Ni,B),
. = o = PtNi networks
T Bid EP 0 e, emis),| 006 P
2 Ptneworks | § 70 PENLL@NISL| S .04
E 200 PtNinetworks | © 0 44 e
5
= PLNL, @NiB), | & 19 24 | 3002
PLNi,,@NiB), [6
3 0.
03 02 41 00 00 02 04 06 08 10 12
E (V vs. RHE) log j ((mA cm?)")
> 04
d o[ Aikaiine seawater_ (-] Alkaline PUC f Alkaline seawater
— seawater Pt networks ~008] PUC PLNI,, @(Ni,B),
£ 50| @10 maiem? by i networks | = Ptnetworks - PLNi,, @(Ni,B),
7 100 puc 8 106 PtNi,, @NIB),| Z 0.06] PLNinetworks
] Ptnetworks  |& - PLNiL,@NUB),[ § o 04
E -200: PtNinetworks [o % 48 2
e P,Ni,, @(Ni,B), E 16 24 g 0.02:

Pt,Ni,, @(Ni,B),

3
°

0.2 0.1 0.0 02 04 06 08 10 12
E (V vs. RHE) log j ((mA cm?)")

PUC
PLNi networks
PLNI,  /(NL,B),

o
=2

E (V vs. RHE)
°

3

PUC Alkaline media
PLNI networks @10 mAcm?
PN, J(NLB),

Alkaline seawater
@10 mA cm?

°
s
°

£(vvs. RHE)Q

13

5 15 2 5 15 20

Time (h) Time (h)
Fig. 3 Respective HER polarization curves, overpotentials (at current
density of 10 mA cm™), and Tafel plots of the Pt/C, Pt networks, PtsNi
networks, PtzNi,_3,@(NizB),, and Pt;Niz_3,@(NizB), in (a)—(c) alkaline
media and (d)-(f) alkaline seawater. Chronopotentiometry of the Pt/C,
PtsNi networks and PtzNi>_3,@(NisB), under the current density of

10 mA cm~2 in (g) alkaline media and (h) alkaline seawater.
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remarkable HER activities with only 19 mV and 16 mV of
overpotential in alkaline media and alkaline seawater, respectively,
which is much superior to those of Pt/C, Pt networks and Ni;B. The
results of the HER turnover frequencies (TOF) demonstrate the
superior intrinsic activity of Pt;Ni, ;,@(NizB), (see Fig. S16, ESIt
and a detailed description).”® To investigate the catalytic mechanism
of the HER, Tafel slopes were acquired by fitting the experimental
data with the Butler-Volmer equation (Fig. 3¢ and f). Pt;Ni, 3,@(-
Ni;B), displays Tafel slopes of 21 mV dec " and 27 mV dec ' in
alkaline media and alkaline seawater, respectively. Note that the
Tafel slope values of 120, 40 and 30 mV dec " correspond to the
Volmer, Heyrovsky and Tafel reactions of the catalysts, respectively.**
Thus, both the rate-determining steps on Pt;Ni, 3,@(NizB), in
alkaline media and alkaline seawater are the Tafel step (2Pt-H —
H, + 2Pt). The electrochemical impedance spectroscopy (EIS) and
comparison of overpotential and Tafel slopes demonstrates the ideal
potential of the HER in alkaline seawater (see Fig. S17, S18 and a
detailed description, ESIT). To evaluate the durability and investigate
the ClI™ corrosion resistance of the catalysts, the chronopotentiome-
try technique was applied in alkaline media (Fig. 3g) and alkaline
seawater (Fig. 3h). The 7, values of the Pt/C, Pt;Ni networks, and
Pt;Ni, 5,@(NizB), increase by 217, 146 and 54 mV, after 20 hours in
a chronoamperometric test in alkaline media, which indicates that
Pt;Ni, 3,@(NizB), has excellent stability for the HER. Meanwhile,
the 1,0 values of the Pt/C, Pt;Ni networks, and Pt;Ni, 3,@(NizB),
increase by 280, 274 and 56 mV, after 20 hours in a chronoampero-
metric test in alkaline seawater. Compared to the obvious decay of
the Pt/C and Pt;Ni networks in the chronoamperometric test with
the presence of Cl™, the similar stability of Pt;Ni, 3,@(Ni3B), in
both of the electrolytes indicates the higher ClI™ corrosion
resistance. The chronopotentiometry under the current density
of 100 mA cm ™2 in alkaline seawater, the zeta potential and the
corresponding analysis of the dissolution of Pt and Ni indicate
the superior stability of Pt;Ni, 5,@(Ni;B), (see Fig. S19, S20 and
a detailed description, ESIY).

To elucidate the inherent relationship between the electronic
structure and the excellent electrocatalytic HER performance of
Pt;Ni, ;,@(Ni3B),, density functional theory (DFT) calculations
were performed (Fig. S21 and S22, ESI%).>® As shown in Fig. 4a,
Pt;Ni, ;,@(NizB), has a more negative water adsorption Gibbs
free energy (AGy) of —0.09 eV compared to that of Ni (0.04 eV),
Pt (0.09 eV) and Pt;Ni networks (0.21 eV), indicating the better
performance to adsorb the water for a fast water dissociation.
Moreover, the lower hydrogen adsorption Gibbs free energy
(AGy) of Pt3Niy3,@(NizB), (—0.24 eV) compared to the con-
trasted catalysts (Ni: —0.47 eV; Pt: —0.34 eV; Pt;Ni: —0.56 eV)
contributes to a better hydrogen desorption capability. Thereby,
faster water dissociation and the more appropriate adsorption/
desorption of H give Pt;Ni, 3,@(NizB), a better HER perfor-
mance. To further investigate the effect of CI™ on the catalysts in
seawater, the Cl* adsorption calculation was conducted
(Fig. S23, ESLt Fig. 4b). The adsorption energy of intermediate
Cl* (AE¢+) on Pt3Ni, 3,@(NizB), is 0.09 eV, which is more
positive than the AE¢;- of the Pt;Ni networks (—0.11 eV), indicat-
ing the better C1™ resistance. Moreover, the more negative water
adsorption energy (AEy o = —0.69 eV) further decreased the C1™

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Calculated adsorption free energy diagram for (a) the progress of the
HER and (b) the comparison of Cl™ and HO. (c) Differential charge density
diagrams (the blue region represents electron depletion; the yellow region
represents electron accumulation) and (d) planar-average charge density
along the z-direction (across the heterojunction) of PtzNi,_3,@(NizB),.

adsorption during the competitive adsorption between water
and Cl". To have a more detailed understanding of the electro-
nic properties of the Pt;Ni, 3,@(NizB),, we plot in Fig. 4c the
differential charge density diagrams calculated from the model
of Pt;Ni, 3,@(NizB),. It is clear that the introduction of the NizB
nanolayers has enhanced the asymmetric charge transfer, lead-
ing to charge polarization and electron redistribution on the
interface, in which PtNi and Ni;B act as electron donor and
acceptor, respectively. Fig. 4d shows the plane-averaged charge
density along the z-direction (across the heterojunction). The
charge density around the heterojunction is no longer equiva-
lent and remarkable charge rearrangement occurs around the
interface and electrons have transferred from PtNi to Ni;B. The
partial density of states diagrams also show the electronic
structures (see Fig. S24 and a detailed description, ESIf).

In summary, we have presented the fabrication of a heterophase
catalyst composed of PtNi networks coated with Ni;B. Owing to the
gap in the work function, a directed electron transfer from a crystalline
PtNi to NizB coating was facilitated. As a result, Pt;Ni, 3@
(Ni;B), demonstrates both superior activity and Cl™ resistance. Experi-
mental results combined with the theoretical calculations disclosed
that the excellent alkaline HER activity of Pt;Ni, 3,@(NizB), can be
attributed to the electron-rich surface of the Ni;B nanolayers, which
effectively increases the hydrogen adsorption-desorption kinetics and
mitigates corrosion promoted by CI™.
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