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performance in alkaline conditions T
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The use of electrochemical water is a very attractive and environmentally friendly solution for hydrogen fuel
production. Platinum (Pt) catalysts are considered to be the most active catalyst for the hydrogen evolution
reaction (HER) but suffer from low efficiency and slow kinetics. Herein, Pt nanoparticles dispersed Ni(OH),
nanosheets (Pt—Ni(OH),-X) with different deposition times were designed and developed via a vapour-
phase hydrothermal method, followed by a pulsed laser deposition method. The Pt—Ni(OH),-5 only
needs overpotentials of 247.5 + 43 and 512.5 + 18 mV to reach current densities of 10 and 100 mA
cm™2, respectively, outperforming the commercial Pt/C at a current density of 100 mA cm 2.
Furthermore, the infrared spectrum revealed that the adsorption of water molecules becomes stronger
at the surface of the Pt—Ni(OH),-5 nanosheets, and the hydrogen protons overflow onto the Pt surface

and facilitate the HER process. This work suggests that moderate Pt nanoparticle dispersed Ni(OH),
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Introduction

Hydrogen is considered to be the most promising source of
energy due to it having zero carbon and a high energy density.
Compared with the cost problems associated with an acidic
solution, the electrochemical hydrogen evolution reaction
(HER) in an alkaline medium has attracted extensive atten-
tion."* However, due to the high activation energy of the water
dissociation step (H,O +e~ — OH  + H*) in alkaline HER, the
reaction kinetics were much slower, in fact 2-3 orders of
magnitude lower than those in an acidic solution.® Platinum-
based (Pt-) catalysts are the most widely studied and used
catalysts in electrochemical hydrogen production. In an alka-
line medium, the platinum-hydrogen adsorbate (Pt-H,q45) was
formed by water dissociation rather than the hydronium ion in
an acidic medium, and was hampered by the prior water-
dissociation step.* Moreover, they often suffered from scarcity
and high costs.>® Therefore, it is urgent to develop a high
activity and high stability.

Recently, transition metal hydroxides have attracted a great
deal of attention because the oxygen-philic surface is beneficial
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nanosheet help to promote the hydrogen production process.

for water splitting.”® In addition, the interaction energy between
the hydroxyl ion (OH") and M*"’0°(OH),_; (OH™ < OH,q-
M*"?0°(OH),_;, where M = metal) can be effectively weakened
by combining Pt with transition metal hydroxides, thus
promoting the desorption of OH .7 Among them, the Ni(OH),
with the lowest OHad—MZ“FO"[OH)Z,(; energy is the best carrier
for Pt loading.” For example, Belcher and co-workers fabricated
Pt-Ni(OH), nanonetworks, possessing high activity via a simple
synthesis method for bacteriophage templating. In 1 M KOH,
the materials displayed —4.9 A mg™" Pt at —70 mV versus the
reversible hydrogen electrode (RHE)." Gu et al. successfully
synthesised a Pt-Ni(OH), hybrid in situ on anodised nickel foam
via a hydrothermal decomposition method." At the current
densities of 10 and 100 mA cm ™, the overpotentials were only
25.9 mV and 211 mV, respectively, which showed excellent
performance for alkaline HER. The Pt nanodots on Pt/Ni(OH),/
NF-A promote the H adsorption and further improve the HER
mass activity."> Zhao et al. designed the Pt@Ni-Ni(OH), nano-
tube array heterostructure and achieved a lower overpotential of
27 mV at 10 mA cm 27 In a high-alkaline solution, the low-
energy peak of Ni 2p;, is oxidised to Ni**, thus promoting the
HER performance. Based on the laser ablation process, the
pulsed laser deposition (PLD) method was an important
method for preparing high-quality nanoparticles.*® Therefore, it
is of great significance to prepare a Pt-Ni(OH), catalyst with
high performance and low Pt loading based on the PLD method.

Based on the previous discussion, we fabricated a Pt nano-
particle dispersed Ni(OH), nanosheet catalyst with different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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deposition times (Pt-Ni(OH),-X, where X represents the depo-
sition time) using a vapour-phase hydrothermal (VPH) method
and a PLD method. The Pt-Ni(OH),-5 sample exhibited good
performance in 1 M KOH (pH 14). The Tafel slope was 212.5 +
30 mV dec*, and the overpotentials were 247.5 & 43 and 512.5
+ 18 mvV at the current densities of 10 and 100 mA cm 2
respectively. The Fourier transform infrared spectroscopy
(FTIR) results revealed that the adsorption of the water mole-
cules can be boosted at the Ni(OH), surface and this favours the
following hydrogen production process.

Results and discussion

The Pt nanoparticle dispersed Ni(OH), nanosheets (Pt-Ni(OH),-
X) with different deposition times were developed using the
VPH method followed by the PLD method. Typically, the
Ni(OH), nanosheet on the Ni foam was prepared by a simple,
easy VPH method as shown in Fig. 1a." The X-ray diffraction
(XRD) patterns were used for confirming the presence of crys-
talline phases. The characteristic peaks at 11.3°, 22.7°, 33.5°,
34.4°, 38.8°, 46.0°, 60.0°, 61.3° can be indexed to the (003),
(006), (101), (012), (015), (018), (110), (113) planes of o-Ni(OH),
(PDF#38-0715), respectively, (Fig. 1b). The other characteristic
peaks at 19.3°, 33.0°, 38.5°, 39.0°, 52.1° are characteristic of the
B-Ni(OH), planes (PDF#14-0117). The XRD results demon-
strated that the Ni(OH), nanosheet was composed of two
different phases, which coexisted together. In addition, scan-
ning electron microscopy (SEM) showed that all the Ni(OH),
nanosheets are uniformly dense on top of the nickel foam, and
clearly demonstrated a change in morphology of the materials

@[5 =
1

Ni foam

Hydrothermal Pulsed Laser

Deposition

Pt@Ni(OH),
® Pt

Ni(OH),

(b) — Ni(OH),
——a-Ni(OH), PDF#38-0715

——B-Ni(OH), PDF#14-0117

Intensity (a.u)

10 20 30 40 50 60 70 80 90
20 (degree)

(d)

AN PE(200)
& d=0.19
s
H);(002)  9-Ni(OH), (018)¢
0Onm d=0:197nm - -

2nm |

Fig. 1 (a) Diagram of the Pt—Ni(OH),-X synthesis process. (b) XRD
patterns of Ni(OH),, a-Ni(OH),, B-Ni(OH),. (c) SEM image of the Pt-
Ni(OH),-5 sample. (d) STEM and corresponding EDX element mapping
of image of the Pt—Ni(OH),-5 sample. (e) HRTEM of the Pt—Ni(OH),-5
sample.
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obtained, which were deposited at different times (Fig. 1c and
S1 ESIf). With the increase of deposition time, the Ni(OH),
nanosheets gradually become amorphous structures (Fig. S1,
ESIf). Furthermore, different deposition thicknesses of Pt
nanoparticles dispersed on Ni(OH), nanosheets were fabricated
using the PLD method (denoted as Pt-Ni(OH),-X, where X = 0,
2.5,5,7.5,0r 10 min) and the corresponding fabrication method
is shown in Fig. S2 (ESIf). The TEM images show that Pt-
Ni(OH),-5 was formed by a rough lump of B-Ni(OH), and
lamellar o-Ni(OH),, which is consistent with the XRD results
(Fig. 1b). In addition, the Pt nanoparticles were unambiguously
identified on the Ni(OH), nanosheet. It is important to note that
the STEM-EDX elemental mapping revealed that Ni, O, and Pt
were uniformly distributed, and the Pt species were uniformly
dispersed on the Ni(OH), (Fig. 1d). Furthermore, the high-
resolution transmission electron microscopy (HRTEM) image
(Fig. 1e) shows that the lattice spacing of 0.196, 0.197, 0.227,
0.23 nm corresponds to the Pt(200), o-Ni(OH),(018), Pt(111), B-
Ni(OH),(002) planes, respectively.

These results demonstrated that the Pt species was
successfully dispersed on the Ni(OH), nanosheets without
changing its crystal structure. The Pt-dispersed Ni(OH), nano-
sheets with different Pt loading contents was analysed by
inductively coupled plasma - atomic emission spectroscopy.
The Pt loading contents were 0.00522 + 0.00155, 0.01062 +
0.00184, 0.0196 + 0.00126, 0.03199 £ 0.00647 mg cm 2 for Pt-
Ni(OH),2.5, Pt-Ni(OH),-5, Pt-Ni(OH),-7.5, Pt-Ni(OH),-10,
respectively. The surface properties were further investigated
using Brunauer-Emmett-Teller (BET) gas sorption measure-
ments. The nitrogen adsorption-desorption isotherm, and the
pore-size distributions of the Ni(OH), electrocatalyst are shown
in Fig. S3 (ESIT). The surface areas were found to be 53 m* g~ ".
The higher BET surface area of the Ni(OH), would enhance the
mass transport of the electrocatalytic reactions, and could be
used as a stable HER electrocatalysis support.*>*

The X-ray photoelectron spectroscopy (XPS) was used to
further investigate the chemical compositions and chemical
valence of the Ni, O, and Pt elements (Fig. 2a). The spectra of Ni
2p for Ni(OH),, Pt-Ni(OH),-5 and Pt-Ni(OH),-5 after stability
testing are shown in Fig. 2b. The peaks of Ni(OH), at about
855.8 and 873.5 are assigned to Ni** 2p;,, and Ni** 2py,,
respectively."””** Peaks located at 880.3 and 862.4 eV are
assigned to the two satellite peaks. For Pt-Ni(OH),-5, the peaks
at 855.8 and 873.5 eV show slightly negative shifts of approxi-
mately 1.05 eV when compared with the Ni(OH), Ni** 2p;,, peak,
and a positive shift of approximately 0.05 eV compared with the
Ni(OH), Ni*" 2p,/, peak. Compared with Pt 4f, the peaks of Pt-
Ni(OH),-5 were shifted to a lower binding energy (Fig. 2c). The
previous results indicate that in partial electron transfer
between Pt and Ni(OH),, Ni was the electron donor whereas Pt
was an electron acceptor.*® After the deposition of Pt, the local
electron configuration of Ni(OH), was regulated, which may be
conducive to the subsequent alkaline HER process. For the O 1s
spectrum, the peaks at 530 and 531.2 eV can be deconvoluted
into metal-oxygen peaks and surface-adsorbed oxygen (Fig. 2d).
The O 1s signal in Pt-Ni(OH),-5 shows a slight positive shift
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Fig. 2 (a) XPS survey spectra of Pt—Ni(OH),-5, Pt—Ni(OH),-5 after the
stability test, and Ni(OH),. High-resolution XPS spectra (b) Ni 2p of
Ni(OH), and Pt—Ni(OH),-5, and Pt—Ni(OH),-5 after the stability test. (c)
Pt 4f of Pt—Ni(OH),-5, and Pt—Ni(OH),-5 after the stability test. (d) O 1s
of Ni(OH), and Pt—Ni(OH),-5, and Pt—Ni(OH),-5 after the stability test.

relative to that of Ni(OH),, which is attributed to the strong
electronic interaction between Pt and the Ni(OH), support.
The electrocatalytic HER performance of Pt-Ni(OH),-X in
1 M KOH (pH = 14) solution with infrared (IR) correction was
measured in a typical three-electrode H-type configuration
(Fig. S4, ESIt). For comparison, Pt/C (60 wt%), Ni(OH),, Pt-
Ni(OH),-2.5, Pt-Ni(OH),-5, Pt-Ni(OH),-7.5, Pt-Ni(OH),-10, were
also measured under the same conditions, and the linear sweep
voltammetry (LSV) curves are shown in Fig. 3a. The over-
potentials of Pt/C (60 wt%), Ni(OH),, Pt-Ni(OH),-2.5, Pt-
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Fig. 3 (a) Polarisation curves of Pt@C, Ni(OH),, Pt—Ni(OH),-2.5, Pt—
Ni(OH),-5, Pt—=Ni(OH),-7.5, and Pt—Ni(OH),-10 for the HER in 1 M
KOH with 95% IR-correction. (b) Homologous overpotential bar graph
at 10 and 100 mA cm™2, and (c) the corresponding Tafel plots of Pt@C,
Ni(OH),, Pt—Ni(OH),-2.5, Pt—Ni(OH),-5, Pt—Ni(OH),-7.5, and Pt-
Ni(OH),-10. (d) Polarisation curves normalised by the Cqy of Ni(OH),,
Pt—Ni(OH),-2.5, Pt—Ni(OH),-5, Pt—Ni(OH),-7.5, and Pt—Ni(OH),-10.
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Ni(OH),-5, Pt-Ni(OH),-7.5, and Pt-Ni(OH),-10 at 10 mA cm >
were 315,291.5 & 12, 276 & 31, 247.5 + 43, 371 + 131, and 445.5
+ 114 mV, respectively (Fig. 3b). The Pt-Ni(OH),-5 displays
a lower overpotential than the other electrocatalysts, but that of
the Pt-Ni(OH),-5 (217 + 61 mV) was superior to all the other Pt-
Ni(OH),-X. At a higher current density of 100 mA cm >, the Pt-
Ni(OH),-5 catalyst (512.5 & 18 mV) exhibits an excellent alkaline
HER activity when compared with that of Pt/C (60 wt%, 590 mV),
which indicates that the Pt-Ni(OH),-5 catalyst has a better
potential for future use in commercial applications than the Pt/
C (60 wt%) at a higher current density. The Pt deposition on the
Ni(OH), can significantly enhance the electrocatalytic perfor-
mance (Fig. 3b and S5, ESIt). The Tafel slope further clarified
the hydrogen production reaction kinetics (Fig. 3c and S6,
ESIt).** For the Pt-Ni(OH),-5, the slope of the Tafel plot was
212.5 4+ 30 mV dec ', which was superior to those of the
Ni(OH), (166 + 34 mV dec '), Pt-Ni(OH),2.5 (192 + 13 mV
dec™), Pt-Ni(OH),-7.5 (172.5 + 16 mV dec™ '), Pt-Ni(OH),-10
(159 + 24 mV dec™ ). Generally, in alkaline electrolytes, the HER
reaction pathway was achieved via a Tafel-Volmer-Heyrovsky
mechanism (Scheme S1, ESIt).>* Ideally, if the Volmer reaction
is fast when the rate-limiting step is the Tafel reaction or the
Heyrovsky reaction, a low Tafel slope of 29 or 38 mV dec™ ' at
25 °C should be observed.** In contrast, the Tafel slope should
be 116 mV dec™ "' at 25 °C, meaning that the Volmer reaction was
the limiting step.?® The Tafel slope of 212.5 + 30 mV dec ™" for
Pt-Ni(OH),-5, indicated that the Volmer reaction was the
dominant rate-limiting step. These results demonstrated faster
electron transport and lower charge-transfer resistance on the
Pt-Ni(OH),-5, which in turn facilitates electron transfer and is
beneficial for the HER process. The electrochemical surface
areas (ECSA) were investigated in depth to obtain the electro-
catalyst's intrinsic activity information. Based on the cyclic
voltammogram curves (CVs) at different scan rates, the double-
layer capacitances (Cq;) were calculated (Fig. S7, ESIT). Fig. 3d
shows that the Cq of Pt-Ni(OH),-5 (0.72 mF cm™ %) was much
larger than those of Ni(OH), (0.52 mF cm ™ 2), Pt-Ni(OH),-2.5
(0.54 mF em™?), Pt-Ni(OH),-7.5 (0.61 mF cm ?), and Pt-
Ni(OH),-10 (0.47 mF cm™?), indicating that the Pt-Ni(OH),-5
possesses more active sites at the three-phase reaction inter-
face. Furthermore, long-term stability is considered to be an
important parameter to evaluate the practical application of
electrocatalysts.> As shown in Fig. S8 (ESI}), in the chro-
nopotentiometry test, the current density of Pt-Ni(OH),-5 was
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Fig. 4 (a) The FTIR spectra of Ni(OH), and the Pt—Ni(OH),-5 sample.
(b) A schematic diagram of the reaction mechanism on the Pt-
Ni(OH),-5 sample.
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not degraded, indicating that the electrocatalyst has good
stability in 1 M KOH solution for at least 24 h. The FTIR was
carried out to confirm the H,O adsorption during the reaction
process (Fig. 4a).2 The strong peaks at 1650 cm ™" are attributed
to the 6oy vibration peaks. Compared to Ni(OH),, Pt-Ni(OH),-5
displays stronger 0o-y vibration peaks, signifying that the
adsorption of OH™ was significantly enhanced after Pt deposi-
tion, and the H" may overflow onto the Pt surface, where the two
molecules combine to produce hydrogen (Fig. 4b).

Conclusions

In summary, different Pt nanoparticle contents were deposited
on the Ni(OH), via the vapour-phase hydrothermal method,
followed by the pulsed laser deposition method. Notably, the
Pt-Ni(OH),-5 electrode obtained exhibited a remarkable cata-
lytic activity for the HER process in 1 M KOH electrolyte. The
overpotential for Pt-Ni(OH),-5 was 247.5 + 43 and 512.5 +
18 mV at the current densities of 10, and 100 mA cm 2,
respectively, and the Tafel slope was 212.5 & 30 mV dec™'. The
FTIR results revealed that Pt deposition increased the adsorp-
tion of OH™ on Ni(OH),, and then produced hydrogen by the
hydrogen overflow phenomenon.
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