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PtNi nanopatrticles with rich hydroxyl species as efficient catalysts for the
electrochemical hydrogen evolution reaction in seawater

Wen-Ying Zhao”, Xiong Yang”, Yu-Xuan Xiaoz*, Fei Yul, Ge Tianl, Ling Shenl, Yi Lul, Wei Gengl,
Si-Ming Wu', Jie Ying’, Ton Tiginyanu’, Kenneth 1. Ozoemena* and Xiao-Yu Yangl’S*

ABSTRACT Adsorption and corrosion caused by Cl™ are the
main reasons for the low performance of Pt-based catalysts for
the hydrogen evolution reaction (HER) in seawater. Although
the introduction of hydroxyl species is an ideal approach to
enhance HER kinetics and resist harmful CI~, achieving this
goal in Pt-based catalysts is challenging. In this study, we de-
veloped a high-temperature reduction process to generate
PtNi alloy particles that contain Ni vacancies (Lewis acid sites)
that participate in transforming lattice hydroxyls to dis-
sociative hydroxyls on Ni layered double hydroxides (Ni-
LDH). The hydroxyls in Ni-LDH bind with Lewis acid active
sites to form hydroxyl rich species, a process which enhances
the hydrophilicity of PtNi/Ni-LDH to promote water adsorp-
tion and enhance resistance to Cl~ absorption. Owing to these
properties, PtNi/Ni-LDH exhibits superior performance as an
electrocatalyst for the HER in alkaline natural seawater as
reflected by a low overpotential of 19 mV to drive a current
density of 10 mA cm™>, a low Tafel slope of 31 mV dec™’, and
an only slightly elevated overpotential after 100 h of operation.
This study throws light on the development of new strategies
for the design of high-performance catalysts for hydrogen
production by electrolytic seawater splitting.

Keywords: platinum, surface hydroxyl species, heterojunction
interface, seawater hydrogen evolution

INTRODUCTION

Electrocatalytic seawater splitting is a promising strategy for
low-cost and large-scale hydrogen production [1-5]. Studies
have demonstrated that problems associated with microorgan-
ism fouling, and Ca®* and Mg®" precipitation that limit the
efficiency of the cathodic hydrogen evolution reaction (HER)
can be mitigated by using alkaline seawater [6-8]. Also, efforts
have shown that platinum (Pt) is one of the best catalysts for the
HER due to its optimal hydrogen adsorption/desorption energy
[9-11]. Furthermore, it has been found that alloying with other
transition metals, especially nickel (Ni), enhances the HER

performance of Pt-based electrocatalysts by altering its electronic
state [12-14]. In spite of these advances, the HER performance
and durability of PtNi catalysts in alkaline seawater are still
unsatisfactory [15-18]. Factors that contribute to their low HER
performance include the unfavorable water dissociation process
(H,O — H* + OH*) promoted by Pt [19-21], and poisoning (M
+ CI” — MCly + e, M = metal) and subsequent corrosion
(MCl,g + CI” — MCl,; MCl, + OH™ — M(OH), + CI") caused
by the high concentration of CI™ in seawater [22,23].

One approach to circumventing these limitations of Pt/Ni
catalysts is to introduce hydrophilic hydroxyl species onto the Pt
surface, which both accelerates water dissociation rate and
facilitates water adsorption, thereby lessening competitive CI™
adsorption [24]. Nevertheless, creating a high density of
hydroxyls on Pt is challenging because of the absence of Lewis
acid active sites that promote hydroxyl attachment [25-27].
Benefitting from the presence of adsorbed hydroxyl bound to its
coordinately unsaturated edge active sites, highly hydrophilic
layered double hydroxide (LDH) can be integrated with Pt to
enhance the water dissociation process [28-32]. However, the
presence of inert basal planes of Ni-LDH limits the number of
hydroxyl species that can be introduced [33,34].

In the study described below, a new co-reduction method has
been developed to generate a highly efficient HER catalyst. In
this catalyst, denoted as PtNi/Ni-LDH, PtNi nanoparticles are
anchored on Ni-LDH enriched with surface hydroxyl species,
which are generated during high-temperature reduction. The
presence of the hydroxyl species leads to significant elevation of
the rate of water dissociation and effective mitigation of surface
CI” adsorption. Consequently, PtNi/Ni-LDH displays excep-
tional performance and durability as a catalyst for the HER in
alkaline natural seawater.

RESULTS AND DISCUSSION

The process for the formation of PtNi/Ni-LDH is depicted
schematically in Fig. la. In the route, Ni-LDH having a hex-
agonal nanosheet morphology is synthesized and then used as a
substrate to support Pt precursors. When treated with H,/Ar at
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(a) Schematic presentation of the route for the synthesis of PtNi/Ni-LDH. (b) SEM, (c) low and (d) high magnification TEM images of PtNi/Ni-

LDH. (e) SAED pattern corresponding to Fig. 1d. IFT patterns of (f) PtNi and (g) Ni-LDH in Fig. 1d. (h) HAADF-STEM image guided EDS line scanning
profile. (i) HAADF-STEM image of another region. EDS maps of (j) Ni, (k) Pt, and () overlaid color maps of PtNi/Ni-LDH.

200 °C, the interaction of Pt precursors and Ni-LDH facilitated
the alloy of Pt and Ni during the reduction process, leading to
the leaking of Ni** from Ni-LDH and simultaneously leaving Ni
vacancies in Ni-LDH that serve as Lewis acid centers to bond
with dissociative hydroxyls to form hydroxyl species [35,36].
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were conducted to ascertain the mor-
phology of PtNi/Ni-LDH. The SEM image in Fig. 1b shows that
as-synthesized PtNi/Ni-LDH has a homogeneous two-dimen-
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sional (2D) hexagonal nanosheet morphology. Analysis of the
corresponding TEM image (Fig. 1c) indicates that the nano-
sheets have an overall lateral size of ca. 200 nm and that some
with a diameter of ca. 5 nm support PtNi alloy particles (Fig. 1d).
The selected area electron diffraction (SAED) profile of PtNi/Ni-
LDH contains a set of diffraction rings assigned to the (101),
(003) and (112) facets of Ni-LDH, and the (111) facets of PtNi
alloy (Fig. le). Notably, inverse Fourier transformation (IFT)
images of the PtNi nanoparticle (Fig. 1f) and nanosheets
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(Fig. 1g) show the existence of lattice fringes of 0.223, 0.197 and
0.237 nm, reflecting (111) and (200) facets of PtNi alloys, and
(101) facets corresponding to Ni-LDH, respectively. The X-ray
energy dispersive profile (EDS) of PtNi/Ni-LDH (guided by the
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image, contains a relatively strong
signal for Ni and a relatively weak signal for Pt (Fig. 1h). These
observations are in accord with the results of inductively coupled
plasma atomic emission spectrometry (ICP-AES) (Table S1).
Moreover, the results of EDS elemental mapping indicate that
the nanosheets in PtNi/Ni-LDH contain a homogeneous dis-
tribution of Pt and Ni (Fig. 1i-1). Notably, Pt tends to be dis-
tributed at the edge positions of the nanosheets due to the higher
intrinsic edge activity of 2D Ni-LDH, which provides more
adsorption sites for the Pt precursor (H,PtCly). This facilitates
the synergistic interaction between PtNi alloy and Ni-LDH,

thereby enhancing the HER catalytic performance of PtNi/Ni-
LDH ([37,38]. The combined results presented above illustrate
that PtNi alloy is supported on the Ni-LDH nanosheets as
synthesized PtNi/Ni-LDH.

Data for a detailed structural characterization of PtNi/Ni-LDH
were collected and compared to those arising from the corre-
sponding analysis of independently synthesized PtNi and Ni-
LDH (see Fig. S1 for SEM images of Ni-LDH and PtNi). X-ray
diffraction (XRD) studies were conducted first to characterize
the crystalline structures of the materials. As the profiles in
Fig. 2a show, XRD peaks of PtNi/Ni-LDH match well with those
of PtNi and Ni-LDH, indicating PtNi alloy becomes well inte-
grated with Ni-LDH during the annealing/reduction process.
Notably, when the Ni-LDH was thermally treated in the same
condition, no metallic Ni peaks were observed until the tem-
perature was increased to 300°C (Fig. S2), which clearly
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Figure 2 (a) XRD patterns, (b) ESR spectra and (c) UPS spectra of PtNi, Ni-LDH and PtNi/Ni-LDH. XPS spectra and binding energies of (d) Pt 4f for PtNi
and PtNi/Ni-LDH, (e) Ni 2p for PtNi, Ni-LDH and PtNi/Ni-LDH, and (f) O 1s for Ni-LDH and PtNi/Ni-LDH. (g) FT-IR spectra, (h) CO-stripping curves in
CO-saturated alkaline simulated seawater and (i) water contact angles of the PtNi, Ni-LDH and PtNi/Ni-LDH.
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demonstrates the interaction between Pt precursors and Ni-LDH
could lower the reductive thermodynamics of Ni that facilitates
the leaking of Ni** from Ni-LDH and thus the formation of Ni
vacancies. The results of electron spin resonance (ESR) studies
indicate that a much stronger single Lorentzian line signal is
present in the spectrum of PtNi/Ni-LDH as compared to those
of PtNi and Ni-LDH (Fig. 2b). This observation suggests that
PtNi/Ni-LDH has a higher unpaired electron content as a likely
result of Ni vacancies in PtNi/Ni-LDH ([39]. The peak at
~310 cm™" in the Raman spectrum (Fig. $3) corresponds to the
lattice vibration of E-type Ni-OH in the support Ni-LDH,
whereas the peak at ~450 cm™' is attributed to the bending
vibration of Ni-O in the support Ni-LDH [40]. Compared with
Ni-LDH, the bond strength of Ni-O in PtNi/Ni-LDH decreases,
which can be ascribed to the presence of Ni vacancies in PtNi/
Ni-LDH. The work functions (@) of PtNi/Ni-LDH, PtNi and Ni-
LDH, which correspond to energies required to move a valence
electron from the surface of a solid to infinity, were determined
by using ultraviolet photoelectron spectroscopy (UPS). Specifi-
cally, smaller @ values correspond to smaller energy barriers for
electron transfer at surfaces of the materials [41]. As shown in
Fig. 2¢, the trend in the @ values (PtNi (4.7 eV) > PtNi/Ni-LDH
(3.1eV) > Ni-LDH (2.1 eV)) suggests that the electrons are
transferred from Ni-LDH to metals in PtNi/Ni-LDH.

The results of X-ray photoelectron spectroscopy (XPS) studies
provided information about the electronic states of surface ele-
ments in PtNi/Ni-LDH. Peak fitting analysis of the Pt 4f XPS
spectra (Fig. 2d, Table S2) reveals that the Pt 4f,), peaks of this
material exhibit negative shifts compared to those of PtNi. This
finding indicates that electron transfer occurs from Ni-LDH to
PtNi, which is in accordance with the UPS results. Moreover, the
Ni 2ps/, binding energy of PtNi/Ni-LDH exhibits a positive shift
compared to that of PtNi (Fig. 2e), further evidencing the
occurrence of electron transfer from Ni-LDH to PtNi. A com-
parison of O Is signals for PtNi/Ni-LDH and Ni-LDH indicates
that the electrons transfer from Ni-LDH to PtNi originates from
O atoms (Fig. 2f). Notably, analysis of the O 1s signals shows
that a much higher content of hydroxyl species exists in PtNi/
Ni-LDH [42].

Fourier transform infrared (FT-IR) spectroscopy was con-
ducted to ascertain information about the hydroxyl species
content of PtNi/Ni-LDH. In these experiments, they were sub-
jected to vacuum drying and then dispersed in nujol to avoid
spectral interference of adsorbed H,O. In contrast to those of
PtNi and Ni-LDH, the FT-IR spectrum (Fig. 2g) of PtNi/Ni-
LDH contains significant peaks at 3380 and 1612 cm™, which
correspond to the stretching and bending vibrations of hydroxyl
groups. Moreover, the presence of peaks at 3637 cm™' corre-
sponding to OH™ stretching vibrations in the spectra of both Ni-
LDH and PtNi/Ni-LDH, demonstrates that Ni-LDH in PtNi/Ni-
LDH is maintained during annealing [43,44]. CO-stripping
curves were generated to evaluate the difficulty of forming
hydroxyl species on surfaces of the catalytic materials [45,46].
Specifically, we reasoned that the absorbed hydroxyl species
would facilitate CO-stripping and reduce the oxidation potential
for CO pre-adsorbed on the surface of the catalysts [47]. As
shown in Fig. 2h, PtNi/Ni-LDH (0.54 V) has a lower CO-
stripping potential than that of PtNi (0.61 V), indicating that the
former material has a greater tendency to form hydroxyl species
on its surface. Accordingly, benefiting from the abundance of
surface hydroxyl species, PtNi/Ni-LDH has a higher hydro-
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philicity than those of PtNi and Ni-LDH (Fig. 2i). This property
should enhance both the HER activity of PtNi/Ni-LDH in sea-
water by accelerating the water dissociation rate, and the elec-
trochemical stability of the material by facilitating adsorption of
H,O relative to that of Cl™ [48,49].

The HER performances of PtNi/Ni-LDH in alkaline water
(1 M KOH), alkaline simulated seawater (1 M KOH + 3.5 wt.%
NaCl) and alkaline natural seawater (1 M KOH + natural sea-
water) were determined using PtNi/Ni-LDH containing differ-
ent compositions (PtNi/Ni-LDH with a Pt:Ni ratio of ca. 1:4,
PtNi/Ni-LDH-1 with a Pt:Ni ratio of ca. 1:10 and PtNi/Ni-LDH-
3 with a Pt:Ni ratio of ca. 1:3, ICP-AES results; see Figs $4, S5 for
their structural characterizations). The results show that PtNi/
Ni-LDH exhibits higher catalytic performances in both alkaline
water and alkaline simulated seawater than those of PtNi/Ni-
LDH-1 and PtNi/Ni-LDH-3. This conclusion is based on the
observed higher current densities (Fig. S6a-c), smaller over-
potentials to drive a current density of 10 mA cm™> (n10) (Fig.
S6d, e, f), higher turnover frequency (TOF) values (Fig. S7), and
smaller Tafel slopes (Fig. S8). The higher HER activity of PtNi/
Ni-LDH is ascribed to its lower charge transfer resistance than
those of PtNi/Ni-LDH-1 and PtNi/Ni-LDH-3, as is evidenced by
electrochemical impedance spectroscopy (EIS) results (Fig. S9).

The HER performance of PtNi/Ni-LDH was compared to
those of PtNi and commercial Pt/C. The data (Fig. 3a, d, g)
clearly show that the activities of these catalysts follow the
sequence PtNi/Ni-LDH > PtNi > commercial Pt/C in alkaline
water, alkaline simulated seawater and alkaline natural seawater.
Specifically, PtNi/Ni-LDH displays remarkable HER activities
with 79 values of only 21 mV in alkaline water (Fig. S10a),
20 mV in alkaline simulated seawater (Fig. S10b) and 19 mV in
alkaline natural seawater (Fig. S10c), values that are much lower
than those of commercial Pt/C and PtNi. Moreover, PtNi/Ni-
LDH exhibits the highest TOF values (Fig. 3b, e, h) in alkaline
water (2.35s7}, Fig. S11a), alkaline simulated seawater (2.27 s7h
Fig. S11b) and alkaline natural seawater (2.53 s Fig. Sllc),
which are three-fold higher than those of commercial Pt/C in
alkaline water and alkaline simulated seawater.

To gain information about the mechanism of the HER cata-
lyzed by PtNi/Ni-LDH, Tafel slopes were acquired by fitting
experimental data using the Butler-Volmer equation (Fig. 3c, f,
i). PtNi/Ni-LDH displays Tafel slopes of 34, 33 and 31 mV dec™
in alkaline water, alkaline simulated seawater and alkaline nat-
ural seawater, respectively, which are much smaller than those of
commercial Pt/C and PtNi. Owing to the presence of abundant
surface hydroxyls species that accelerate water dissociation, the
Tafel step (2Pt-H — H, + 2Pt) is the rate-determining step in the
HER promoted by PtNi/Ni-LDH, while the Heyrovsky step is
rate limiting in the process catalyzed by commercial Pt/C and
PtNi. Notably, a comparison of overpotential and Tafel slopes
indicates that the HER performance of PtNi/Ni-LDH in both
alkaline water (Fig. 3j, Table S3) and alkaline seawater (Fig. 3k,
Table S4) is superior to those of previously reported electro-
catalysts. EIS was carried out to investigate the interface charge
transfer in PtNi/Ni-LDH. In this electrocatalyst, Ni vacancies
serve as hole-trapping centers in PtNi/Ni-LDH, which facilitate
the efficient separation of electron-hole pairs, reduce charge-
transfer resistance (R;) and enhance bulk conductivity (as
shown in Fig. S12), thus synergistically boosting the overall
electrocatalytic performance. Model photoelectrolytic water
devices were assembled using PtNi/Ni-LDH, PtNi and com-
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Figure 3 Respective HER polarization curves, calculated TOF curves and Tafel slopes of commercial Pt/C, PtNi and PtNi/Ni-LDH in (a—c) alkaline water,
(d-f) alkaline simulated seawater and (g-i) alkaline natural seawater. Performance of PtNi/Ni-LDH in comparison to other catalysts towards the HER in
(j) alkaline water and (k) alkaline seawater. Photos of the solar-cell-driven HER devices employing (1) PtNi/Ni-LDH, (m) PtNi and (n) commercial Pt/C as
cathodes. (o) Collected H, volume (dots) by the solar-cell-driven devices and the theoretical gas volume (lines) for the commercial Pt/C, PtNi and PtNi/Ni-

LDH based devices.

mercial Pt/C as cathodes, commercial RuO, as the anode and a
commercial Si solar cell. The solar-cell driven HER perfor-
mances of these devices were evaluated in alkaline simulated
seawater. Under simulated sunlight, the system using PtNi/Ni-
LDH as the cathode achieved a working current of 53.7 mA
(Fig. 31), which is higher than that of devices utilizing PtNi
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0.018 mmol min™",
related PtNi||RuO, (0.012 mmol min™") and commercial Pt/C]|
RuO, (0.011 mmol min™") based systems (Fig. 30, Fig. S13). As

(35.4 mA, Fig. 3m) and commercial Pt/C (33.4 mA, Fig. 3n) as

on, the hydrogen production rate of the PtNi/
based  photoelectrolytic system  is
which is significantly higher than that of the
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the data in Table S5 show, the solar-to-hydrogen (STH) con-
version efficiency of the device using PtNi/Ni-LDH as a cathode
is 16.3%, a value that surpasses those inherent to PtNi (10.9%)
and commercial Pt/C (10.3%) based systems. Furthermore, the
Faradaic efficiencies of the photoelectrolytic system containing
PtNi/Ni-LDH||RuO,, PtNi||[RuO, and commercial Pt/C||RuO,
were all nearly 100%, and each system maintains a H, to O,
volume ratio of 2:1.

The durability of PtNi/Ni-LDH during its participation in
electrocatalysis was evaluated using the chronopotentiometry
technique. As shown in Fig. 4a, PtNi/Ni-LDH exhibits superior
durability with only 10 mV decline in #;, value after 100 h of the
chronoamperometric test in alkaline water. This value is much
smaller than those of PtNi and commercial Pt/C (a 112 and

87 mV decline in 7, value after 20 h, respectively). In alkaline
simulated seawater and alkaline natural seawater, PtNi and
commercial Pt/C undergo dramatic 184, 177 mV and 163,
142 mV declines, respectively, within 20h in the chron-
oamperometric test (Fig. 4b, c), which is ascribed to adsorption
and corrosion by CI™ in the electrolyte. PtNi/Ni-LDH, however,
shows only 44 and 25 mV decline in 7, value after 100 h testing.
These results definitively illustrate the high electrocatalytic
durability of PtNi/Ni-LDH in alkaline water, alkaline simulated
seawater and alkaline natural water as a result of the abundance
of surface hydroxyls species.

Studies were conducted to examine if PtNi/Ni-LDH under-
goes structural changes during catalysis of the HER in alkaline
simulated seawater. The XRD profile of PtNi/Ni-LDH following
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Figure 4 Chronopotentiometry of commercial Pt/C, PtNi and PtNi/Ni-LDH at a current density of 10 mA cm™ in (a) alkaline water, (b) alkaline simulated
seawater and (c) alkaline natural seawater. (d) XRD pattern, (e) low and (f) high magnification TEM images, lattice fringes of (g) PtNi and (h) Ni-LDH.
(i) STEM-EDS line scanning profile. (j) HAADF-STEM image and EDX mapping images of (k) Ni, (I) Pt and (m) overlaid color mapping. XPS spectra and
binding energies of (n) Pt 4f, (o) Ni 2p, and (p) O 1s for PtNi/Ni-LDH after 100 h of durability test in alkaline simulate seawater.
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the HER for 100 h (Fig. 4d) contains characteristic peaks for
PtNi alloy and Ni-LDH, indicating that no electrochemically
induced reconstruction occurs. Moreover, the 2D hexagonal
nanosheet morphology of the Ni-LDH substrate (Fig. 4e) and
the nanoparticle morphology of the PtNi alloy (Fig. 4f) are
retained after the 100 h of the chronoamperometric test. Fur-
thermore, the lattice fringes of PtNi and Ni-LDH (Fig. 4g, h), as
well as the homogeneously distributed Pt signals throughout the
2D hexagon structure (Fig. 4i-m) remain the same as before the

HER. Notably, the Pt content in PtNi/Ni-LDH-100 h (Fig. 4m)
exhibits a significant decrease compared to PtNi/Ni-LDH
(Fig. 11), as evidenced by ICP-AES (Table S1) analysis (from 17%
to 14%), indicating a slight dissolution of Pt species during the
100-h stability test. The XPS spectra of PtNi/Ni-LDH-100 h
show that the binding energies of Pt’ 4f;, (Fig. 4n, Table S2) and
Ni*" 2ps/, (Fig. 40, Table S2) match those of PtNi/Ni-LDH, and
the O 1s (Fig. 4p) spectra retain the hydroxyl oxygen signal,
indicating that PtNi/Ni-LDH has high structural stability.
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Figure 5 In situ FT-IR spectra of the (a, d) PtNi/Ni-LDH, (b, ¢) PtNi and (c, f) commercial Pt/C at various applied potentials. (g) A schematic diagram of the
interaction mechanisms among surface hydroxyl groups, water molecules, and CI".
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Finally, an in-situ FT-IR spectroscopy investigation was per-
formed to assess reasons for the superior electrocatalytic per-
formance of PtNi/Ni-LDH. In the spectrum of PtNi/Ni-LDH
(Fig. 5a), the H,O adsorption peak at 3710 cm™' become more
intense with the increases in the applied potential than those in
the spectra of PtNi (Fig. 5b) and commercial PtC (Fig. 5c),
demonstrating that the former catalyst engages in a much more
facile water dissociation process [50,51]. Moreover, when the
applied potential is increased the Cl~ adsorption peak at
710 cm ™! in the FT-IR spectrum of PtNi/Ni-LDH (Fig. 5d) does
not increase as strongly as those in the spectra of PtNi (Fig. 5e)
and commercial Pt/C (Fig. 5f) [52,53]. The schematic diagram in
Fig. 5g shows the interaction mechanisms among surface
hydroxyl groups, water molecules, and Cl™ in PtNi/Ni-LDH. The
surface hydroxyl species in PtNi/Ni-LDH improve its hydro-
philicity to accelerate the Volmer step (H,O adsorption/dis-
sociation), and provide more H* for the HER reaction, thereby
enhancing its HER activity. Meanwhile, the adsorption of water
molecules reduces the adsorption of CI” through competitive
adsorption, effectively mitigating chloride-induced corrosion
and preserving structural integrity during seawater electrolysis.

CONCLUSIONS

In this study, we developed a two-step method for the synthesis
of the novel electrocatalyst PtNi/Ni-LDH, which contains
hydroxyl species between PtNi particles and Ni-LDH. In addi-
tion, we demonstrated that the presence of the hydroxyl species
enhances the hydrophilicity of PtNi/Ni-LDH, leading to
enhanced water adsorption and dissociation, simultaneously
increasing the resistance to adsorption of Cl™ in the alkaline
simulated seawater and alkaline natural seawater. As a result of
these properties, PtNi/Ni-LDH exhibits superior activity and
durability in its catalysis of the HER in alkaline water, alkaline
simulated seawater and alkaline natural seawater. This study
sheds light on a new strategy to design of high-performance
catalysts for hydrogen production by seawater splitting.
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