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Hybrid Electrocatalysts

Yeshu Tan, Jianrui Feng, Haobo Dong, Longxiang Liu, Siyu Zhao, Feili Lai, Tianxi Liu,

Ying Bai, Ivan P. Parkin,* and Guanjie He*

Platinum (Pt) is regarded as a promising electrocatalyst for hydrogen evolu-
tion reaction (HER). However, its application in an alkaline medium is limited
by the activation energy of water dissociation, diffusion of H', and desorp-
tion of H*. Moreover, the formation of effective structures with a low Pt
usage amount is still a challenge. Herein, guided by the simulation discovery
that the edge effect can boost local electric field (LEF) of the electrocatalysts
for faster proton diffusion, platinum nanocrystals on the edge of transition
metal phosphide nanosheets are fabricated. The unique heterostructure with
ultralow Pt amount delivered an outstanding HER performance in an alkaline
medium with a small overpotential of 44.5 mV and excellent stability for 80 h
at the current density of =10 mA cm~2 The mass activity of as-prepared elec-
trocatalyst is 2.77 A mg'p,, which is 15 times higher than that of commercial
Pt/C electrocatalysts (0.18 A mg ). The density function theory calculation
revealed the efficient water dissociation, fast adsorption, and desorption of
protons with hybrid structure. The study provides an innovative strategy to
design unique nanostructures for boosting HER performances via achieving
both synergistic effects from hybrid components and enhanced LEF from the
structural edge effect.

Hydrogen, as a type of clean energy with
a high energy density of =142 MJ kg,
has been regarded as a promising energy
alternative to fossil fuels due to its rapid
development of production, storage, and
transport.”l Hydrogen is also carbon-
free and environmentally friendly.’] To
date, water electrolysis is recognized as a
rational and sustainable strategy to pro-
duce hydrogen. The entire water elec-
trolysis consists of two half-reactions,
hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER). The
HER process undergoes three steps, i.e.,
Volmer step, Heyrovsky step, and Tafel
step. An efficient and durable electrocata-
lyst is vital for HER.)

Noble metal materials are regarded as
top candidates for HER electrocatalysts
due to their hydrogen adsorption energy
close to zero, therefore is beneficial for
hydrogen intermediates adsorption.[®!
Platinum is highly preferential for HER,
but its high cost and scarcity lead to many

1. Introduction

The increasing energy consumption and greenhouse gas emis-
sion make it urgent to develop sustainable energy resources.!!

restrictions for future applications.”l Thus, numerous types of
methods were processed to increase the HER performance and
lower the usage amount of the Pt. Pt quantum dots,® nano-
wires,l”) nanoclusters,'” and nanostars! were fabricated to

Y. Tan, J. Feng, H. Dong, L. Liu, S. Zhao, I. P. Parkin, G. He
Christopher Ingold Laboratory

Department of Chemistry

University College London

20 Gordon Street, London WC1H 0A], UK

E-mail: i.p.parkin@ucl.ac.uk; g.he@ucl.ac.uk

F. Lai

Department of Chemistry

KU Leuven

Celestijnenlaan 200F, Leuven 3001, Belgium

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202209967.

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202209967

Adv. Funct. Mater. 2022, 2209967 2209967 (10of8)

T. Liu

Key Laboratory of Synthetic and Biological Colloids
Ministry of Education

School of Chemical and Material Engineering
International Joint Research Laboratory for Nano Energy Composites
Jiangnan University

Wuxi 214122, P. R. China

Y. Bai

School of Physics & Electronics

Henan University

Kaifeng 475004, P. R. China

G. He

Electrochemical Innovation Laboratory
Department of Chemical Engineering

University College London

London WCIE 7JE, UK

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOLILLIOD BAINRID 3ot dde 8y} Aq peupAob a2 S9jole YO 8sN J0 S9|N 10} Akeiq1 8UIIUO A8]IA UO (SUOIPUOD-PUE-SWBIALIY"AB | 1M Aleq 1 putjuo//:Sdny) SUONIPUOD pue swie 1 841 88S *[2202/TT/82] Uo ARiqiT8uljuo (1M 'ssoines Ariqi 1oN uopuoebe|od AisieAiun Aq 296602202 WiPe/Z00T 0T/I0p/w0d As 1M Aiq1jeul|uo//sdny wolj pepeojumoqd ‘0 '820£9T9T


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202209967&domain=pdf&date_stamp=2022-11-20

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

increase the electrochemical active surface area, thus boosting
the density of active sites. However, Pt-based electrocatalysts
were limited under alkaline conditions. The suppressed HER
activity of Pt is attributed to sluggish water dissociation, leading
to slow H* diffusion.'”) Meantime, Pt with strong adsorption of
H* is limited by H* desorption in Tafel step.!¥! Thus, forming
heterostructures is a promising strategy to deliver synergistic
effects and boost HER performance in an alkaline medium.
The Pt islands were grown directly on Ni nanoparticles as
efficient HER electrocatalysts.l"! The highly strained Pt nano-
crystals on Ni nanoparticles led to fast hydrogen desorption
and increased mass activity. The overpotential reached 49 mV
at the current density of -10 mA cm™2, and the mass activity is
10.5 times higher than that of the commercial Pt/C. Addition-
ally, Pt located on Ni(HCOj3), was reported as a heterostructure
electrocatalyst to accelerate the HER.¥4 The Ni(HCO;), served
as the substrate for uniform dispersion of Pt and intermediate
adsorption and desorption sites. Thus, the overpotential was
lowered to 27 mV to reach the current density of —10 mA cm™2,
confirming the effective heterostructure engineering for HER.

On the other hand, the electric field-induced increased
local reagent concentration was attractive for electrocatalytic
processes. A high local electric field (LEF) can induce a local
“pseudo-acidic” environment in an alkaline medium, which
improves the electrocatalytic activity."”! For instance, CoS,
needle arrays were synthesized for HER.[®l The alkaline HER
performance was enhanced due to the electric field-promoted
H,0 dissociation caused by the strong LEF around ordered
needle arrays. Additionally, Yang’s group reported that the LEF
at the tips of Pt-Ni nano-thorn arrays facilitated the selective
adsorption and fast diffusion of H*, leading to boosting perfor-
mances toward alkaline HER.® The overpotential at current
density of -10 mA cm™ reached 23 mV, showing the remark-
able HER performance in the alkaline medium. However,
most LEF was explored in tip-like shapes, other high curvature
structures with LEF effects and higher density of active sites
were less studied, not to mention building heterostructures
on curvature structures. Because the high curvature structures
are hard to be fabricated uniformly, meantime, the formation
of heterostructure on the edge of high curvature structure is
another difficulty.

Herein, we first synthesized transition metal phosphide
(TMP) nanosheets as high curvature structure. TMP is
recognized as a promising electrocatalyst owing to its unique
electronic property from the modification of phosphorus.[]
Phosphating process can successfully introduce the P into tran-
sition metal electrocatalyst, constructing P-TM bonds, facili-
tating the HER kinetics.'®! Inspired by the HER performance
and unique nanosheets structure, Ni,P/CoP nanosheets were
chosen as the TMP substrate. Meantime, the high curvature of
nanosheets with vertical structures can be a suitable substrate
to load Pt on the edge, delivering an enhanced LEF effect for
more active electrocatalysts, which is rarely studied in the HER
field. After uniform TMP nanosheets were achieved, platinum
nanocrystals were grown on the edge of TMP nanosheets by
the electrodeposition. The orientation of nanosheets leads to
an enhanced electric field on the edge and restricts the growth
of Pt, leading to the uniform dispersion of Pt nanocrystals on
the edge of nanosheet. The edge-induced localized electron
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can accelerate the electrocatalytic process. Therefore, benefit-
ting from the strong LEF, Pt nanocrystals on high curvature
structures can concentrate more positively charged cations and
facilitate the diffusion of H*./“1>d Meantime, the synergistic
effect between Pt and TMP results in an efficient water disso-
ciation process and fast adsorption and desorption of protons.
Thus, the unique heterostructure of Pt nanocrystals on the
edge of TMP nanosheets can significantly accelerate adsorp-
tion and desorption of protons and increase the diffusion rate
of H* with both synergistic and edge effects, boosting the HER
performance in alkaline solutions.

2. Results and Discussion

Motivated by the remarkable HER performance of hetero-
structure catalysts and the exploration of LEF simulation on
high curvature structures, we designed a strategy to grow Pt
nanocrystals on the edge of transition bimetallic phosphides
nanosheets with ultralow loading, as an efficient hetero-
structure for HER electrocatalyst.

2.1. Materials Synthesis and Characterization

Pt and TMP were combined as heterostructure electro-
catalysts to boost the HER in an alkaline medium, named as
Ni,P/CoP-Pt. Firstly, Ni,P/CoP nanosheets were fabricated
through a two-step method, Ni(OH), and Co(OH), were
fabricated on Ni foams through the electrodeposition process.
Then, the as-prepared precursor was put in a tube furnace
under nitrogen for phosphorating process at 350 °C, leading
to the construction of Ni,P/CoP nanosheets, as reported in the
previous work.”) Second, Pt nanocrystals were grown on the
edge of nanosheets by an electrodeposition method in a three-
electrode cell with platinum foil and Ag/AgCl as counter and
reference electrodes, respectively. The detailed synthesis was
described in the supporting information. The schematic process
is illustrated in Figure 1. Ni,P/CoP nanosheets were used as
the substrate, after applying the current on the substrate, the
distribution of the electric field was illustrated (Figure S1,
Supporting Information). Detailed finite element method
(FEM) simulation was described in the electric field part. The
edge of the nanosheet has the strongest electric field caused
by electrons in the whole nanosheet, which is consistent with
the reported work.?%) Then, during electrodeposition process,
Pt* cations dissolved uniformly in the solution. The edge
with the strongest electric field will attract more Pt* cations
than other areas, which is more favorable for reducing Pt*
cations during the electrodeposition process. Thus, the elec-
tric field distribution decides the growth area of Pt, forming
small Pt nanoparticles on the edge. Finally, the unique struc-
ture of Pt nanocrystals grown on the edge of TMP nanosheets
was realized. The uniform Ni,P/CoP nanosheets were shown
in Figure 2a by scanning electron microscope (SEM). The
vertical nanosheets with high curvature were the perfect
substrate for loading Pt nanocrystals as heterostructure elec-
trocatalysts. The high curvature of nanosheets can provide a
large specific surface area, leading to more active sites, which
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Figure 1. Schematic illustration of the growth of Pt nanocrystals on the edge of TMP nanosheets. (red arrow represents the movement of electrons;

E represents the electric field).

is quite significant for electrocatalysts. Meantime, the vertical
structure also ensures efficient gas release. Additionally, the
vertical nanosheets with high curvature is a suitable model
to study the enhanced local electric field for efficient HER.
There were small Pt nanocrystals on the edge of nanosheets
after 10 s electrodeposition, illustrated in Figure 2b, which
confirmed the unique structure of Pt nanocrystals on the edge
of TMP nanosheets. Due to the distribution of electric field on
the nanosheet, Pt nanocrystals were grown mostly on the edge
of the nanosheet, while a few Pt nanocrystals can be seen in
the other areas of the nanosheet according to SEM observation.

Figure 2. Morphology characterization. a) SEM image of Ni,P/CoP
nanosheet, b) SEM image and c) TEM image of Ni,P/CoP-Pt 10s.
d) HRTEM image of Pt nanocrystals and inverse FFT filtered HRTEM
image (inset).

Adv. Funct. Mater. 2022, 2209967 2209967 (3 of 8)

A more detailed morphology was shown in the transmis-
sion electron microscopy (TEM) image. Figure 2c shows that
Ni,P/CoP nanosheets were surrounded by Pt nanocrystals. The
high-resolution TEM (HRTEM) image shows the lattice space
of 2.26 A, corresponding to the (111) plane of Pt in Figure 2d.
Inset figure illustrates the inverse fast Fourier transform (FFT)
filtered HRTEM image of lattice fringes. Pt nanocrystals grown
directly on the Ni foam are shown (Figure S2, Supporting
Information). Pt nanocrystals show uniform dispersion on the
Ni foam, because the electric field distribution on the smooth
surface was uniform under the electrodeposition method.l?!
While the distribution of Pt nanocrystals loaded on nanosheet
was different, further illustrating the function of structural
orientation of nanosheets, which lead and restrict the growth of
Pt nanocrystals due to the high LEF. With the increase of elec-
trodeposition time, Pt nanocrystals show different structures on
TMPs. Pt nanocrystals will become large clusters on the edge
after 50 s of electrodeposition. SEM images of Ni,P/CoP-Pt with
50 s and 100 s of electrodeposition illustrate the morphology
(Figure S3, Supporting Information). When increasing the elec-
trodeposition time, the obvious aggregation of Pt is observed
on the edge of nanosheet, but not other area. The diffusion of
Pt*" is uniform in the electrodeposition process, so there is a
trend for the growth of Pt nanocrystals on the edge, which is
caused by the strongest electric field on the edge, attracting the
Pt*". The obvious aggregation of Pt in certain areas confirmed
the preferable Pt growth on the edge of nanosheets due to the
electric field distribution. The X-ray diffraction (XRD) patterns
(Figure S4, Supporting Information) illustrate the successful
fabrication of Ni,P/CoP nanosheets on Ni foams. However,
with ultra-low loading of Pt species, XRD patterns of the cata-
lysts showed no obvious diffraction peaks from crystalized Pt
metals or metal oxides.

To further explore the surface chemical composition, X-ray
photoelectron spectroscopy (XPS) was used. The XPS survey
spectrum (Figure S5, Supporting Information) presents the
valence states and the compositional information of the het-
erostructure. The elements of Pt, Ni, Co, and P can be clearly
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Figure 3. XPS spectra of a) Ni 2p, b) Co 2p, c) P 2p and d) Pt 4f of Ni,P/CoP-Pt heterostructure electrocatalyst.

identified. After the deconvolution, two peaks located at 8571 eV
and 874.9 eV correspond to Ni 2p3; and Ni 2p; , in Figure 3a.1??
The peaks at 862.6 eV and 880.7 eV can be ascribed to the
satellite peaks. Figure 3b illustrates the XPS spectra of Co 2p,
the peaks after the deconvolution at 778.9 eV and 782.2 eV
are fitted to Co 2p;,, while the peaks at 794.1 eV and 798.1 eV
are assigned to Co 2p;j,. Another two peaks are satellite peaks,
appearing at 784.6 eV and 802.5 eV.23l XPS spectra of P 2p is
illustrated in Figure 3c, the peaks at 130.0, 131.3, and 134.6 eV
are corresponded to P 2ps;, P 2py);, and oxidized metal phos-
phates, respectively. The oxidized metal phosphate peak is
ascribed to the mild oxidation in air.?!l Figure 3d presents the
XPS spectrum of Pt 4f. The paired peaks located at 71.3 eV and
74.4 eV correspond to metallic Pt’, indicating the formation
of Pt nanocrystals.?>l The other peaks at 72.8 eV and 76.3 eV
are ascribed to the Pt** species, which is induced by oxidation
when exposed in the air. Another peak at 68.6 eV represents the
Ni 3p;,.1% The chemical surface environment illustrates the
successful formation of Pt nanocrystals on transition bimetallic
phosphides.

2.2. Electrocatalytic Performances
The as-prepared electrocatalyst with heterostructure shows a

remarkable HER activity in 1 M KOH. Commercial Pt/C, Ni
foam, Ni foam-Pt, Ni,P/CoP and Ni,P/CoP-Pt with different
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electrodeposition periods are examined to explore the advan-
tages of heterostructures. Linear sweep voltammetry (LSV)
curves with iR correction of Ni,P/CoP-Pt 10s, Ni,P/CoP-Pt
50s, and Ni,P/CoP-Pt 100 s are under the scan rate of 5 mV s~
(Figure S6, Supporting Information). At the current density
of =10 mA cm™2, the overpotentials of Ni,P/CoP-Pt 10s,
Ni,P/CoP-Pt 50s, and Ni,P/CoP-Pt 100s are 44.5, 31.5, and
24.1 mV, respectively. With an increasing loading amount of Pt
nanocrystals, the HER performance increased, but the mass
activity decreased (Figure S7, Supporting Information). The
Pt mass percentages in Ni,P/CoP-Pt samples with the electro-
deposition time of 10, 50, and 100s were examined by micro-
wave plasma atomic emission spectrometers (MP-AES), which
were 0.38, 0.71, and 0.96 wt%, respectively. At the potential
of —0.07 V (vs RHE), the mass activities of Ni,P/CoP-Pt 10s,
Ni,P/CoP-Pt 50s and Ni,P/CoP-Pt 100s are 2.77, 2.24, and
1.69 A mg'p, respectively. The aggregation of Pt nanocrystals
leads to an overlap of active sites, in accordance with previous
SEM observation (Figure S3, Supporting Information). By
taking consideration of the cost, fabrication periods, and mass
activities, the Ni,P/CoP-Pt 10 s has the highest value, which is
more suitable for practical applications. LSV curves of com-
mercial Pt/C, Ni foam, Ni foam-Pt 10s, Ni,P/CoP, and Ni,P/
CoP-Pt 10s are shown in Figure 4a. The overpotentials at the
current density of =10 mA cm™2 for commercial Pt/C, Ni foam,
Ni foam-Pt 10s, Ni,P/CoP, and Ni,P/CoP-Pt 10s are 44.2, 162,
90.9, 82.7, and 44.5 mV respectively. When the smooth Ni foam
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Figure 4. HER performance. a) LSV curves with iR correction of commercial Pt/C, Ni foam, Ni foam-Pt 10s, Ni,P/CoP, and Ni,P/CoP-Pt 10s. b) Tafel
slopes of commercial Pt/C, Ni foam-Pt 10 s, Ni,P/CoP, and Ni,P/CoP-Pt 10s. c) Nyquist plots recorded at a voltage of —1.2 V (vs Ag/AgCl) with an AC
voltage of 5 mV over frequency range from 100 kHz to 0.1 Hz. Inset shows simulated equivalent circuit. d) Chronopotentiometry test of Ni,P/CoP-Pt
10 s. e) Mass activity of Pt and f) the comparison of overpotentials and Tafel slopes among other reported Pt nanocrystals-based electrocatalysts in

an alkaline medium.

was loaded with Pt uniformly, the electrocatalyst illustrated
limited HER performances. Then, the TMP nanosheets were
loaded with Pt on the edge, the overpotential decreased to a low
level, presenting both edge effect with local electric field and
synergistic effects for HER in this unique heterostructure. The
Tafel slopes of commercial Pt/C, Ni foam-Pt 10s, Ni,P/CoP and
Ni,P/CoP-Pt 10s are 84.4, 106.9, 78.7, and 58.4 mV dev !, respec-
tively, as shown in Figure 4b, presenting the rate-limiting step
of Volmer-Heyrovsky step. Electrochemical impedance spectro-
scopy (EIS) is explored in Figure 4c. The Nyquist plots of Ni,P/
CoP and Ni,P/CoP-Pt 10s were acquired at voltage of —1.2 V
(vs Ag/AgCl) with an alternating current (AC) voltage of 5 mV
over frequency range from 100 kHz to 0.1 Hz, corresponding
to their respective onset HER overpotentials. The inserted
figure shows a simulated circuit, which can reflect the resist-
ance of charge transfer (R). Ni,P/CoP-Pt 10s shows smaller
R, compared with Ni,P/CoP, indicating faster charge transfer
with extra Pt loading. The electrochemical active surface area
(ECSA) was studied by cyclic voltammetry (CV) with scan rates
from 50 to 100 mV s™! (Figure S8, Supporting Information).
The double-layer capacitance (Cy) of Ni foam-Pt 10s, Ni,P/CoP,
and Ni,P/CoP-Pt 10s are 0.53, 46.7, and 68.1 mF cm™?, respec-
tively (Figure S9, Supporting Information). The loading of Pt
nanocrystals successfully increased the density of active sites.
The durability was examined under a constant applied current
density of -10 mA cm™ for 80 h in Figure 4d. After 80 h
test, the overpotential at the current density of -10 mA cm™
increased from 39 to 79 mV. The SEM image (Figure S10a, Sup-
porting Information) indicated the robust vertical structure of
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Ni,P/CoP-Pt after 80 h catalytic process. Meantime, the high-
angle annular bright-field-scanning transmission electron
microscopy (HAABF-STEM) image (Figure S10b, Supporting
Information) showed that Pt nanocrystals were on the edge
of nanosheets, with no obvious change of sizes. The minor
decrease of HER performance may be ascribed to the slight dis-
solution of Pt nanocrystals caused by the gas release. The mass
activity of Ni,P/CoP-Pt 10s is 2.77 A mg'p, which is 15 times
higher than that of commercial Pt/C with 0.18 A mg™'p, at poten-
tial of —=0.07 V (vs RHE). The mass activity of Pt at the potential
—0.07 V (vs RHE) along with the overpotential and Tafel slopes
are ranked among the reported Pt nanocrystals-based electro-
catalysts performed in 1 M KOH in Figure 4ef, illustrating a
remarkable performance. The detailed parameters are listed in
Table S1 (Supporting Information). Moreover, as-prepared elec-
trocatalysts show the same trend of HER performances in 1 M
PBS and 0.5 M H,SO,, presenting their universal application
(Figure S11, Supporting Information). After 10 s of electrodepo-
sition for loading Pt on Ni,P/CoP nanosheets, the overpoten-
tials decreased from 72.2 to 58.2 mV in 1 M PBS and 78.4 to
69.1 mV in 0.5 M H,SO, at a current density of =10 mA cm™.

2.3. Computational Simulation
Density functional theory (DFT) based first-principles calcula-
tions were performed to reveal the synergistic effect of HER

over the Ni,P/CoP supported Pt catalysts. Three models, i.e., Pt
(111), Ni,P/CoP (100) and Ni,P/CoP (100)/Pt surface (Figure S12,
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Figure 5. a) Projected density of states and d-band center of Pt 5d for Ni,P/CoP (100)/ Pt and Pt (111). b) Charge density difference of the Ni,P/CoP
(100) /Pt interface, where yellow and cyan represent accumulation and depletion of charge density, respectively (white ball, Pt; blue ball, Co; Pink
ball, P). c) Adsorption energy of H* and H,O* and d) Free energy diagram of hydrogen evolution over the surface of Pt (111), Ni,P/CoP (100) and

Ni,P/CoP (100)/Pt.

Supporting Information) were firstly established. The Ni,P/CoP
model was discussed in the previous work.'” During the initial
stage of the synthesis, the Pt, cluster was first formed on the
edge, then became larger nanoclusters. Pt, used as the model
can further understand the original synergistic effect between Pt
and TMP. The binding energy of the Pt, cluster on the Ni,P/CoP
(100) substrate was then calculated. Binding energy of 1.81 eV
implies that the structure of Ni,P/CoP (100)/Pt is metastable
in thermodynamics. The projected density of states (PDOS)
of Pt in Pt (111) and Ni,P/CoP (100)/Pt surface (Figure 5a)
were calculated. The d-band centers of Pt 54 in Pt (111) and
Ni,P/CoP (100)/Pt surface are —2.74 and -2.53 eV, respec-
tively. The peaks of PDOS in Ni,P/CoP (100)/Pt is enlarged
and smoother, indicating that delocalization occurs between Pt
cluster and phosphide substrate. A more positive d-band center
suggests the adsorption might be weakened on Pt cluster, com-
pared to Pt (111) surface. The charge density difference was
provided in Figure 5b, which manifests that there are bonds
generated between Pt-P and Pt-Co. From Bader charge analysis,
it is known that there are 0.238 e transferred from phosphide
substrates to Pt clusters, making Pt cluster more negatively
charged active sites. The adsorption energies of H* and H,0*
were calculated for these three models (Figure 5c). The adsorp-
tion geometries are provided (Figure S13, Supporting Informa-
tion). The most positive adsorption energy of H* appears at
the top site of Ni,P/CoP (100)/Pt model, suggesting that Ni,P/
CoP (100)/Pt model is more favorable for hydrogen desorp-
tion than Pt (111) and Ni,P/CoP (100) models. The adsorption
of H,0* of Pt cluster on Ni,P/CoP (100) is the weakest among
three models. These results are in accordance with previously

Adv. Funct. Mater. 2022, 2209967 2209967 (6 of 8)

calculated d-band centers. The activation energy for water disso-
ciation is 1.09, 0.98, and 0.84 eV for Pt (111), Ni,P/CoP (100) and
Ni,P/CoP (100)/Pt model, respectively. It is presented in the free
energy diagram of the HER pathway in Figure 5d, from which
the rate-determining step can be identified and the relationship
between the composition and the activity can be elucidated. The
activity follows the order of Ni,P/CoP (100)/Pt > Pt (111) > Ni,P/
CoP (100). The rate-determining step is the dissociation of
water on the catalytic surface in alkaline medium. The inter-
actions between Pt cluster and phosphide substrate alleviate the
strong adsorption of water, leading to a lower activation energy
of water dissociation reaction. As for Pt nanocrystals, the acti-
vation energy of water dissociation and desorption of H* were
limited in alkaline medium, while combining with TMPs, both
two important steps are boosted for an efficient HER process,
confirming the successful synergistic effect in this strategy.
Finite element method simulation was applied to investigate
the electric field distribution on the fabricated electrocatalysts
through COMSOL. The 3D models were created as nanosheets
and Pt nanocrystals using the statistics in Table S2 (Supporting
Information). The slight change of thickness has little effect on
the electric field distribution on the edge. The edge still has the
strongest electric field. A voltage of —1.2 V was applied on the
bottom of the nanosheet to simulate the experimental condi-
tion during the HER. For the electrodeposition process of Pt
nanocrystals, a current of =10 mA cm™2 was applied. Initially,
in typical HER process, a single nanosheet was built up for
simulation, the electric field distribution is taken from the
Z-X plane (Figure S14a, Supporting Information). The edge of
nanosheets shows the strongest electric field. Then electric field
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distribution of Pt decorated nanosheets from the Z-X plane
was illustrated (Figure S14b, Supporting Information). A high
electric field occurs on the Pt nanocrystals. To see the electric
field changes of these two models, the electric field distribu-
tions of cross-section models from Z-X plane were presented
(Figures Sl4c and S14d, Supporting Information). A smooth
and classic electric field distribution image was attained for a
single nanosheet. Then a higher electric field variation on the
Pt nanocrystals on the edge of nanosheet was observed. The
electric field at the edge areas is further enhanced by the high
geometric curvature with extra Pt loading, which is beneficial
for faster diffusion of H* and accelerated reaction kinetics. The
structural edge effects can result in a higher catalytic behavior,
which is consistent with the experimental work.

3. Conclusion

In summary, we have developed a strategy to grow Pt nano-
crystals on the edge of TMP nanosheets as a unique hetero-
structure electrocatalyst for efficient and robust HER in alkaline
medium. The orientation of nanosheet lead to the unique
heterostructure due to the electric field distribution. The HER
performance was explored in both experimental and theoretical
ways. The successful combination of Pt and TMP as unique
structure shows not only the synergistic effect in boosting the
kinetics in HER with efficient water dissociation, fast adsorp-
tion and desorption of protons, but also the edge effect in
enhanced LEF, which is advantageous for faster diffusion of
H*. The as-prepared electrocatalyst delivers an overpotential of
44.5 mV at the current density of —10 mA cm2 and 80 h dura-
bility. Meantime, the mass activity reaches to 2.77 A mgp,
which is 15 times higher than that of commercial Pt/C
(0.18 A mg™'p). Our work studies the heterostructure of Pt and
TMP in synergistic effect and edge effect, pathing an innovative
way to form the unique heterostructure and explore more pos-
sibilities for efficient nanostructured electrocatalyst for HER.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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