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SPECIAL TOPIC — Laser and plasma assisted synthesis of advanced nanoparticles in liquids

Laser fragmentation in liquid synthesis of novel palladium-sulfur
compound nanoparticles as efficient electrocatalysts

for hydrogen evolution reaction
Guo-Shuai Fu(付国帅)†, Hong-Zhi Gao(高宏志)†, Guo-Wei Yang(杨国伟), Peng Yu(于鹏)‡, and Pu Liu(刘璞)§

State Key Laboratory of Optoelectronic Materials and Technologies, Nanotechnology Research Center, School of Materials Science & Engineering,
Sun Yat-sen University, Guangzhou 510275, China

(Received 13 November 2021; revised manuscript received 8 January 2022; accepted manuscript online 24 January 2022)

One promising way to tune the physicochemical properties of materials and optimize their performance in various
potential applications is to engineer material structures at the atomic level. As is well known, the performance of Pd-based
catalysts has long been constrained by surface contamination and their single structure. Here, we employed an unadul-
terated top-down synthesis method, known as laser fragmentation in liquid (LFL), to modify pristine PdPS crystals and
obtained a kind of metastable palladium-sulfur compound nanoparticles (LFL-PdS NPs) as a highly efficient electrocatalyst
for hydrogen evolution reaction (HER). Laser fragmentation of the layered PdPS crystal led to a structural reorganization
at the atomic level and resulted in the formation of uniform metastable LFL-PdS NPs. Noteworthy, the LFL-PdS NPs show
excellent electrocatalytic HER performance and stability in acidic media, with an overpotential of−66 mV at 10 mA·cm−2,
the Tafel slope of 42 mV·dec−1. The combined catalytic performances of our LFL-PdS NPs are comparable to the Pt/C cat-
alyst for HER. This work provides a top-down synthesis strategy as a promising approach to design highly active metastable
metal composite electrocatalysts for sustainable energy applications.

Keywords: Pd-based electrocatalyst, hydrogen evolution reaction, laser fragmentation in liquid, nanoparticles

PACS: 79.20.Eb, 81.16.Hc, 82.45.Jn, 61.46.Df DOI: 10.1088/1674-1056/ac4e0e

1. Introduction
Hydrogen energy is considered to be an appealing green

energy source for replacing fossil fuels due to its ultra-high
energy density and environmental friendliness. Catalytic wa-
ter splitting to produce hydrogen, with the advantages of high
energy conversion efficiency, simple operation, and zero car-
bon emission, has been widely recognized as one of the most
promising methods to obtain hydrogen.[1] To apply electro-
chemical water splitting successfully in actual work, it is nec-
essary to develop catalysts with high activity, superior stabil-
ity, and at a low cost. Platinum-based materials have long
been considered to be the most efficient catalysts for the des-
orption of hydrogen from water, as the strength of the Pt–H
bond is associated with the fastest reaction rate for the HER.[2]

However, the application of platinum-based catalysts in HER
is limited due to the high cost and low reserves of platinum
resources on the earth. At present, there have been many re-
ports of non-precious-metal-based electrocatalysts in the aca-
demic field, such as metal-free carbon,[3] transition metals,[4]

transition metal oxides,[5] transition metal carbides,[6,7] transi-
tion metal sulfides,[8–10] and metal alloys.[11,12] However, the
catalytic activity and stability of these catalysts are poor and
hardly comparable to that of Pt-based catalysts.

Palladium-based (Pd-based) catalysts, which have at-

tracted much attention in recent years, with its Gibbs free
energy for atomic hydrogen adsorption (∆GH∗) being very
close to that of platinum, have been considered as an alter-
native HER electrocatalytic material with great potential.[13]

For example, Pd-MoS2,[14] Pd-CNx,[15] PdMnCo/NC,[16] and
Pd4Se[17] have been reported showing excellent electrochem-
ical performance under acidic conditions. However, most of
these works also point out that the high dependence on a sin-
gle structure of the reported Pd-based catalysts severely re-
stricts their further improvement of the HER performance.
Nevertheless, there was a report demonstrating that a kind of
amorphous Li-PPS NDs,[18] which was obtained by using a
simple lithium intercalation method to modify layered crys-
talline Pd3P2S8, has shown an excellent electrochemical prop-
erty. Their current density of 10 mA·cm−2 only needs a low
overpotential of −91 mV, and the Tafel slope is 29 mV·dec−1,
which is equivalent to Pt/C. The activation of this catalytic
activity is attributed to changes in morphology and structure
(loss of crystallinity, formation of vacancies, etc.) during the
lithiation process. The above Pd-based catalysts exhibit su-
perior HER performance under acidic conditions. However,
due to the greater Pd–H binding energy, the HER activity of
Pd is severely constrained.[19] Therefore, it is important to de-
velop a Pd-based HER catalyst with high activity as well as
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long-term stability. Most notably, the HER activity of palla-
dium has been reported to have a significant particle size ef-
fect. When the particle size range of palladium nanoparticles
is 3 nm–42 nm, the best HER catalytic activity is obtained
at 20 nm.[20] Herein, we used the laser fragmentation in liq-
uid method (LFL) to modify layered PdPS crystals to obtain a
kind of metastable palladium sulfur compound nanoparticles
(LFL-PdS NPs) with a uniform particle size of about 20 nm.
With a small overpotential of −66 mV at a current density of
10 mA·cm−2, a small Tafel slope of 42 mV·dec−1, the LFL-
PdS NPs have exhibited excellent HER activity and stability,
outcompeting PdPS crystal (−470 mV and 149 mV·dec−1, re-
spectively), and even superior to the performance of the com-
mercial Pt/C catalyst in 0.5-M H2SO4. The activation of the
electrocatalytic activity of LFL-PdS NPs was considered to
result from the transformation of morphology and structure of
layered PdPS crystals during the laser-induced solid–liquid in-
teraction process while avoiding the introduction of any impu-
rities. Therefore, this work provided a simple and efficient
method to build high-performance nanoparticle electrocata-
lysts by the way of morphology and structure changes induced
by laser fragmentation in liquid.

2. Experimental
2.1. Preparation of LFL-PdS NPs

Preparation of PdPS nanoparticles is performed by laser
fragmentation in liquid (LFL). The block layered PdPS crys-
tal was ground, and 10 mg of the ground PdPS powder
was dispersed in 50-ml isopropanol/water (volume ratio of
isopropanol:water = 3:1) solution with a glass container. Af-
ter ultrasonic dispersion, the glass container is fixed to a mag-
netic stirrer and the stirrer is allowed to stir continuously to
get a uniform fragmentation while the Nd-YAG laser is used
to converge. During the fragmentation process, the Nd-YAG
laser was operated at its third harmonic (355-nm wavelength)
and kept pulsed laser energy of 120 mJ with a pulse duration
of 10 ns and frequency of 10 Hz for the 2-h pulsed laser ac-
tion of the synthesis process. The obtained solution after laser
fragmentation was dried in an oven at 60 ◦C to remove the
moisture and obtain the LFL-PdS NPs nanocomposite in pow-
dered form.

2.2. Materials characterization

G500 high-resolution thermal field emission scanning
electron microscope (Gemini500), transmission electron mi-
croscope with an accelerating voltage of 200 kV (JEM-
2010HR) and 300 kV (FEI Tecnai G2 F30) were used to char-
acterize the structure and surface morphology of the sample.
The phase analysis of the sample was carried out with the
Rigaku RIGAKU powder x-ray diffractometer, and the x-ray
diffraction pattern was obtained at a scanning speed of 2◦ per
minute from 5◦ to 90◦. The x-ray photoelectron spectroscopy

(XPS) performs component analysis on the surface of the sam-
ple.

2.3. Electrochemical measurements

The HER measurements were tested on the Autolab
workstation using a typical three-electrode system with a
graphite rod as the counter electrode, Ag/AgCl as the refer-
ence electrode, and a catalyst-loaded glass carbon electrode
(GCE) as the working electrode. The catalyst ink was pre-
pared by dispersing 5 mg of LFL-PdS NPs in 1 ml of deion-
ized water. After sonicated, the electrocatalyst ink (5 µl) was
loaded onto a glassy carbon electrode (3 mm in diameter) as
the working electrode and the catalyst-loaded GCE was dried
at room temperature, then 5 µl of 5-wt% Nafion solution was
added dropwise on the surface of the working electrode and
dried at room temperature to protect the catalyst. Using the
same method, the pristine PdPS crystal and 20% commercial
Pt/C catalyst were used to modify the GCEs. The linear sweep
voltammetry (LSV) was carried out in 0.5-M H2SO4 aqueous
solution with a scan rate of 5 mV·s−1. The set current density
of the chronoamperometry durability test is 20 mA·cm−2. The
stability test of cyclic voltammetry is a continuous potential
cycling in the potential window of −0.1 V to 0.25 V (versus
RHE) at a scan rate of 100 mV·s−1. After the potential cy-
cle, the LSV curve was recorded at a scan rate of 5 mV·s−1.
Record the CV curve in the non-Faraday region (0.15 V to
0.45 V, versus to RHE) at different scanning rates to evaluate
the ECSA. The scanning rate were 20, 40, 80, 120, 160, 200,
and 240 mV·s−1 for LFL-PdS NPs, and 80, 120, 160, 200,
240, 280, and 320 mV·s−1 for PdPS crystal. Electrochemical
impedance spectroscopy measurements were conducted with
a frequency from 0.01 Hz to 105 Hz and amplitude of 10 mV
at an overpotential of 66 mV (versus RHE).

3. Results and discussion
3.1. Characterization

The crystal structures of pristine PdPS crystals and
LFL-PdS NPs were analyzed by XRD as shown in Fig. 1.
The diffraction pattern for PdPS crystals shows eight obvi-
ous peaks at 13.34◦, 23.1◦, 25.46◦, 25.88◦, 26.78◦, 29.98◦,
31.52◦,34.98◦, 40.64◦, 41.78◦, corresponding to (200), (111),
(310), (211), (400), (311), (020), (411), (511), (321) crystal
planes in the standard spectrum of PdPS (ICSD 2331), respec-
tively. The positions of the diffraction peaks are unchanged,
and the XRD patterns of the powders are consistent with the
standard spectra of the PdPS crystals, indicating that the origi-
nal PdPS material used for laser fragmentation in liquid (LFL)
is a highly crystalline pure-phase PdPS crystal. When LFL
was performed to treat samples, the high local pressure and
high temperatures of several thousand degrees celsius increase
the internal defects of the material, deteriorate the crystallinity,
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and cause the appearance of metastable phases. The struc-
tural defects inside the sample are beneficial to improve the
electrocatalytic properties of the material.[21] The LFL-PdS
NPs sample shows a sharp diffraction peak at 13.3◦, 25.46◦,
26.8◦, corresponding to the (200), (310), (400) crystal planes
of the PdPS crystal.[22] The diffraction peak of LFL-PdS NPs
appearing at 39◦ corresponds to the (111) crystal plane of
Pd, indicating the precipitation of Pd. At the same time, the
diffraction peak intensity decreases, and the half-height width
increases, indicating the fragmentation and size reduction of
PdPS crystals and the appearance of nanocrystals during the
laser fragmentation in liquid. LFL is a promising method for
the preparation of amorphous nanoparticles.[23]
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Fig. 1. XRD crystal structure analysis of PdPS crystal and LFL-PdS NPs.

To observe the morphological changes brought about by
the laser for the pristine material, the samples were character-
ized using a G500 high-resolution thermal field emission scan-
ning electron microscope. The SEM images of PdPS crystals,
shown in Fig. 2(a), reflect the irregular lamellar structure of the
PdPS crystal. The SEM images of LFL-PdS NPs are shown in
Figs. 2(b)–2(c). The layered PdPS crystals are fragmented by
laser action and subsequently formed into nanoparticles with a
diameter of about 20 nm by the cooling effect of the surround-
ing liquid and its surface tension. The nanospheres are tightly
arranged and uniformly distributed, exposing a large number
of active sites, which is conducive to improving the electro-
chemical properties of the material. It has been studied that
surface Pd nanoparticles have a significant particle size effect,
and a particle size of 20 nm has the best HER activity.

The morphology and structure of PdPS crystals before
and after the LFL process were further characterized by TEM.
The PdPS crystals were formed by stacking thin sheets to-
gether, and the stacked sheets can be seen, with clear lattice
stripes and diffraction spots, indicating the good crystallinity
of the original PdPS crystals (Figs. 2(d)–2(e)). Figure 2(f)
shows a typical low-magnification transmission electron mi-
croscopy (TEM) image of the LFL-PdS NPs, in which a batch
of spherical nanoparticles is developed from the fragmenta-
tion of flaky PdPS crystals under the action of the laser. Poly-

crystalline rings can be seen after LFL-PdS NPs undergo se-
lected area diffraction (Fig. 2(f)). High-resolution transmis-
sion electron microscopy (HRTEM) was used to characterize
the LFL-PdS NPs (Fig. 2(g)). The lattice fringes of LFL-PdS
NPs display interplanar spacings of 0.23 nm in the particle,
corresponding to the (111) crystal plane of Pd, which match
well with the crystallographic spacing of the broad peak cor-
responding to 2θ of 39◦ in XRD powder diffraction. Some
of the lattice stripes outside the white box are disordered and
indistinct, indicating that the local extreme environment in the
LFL led to the formation of amorphous regions. LFL-PdS NPs
are a mixed state consisting of amorphous and nanocrystalline
structures. In addition, to determine the elemental content, dis-
tribution and structural characteristics of LFL-PdPS NPs, an
EDS line scan of the sample was performed. EDS elemental
analysis of the green area in Fig. 2(h) showed that the percent-
age of Pd atoms was 71.37%, the percentage of P atoms was
15%, and the percentage of S atoms was 13.63%, with a ratio
of roughly 5:1:1 (Fig. 2(i)). Figure 2(j) shows the distribution
of Pd, P, and S elements. As seen that Pd elements are mainly
concentrated on the nanospheres, P elements are mainly dis-
tributed in the area outside the nanospheres, and S elements
are more uniformly distributed. The Pd–P bond in the PdPS
crystal is so weak that it is easily broken under the action of a
longtime highenergy laser. P almost does not exist inside the
PdS nanoparticles but exists in the form of phosphate. The Pd
and S elements form nanospheres as PdS compounds, while
the Pd–S bond is also partially broken and the S element ex-
ists in the form of sulfate. This result can correspond to the
XPS results (Fig. 3).

The surface analysis of LFL-PdS NPs was carried out us-
ing x-ray photoelectron spectroscopy (Fig. 3). From Fig. 3(a),
it is clear that LFL-PdS NPs contain three elements, S, P, and
Pd, indicating that all of the elements are preserved after the
LFL of the PdPS crystal. Figures 3(b)–3(d) show the XPS
spectra of Pd 3d, P 2p, and S 2p. The Pd 3d5/2 and 3d3/2

peaks are observed at 336.1-eV and 341.5-eV components of
Pd, suggesting the formation of Pd clusters, respectively. Two
additional small peaks at 336.61 eV and 341.87 eV are also ob-
served in the spectrum, which might be attributed to the small
amount of Pd2+ from residual PdPS crystals[24] (Fig. 3(b)).
LFL-PdS NPs retained only the peaks at 134.23 eV corre-
sponding to phosphate[25,26] (Fig. 3(c)). The phosphate may
come from the phosphate adsorbed on the surface of LFL-PdS
NPs, which indicates that the P may be detached from the ma-
terial during the reaction, thus forming a large number of P
vacancies that can enhance HER activity.[27] And then, double
peaks of S 2p appeared at 162.79 eV and 163 eV, correspond-
ing to 2p3/2 and 2p1/2,[28] as shown in Fig. 3(d). In addition,
the peak of sulfate appears at 167.59 eV. Furthermore, the C
1s spectrum was fitted for three peaks of 284.58, 285.78, and
288.33 eV which match the standard signals of amorphous car-
bon shell.[29–32]
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Fig. 2. (a) SEM images of the PdPS crystal, (b)–(c) SEM images of LFL-PdS NPs, (d) TEM images of PdPS crystals, (e) HRTEM images and
corresponding electron diffraction patterns of PdPS crystals, (f) TEM images of LFL-PdS NPs and corresponding electron diffraction patterns, (g)
HRTEM images of LFL-PdS NPs, (i) EDS spectra of LFL-PdS NPs, (j) the elemental distribution of LFL-PdS NPs.
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Fig. 3. XPS spectra of LFL-PdS NPs: (a) full XPS spectra, (b) P 2p spectra of XPS, (c) S 2p spectra of XPS, (d) Pd 3d spectra of XPS, (e) C 1s
spectra of XPS.
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3.2. Electrochemical activity

The HER performance of LFL-PdS NPs was inves-
tigated in a 0.5-M H2SO4 aqueous solution and com-
pared with commercial Pt/C catalysts (20 wt%), PdPS crys-
tals. Figure 4(a) displays the HER polarization curves ob-
tained from linear sweep voltammetry (LSV) measurements.
LFL-PdS NPs show a very small onset potential value of
−8.5 mV versus RHE, much smaller than that of PdPS crys-
tal (−144 mV) (Fig. 4(a)). Moreover, LFL-PdS NPs (Tafel
slope: 42 mV·dec−1) (Fig. 4(b)) exhibit higher catalytic activ-
ity compared to PdPS crystals (Tafel slope: 149 mV·dec−1);
its activity is close to that of commercial Pt/C (Tafel slope:
39 mV·dec−1). Such a small Tafel slope indicates faster kinet-
ics of the catalytic reaction of LFL-PdS NPs with the Volmer–
Tafel mechanism acting as the HER pathway.[33] The bind-
ing of adsorbed hydrogen atoms in this process becomes the
rate-limiting step of the hydrogen evolution reaction.[34] The
faster catalytic reaction kinetics allows the laser-treated LFL-
PdS NPs to reach high current densities with a low overpoten-
tial: 10 mA·cm−2 at −66 mV and 50 mA·cm−2 at −133 mV.
As shown in Fig. 4(a), its operating potential is already very
close to that of the commercial Pt/C catalyst −55 mV.
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To evaluate the activity of LFL-PdS NPs, the electro-
chemically active surface areas (ECSA) of LFL-PdS NPs and

PdPS crystals were compared by calculating the electrochem-
ical bilayer capacitance (Cdl). The ECSA represents the intrin-
sic electrocatalytic activity of the electrocatalyst and is related
to the number of active sites as well as the electrical conduc-
tivity of the catalyst.[35] As shown in Fig. 5(a)–5(d), the Cdl

of LFL-PdS NPs is 2.6 mF·cm−2 (Fig. 5(d)), which is much
higher than the Cdl of PdPS crystals (Cdl = 39.3 µF·cm−2)
(Fig. 5(b)). The higher Cdl of LFL-PdS NPs indicates that
laser fragmentation in liquid leads to a larger electrochemi-
cal active area of LFL-PdS NPs, and the intrinsic activity and
number of active sites are better than those of PdPS crystals.
Electrochemical impedance spectroscopy was carried out on
LFL-PdS NPs and PdPS crystals. As can be seen from Fig. 6,
the charge transfer impedance Rct of LFL-PdS NPs is signif-
icantly smaller than that of the PdPS crystal, indicating that
LFL-PdS NPs possess a faster electrocatalytic kinetic behav-
ior.
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Fig. 6. EIS Nyquist plots for the LFL-PdS NPs and PdPS crystal and the
corresponding Randies equivalent circuit diagram.

In addition, LFL-PdS NPs have remarkable durability in
HER. As shown in Fig. 7(a), the polarization curve obtained
is only slightly negatively shifted, and the overpotential at
10 mA·cm−2 is only negatively shifted by 5 mV after 104

cyclic voltammetry cycles. Moreover, the chronopotentiom-
etry measurements indicate that LFL-PdS NPs possess excel-
lent long-term operation stability at 20 mA·cm−2 (Fig. 7(b)).
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Fig. 7. Stability test of LFL-PdS NPs in the HER. (a) Polarization curves
of LFL-PdS NPs before and after 104 cyclic voltammetry tests between
−0.15 V and 0.25 V (versus RHE). (b) Chronoamperometric measurements
of LFL-PdS NPs under j = 20 mA·cm−2 in 0.5-M H2SO4 aqueous solution.

3.3. HER enhancement mechanism

Based on the excellent HER activity of LFL-PdS NPs
prompted us to probe the enhanced mechanism. Recently,
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Yang and co-workers have found that amorphization of pal-
ladium sulfides could be possible to enhance the activity to-
wards the HER.[36] This may be the reason why our LFL-
PdS NPs exhibit excellent activity. Furthermore, the con-
ductivity of the catalyst is improved due to the precipitation
of Pd clusters. The electrochemical impedance spectroscopic
data (Fig. 6) show a charge transfer resistance, Rct of 10 Ω

for the LFL-PdS NPs while the value obtained is 1700 Ω for
bulk PdPS. Mechanistically, the hydrogen evolution reaction is
generally Volmer–Heyrovsky or Volmer–Tafel mechanism.[37]

Three possible principal steps are involved in the electrochem-
ical HER process as given below:[38]

Volmer reaction (electrochemical hydrogen adsorption)

H3O++M+ e−→M−H∗+H2O. (1)

Heyrovsky reaction (electrochemical desorption)

M−H∗+ e−+H+→ H2 +M. (2)

Tafel reaction (chemical desorption)

2M−H∗→ H2 +2M. (3)

Generally, the hydrogen adsorption energy is considered as a
criterion for the performance of HER catalysts. There are two
processes of hydrogen adsorption and desorption steps on the
catalyst surface, a suitable hydrogen adsorption energy is re-
quired to facilitate the hydrogen adsorption and desorption at
the same time. The Tafel slope of 42 mV·dec−1 suggests that
a Heyrovsky-reaction-determined Volmer–Heyrovsky mecha-
nism works in the LFL-PdS NPs catalyst (Fig. 4(b)). The bulk
PdPS however, shows a Tafel slope of 149 mV·dec−1 reveal-
ing that the Volmer reaction is slow. Hence, we speculate that
during the laser fragmentation process, the escape of P atoms
causes the PdS atoms to re-bond. This process may improve
the hydrogen adsorption energy and make it easier to adsorb
hydrogen.

4. Conclusion
In summary, by introducing processes of LFL-induced

structural engineering, we developed a top–down method to
prepare LFL-PdS nanoparticles by modifying PdPS crystals
through laser fragmentation in liquid. The prepared novel
metastable LFL-PdS composite nanoparticles (LFL-PdS NPs)
presented regular spherical nanometrology with smooth sur-
face and uniform particle size distributions, meanwhile pos-
sessing excellent HER activity and stability. In acidic me-
dia, LFL-PdS NPs have excellent HER activity, very close
to that of commercial Pt/C. The overpotential for LFL-PdS
NPs at 10 mA·cm−2 is only −66 mV and the Tafel slope is
42 mV·dec−1. More attractively, the LFL-PdS NPs exhibit
excellent stability in the HER process, which simultaneously
solves the catalytic activity and stability problems of Pd-based

catalysts. Our structural engineering strategy of this work pro-
vided an avenue to tune and prepare crystal structures of two-
dimensional materials with unique properties and enhanced
performances, which could be used for various research on
further promising functional nanomaterial applications.
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G, Reichenberger S and Barcikowski S 2020 Chem. Eur. J. 26 9206

[30] Zhang D S, Zhang C, Liu J, Chen Qi, Zhu X G and Liang C H 2019
ACS Appl. Nano Mater. 2 28

[31] Gaashani R A, Najjar A, Zakaria Y, Mansour S and Atieh M A 2019
Ceram. Int. 45 14439

[32] Wang X F, Feng Z J, Huang J T, Deng W, Li X B, Zhang H S and Wen
Z H 2018 Carbon 127 149

[33] Zhang L, Si R, Liu H, Chen N, Wang Q, Adair K, Wang Z, Chen J,
Song Z, Li J, Banis M N, Li R, Sham T K, Gu M, Liu L M, Botton G
A and Sun X 2019 Nat. Commun. 10 4936

[34] Shinagawa T, Garcia-Esparza A T and Takanabe K 2015 Sci. Rep. 5
13801

[35] Liu D, Li X, Chen S, Yan H, Wang C, Wu C, Haleem Y A, Duan S, Lu
J, Ge B, Ajayan P M, Luo Y, Jiang J and Song L 2019 Nat. Energy 4
512

[36] Wang Y H, Xu K, Zhu Z Z, Guo W, Yu T T, He M S, Wei W X and
Yang T 2021 Chem. Commun. 57 1368

[37] Eftekhari A 2017 Int. J. Hydrog. 42 11053
[38] Conway B E and Tilak B V 2002 Electrochim. Acta 47 3571

077901-7

http://dx.doi.org/10.1016/j.apsusc.2009.07.011
http://dx.doi.org/10.1116/1.1575212
http://dx.doi.org/10.1002/anie.v59.21
http://dx.doi.org/10.1002/anie.v59.21
http://dx.doi.org/10.1002/chem.v26.42
http://dx.doi.org/10.1021/acsanm.8b01541
http://dx.doi.org/10.1021/acsanm.8b01541
http://dx.doi.org/10.1016/j.ceramint.2019.04.165
http://dx.doi.org/10.1016/j.ceramint.2019.04.165
http://dx.doi.org/10.1016/j.carbon.2017.10.101
http://dx.doi.org/10.1038/s41467-019-12887-y
http://dx.doi.org/10.1038/srep13801
http://dx.doi.org/10.1038/srep13801
http://dx.doi.org/10.1038/s41560-019-0402-6
http://dx.doi.org/10.1038/s41560-019-0402-6
http://dx.doi.org/10.1039/D0CC06693A
http://dx.doi.org/10.1016/j.ijhydene.2017.02.125
http://dx.doi.org/10.1016/S0013-4686(02)00329-8

	1. Introduction
	2. Experimental
	2.1. Preparation of LFL-PdS NPs
	2.2. Materials characterization
	2.3. Electrochemical measurements

	3. Results and discussion
	3.1. Characterization
	3.2. Electrochemical activity
	3.3. HER enhancement mechanism

	4. Conclusion
	References

