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rticles on defect-rich nitrogen-
doped hollow carbon as an efficient electrocatalyst
for hydrogen evolution reactions

Yapeng Cheng,a Meiling Fan,a Weiran Lin,*b Zhiwei Zhanga and Haining Zhang *a

Design and synthesis of efficient electrocatalysts with low usage of precious metal and of high stability are

essential for their practical applications in hydrogen evolution reactions. In this work, we synthesize an

electrocatalyst through the deposition of platinum nanoparticles on defect-rich nitrogen-doped hollow

carbon derived from surface-attached poly(4-vinylpyridine) monolayers. The platinum nanoparticles with

an average diameter of about 1.8 nm are well dispersed on the outer surface of the pre-synthesized

carbon material and the platinum loading is about 8.6 wt%. The mass activity of the as-synthesized

catalyst under an overpotential of 55 mV is about 5.0 A mgPt
�1, about 4.93 times higher than that of

commercial Pt/C catalysts. Moreover, the synthesized catalyst is also more electrochemically stable than

commercial Pt/C catalysts as evidenced by continuous cyclic voltammetry and chronoamperometric

response measurements.
Introduction

Sustainable and clean energy for growing market demands is
always a worldwide hot topic to address the environmental
problems caused by consumption of fossil fuels.1–3 As a prom-
ising clean energy, hydrogen energy has attracted extensive
attention due to its high mass-specic energy density and zero
emissions.4–7 Currently, hydrogen generation mostly relies on
the reformation of natural gas or methane, which still results in
carbon emission during the hydrogen generation process. In
contrast, hydrogen generation through electrocatalytic water
splitting has been realized as an efficient and clean technology,
but the application of noble-metal electrocatalysts, mainly Pt-
based materials, for the hydrogen evolution reaction (HER)
leads to high costs, hindering widespread applications.5,8,9

Despite the fact that numerous research works have been con-
ducted for the development of non-noble metal HER electro-
catalysts, Pt-based nanomaterials are still the most successful
and commonly used catalysts for the HER.10 Apart from the cost,
the aggregation of Pt nanoparticles during operation can result
in a drastic reduction in catalytic performance, which in turn
affects the durability of the catalysts and the accordingly
assembled devices. Thus, development of electrocatalysts with
relatively low Pt loading, high utilization efficiency, and
improved durability is of great importance for the HER.11–15
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Carbon-based materials have been widely studied as sup-
porting materials to enhance the electrochemical properties of
Pt nanoparticles since they exhibit excellent electrochemical
properties and stability, and are of low cost.16,17 Recently,
nanostructured carbon materials with designed defects,
particularly caused by heteroatom doping, have been realized as
promising electrocatalysts or supporting materials for the
improvement of catalytic activity.18,19 Introduced heteroatoms
can donate electrons to neighboring carbon atoms and can
change the nucleation and growth kinetics of metallic nano-
particles to reduce the particle size, to improve the distribution
of the formed nanoparticles, and to protect the metallic nano-
particles against agglomeration.8,20–24 As an example, Timothy
et al. reported that N-implanted defects have a strong force and
intrinsic effect for nucleation and tethering Pt clusters
respectively.20

Of the various nanostructured carbon-based materials,
hollow porous carbon has been recognized as a promising
support matrix for Pt nanoparticles to enhance their electro-
catalytic activity due to the properties of low density, large
surface area, fast mass transport, and enough active centers to
anchor Pt nanoparticles.25 The oen-applied approach to
synthesize hollow porous carbon is the so-called “hard
template” method, in which polymeric precursors and hard
templates (typically silica nanoparticles) are physically mixed
and pyrolyzed at high temperature, followed by removal of the
templates. However, the relatively weak interaction between
precursor and template and the possible aggregation of
templates during the pyrolysis process make the pore size and
pore size distribution of the nal carbon products less
controllable. Accordingly, the further deposition of metal
This journal is © The Royal Society of Chemistry 2020
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nanoparticles and the electrocatalytic activity of the nal cata-
lysts remain unsatisfactory. Therefore, a sophisticated synthetic
strategy is required to develop a superior hollow porous struc-
ture rich in active sites as a carbon support for the uniform
dispersion and anchoring of Pt nanoparticles.

Herein, we present a unique strategy to synthesize a defect-
rich hollow porous carbon with an abundant source of hetero-
atom dopants as a support material for the deposition of Pt
nanoparticles. For this, surface-attached polymer monolayers
formed through atom transfer radical polymerization (ATRP)
were applied as precursors.26 Aer the formation of hollow
porous carbon by pyrolysis and removal of silica templates, the
Pt nanoparticles were nally deposited on the surface of the
carbon material to form the nal electrocatalyst for the HER. It
is expected that the hollow porous structure and the possible
anchoring sites for Pt nanoparticles can possibly improve the
HER electrocatalytic activity and stability of Pt-based catalysts
compared to commercial Pt/C catalysts.

Experimental section
Materials

4-Vinylpyridine, acryl alcohol, and bromoisobutyryl bromide
were purchased from Sigma-Aldrich. N,N-Dimethylformamide
(DMF), triethylamine, and cuprous chloride (CuCl) were
received from Sinopharm Chemical Reagent. Dichloromethane,
tris[2-(dimethylamino)ethyl]amine (Me6TREN), and dimethyl-
chlorosilane were purchased from Alfa Aesar. Silica nano-
particles (30 nm, 99.5%) were purchased and used without
further purication. Deionized water (18.2 MU cm) was ob-
tained through an ultrapure water generator (Ulup, China).
Toluene was distilled over sodium using benzophenone as an
indicator and stored with molecular sieves. The chlorosilane-
functionalized initiator molecules and the initiator-modied
silica nanoparticles for ATRP were synthesized according to
the literature.27

Synthesis of surface-attached poly(4-vinylpyridine) on silica
nanoparticles

0.5 g initiator-modied silica nanoparticles and 10 mL 4-vinyl-
pyridine were dispersed in 6.0 mL of DMF under protection of
nitrogen atmosphere. Aer degassing under vacuum through
three freeze–thaw cycles, a solution of CuCl (0.016 g) and Me6-
TREN (1.0 mL) in 10 mL DMF was added to the dispersion and
the mixture was heated to 90 �C for polymerization. The poly-
merization was carried out for 12 h. Aer collection by centri-
fugation, the products were extensively rinsed with ethanol,
followed by Soxhlet extraction and drying under vacuum. The
obtained poly(4-vinylpyridine)-graed silica nanoparticles were
denoted as SiO2-g-P4VP.

Synthesis of defect-rich nitrogen-doped hollow carbon
(DNHC)

Typically, 1.0 g of SiO2-g-P4VP was placed in a quartz tube
furnace under an atmosphere of nitrogen. Aer continually
purging with N2 for half an hour, the sample was heated to
This journal is © The Royal Society of Chemistry 2020
900 �C with a ramp rate of 5.0 �C min�1 and kept at 900 �C for
2 h. Aer cooling to room temperature, the powder was
collected and ground for 20 min. The sample was then
immersed into 5.0 mol L�1 NaOH aqueous solution for 48 h to
remove the silica templates. Aer being extensively washed with
deionized water until a neutral eluent was reached and drying in
a vacuum oven at 60 �C, the nal product was obtained and was
denoted as DNHC.

Synthesis of Pt@DNHC

The Pt@DNHC composite catalyst was fabricated by reduction
of H2PtCl6 using ethylene glycol as reductant in the presence of
DNHC. Briey, to a suspension of DNHC (60 mg) in 60 mL
ethylene glycol, 10 mL of H2PtCl6 (7.74 mmol L�1 in ethylene
glycol) was added dropwise under vigorous stirring using
a magnetic stirrer. Aer 30 min stirring, the pH value of the
mixture was adjusted to about 10.0 using 1.0 mol L�1 NaOH
solution in ethylene glycol and the mixture was placed in an oil
bath pre-heated to 135 �C. Aer 4 h reaction, the mixture was
allowed to cool down to room temperature. The nal product,
Pt@DNHC, was obtained by centrifugation and extensively
washing with ethanol, followed by drying using a lyophilizer.
The theoretical Pt loading was calculated according to the
amount of added H2PtCl6 solution but it should be noted that
not all of the Pt could be reduced on the surface of DNHC.

General characterization

The chemical composition of samples was determined from
Fourier transform infrared (FTIR) spectra obtained using
a 60SXB spectrometer (Nicolet) with a resolution of 4 cm�1. X-
ray diffraction (XRD) patterns were recorded using an X-ray
diffractometer (D/MAX-RB RU-200B, Japan) with ltered Cu
Ka radiation (l ¼ 1.5406 Å, operating at 45 kV and 200 mA) to
evaluate the crystallographic structure. Raman spectra were
collected using a Jobin Yvon LabRam HR800 instrument with
a He–Ne laser of 532.15 nm. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were
applied to analyze the more detailed structure of samples. High-
resolution TEM, energy dispersive X-ray spectroscopy elemental
mapping, and high-angle annular dark-eld scanning TEM
(HAADF-STEM) were conducted using a JEM-2100F with an
acceleration voltage of 200 kV to qualitatively analyze the local
composition of the catalysts. X-ray photoelectron spectroscopy
(XPS) was carried out with a VG Multilab2000X to determine the
surface elemental composition and bonding conguration of
the prepared samples. Surface area of samples was calculated
from N2 adsorption/desorption isotherms performed with
a Micromeritics ASAP 2020 instrument at 77 K using Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) models
to calculate the specic surface area and pore size, respectively.
The bulk content of Pt in samples was estimated by inductively
coupled plasma-atomic emission spectroscopy (Vista MPX).

Electrochemical measurements

All electrochemical tests were carried out with a CHI630E
workstation at room temperature with a typical three-
RSC Adv., 2020, 10, 930–937 | 931
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electrode system, in which a graphite rod (Alfa Aesar,
99.9995%) and a Pt foil (for electrochemical active surface
area, ECSA) were used as the counter electrode, catalyst-
coated glassy carbon electrode (GCE; diameter ¼ 3 mm) as
working electrode, and KCl-saturated calomel electrode as
reference electrode which was corrected with reversible
hydrogen electrode (RHE) in all measurements. A 0.5 mol L�1

N2-saturated H2SO4 aqueous solution was used as electrolyte
for HER and all polarization curves are used for iR correction
by electrochemical impedance spectroscopy from 10 kHz to
0.1 Hz at �40 mV (vs. RHE). The iR-corrected potential was
obtained by the equation:

EiR-corrected ¼ E � iR

where EiR-corrected, E, i and R are the iR-corrected potential, the
original potential, the corresponding current and the internal
resistance respectively.
Catalyst ink preparation

5 mg of catalyst powder and 40 mL of Naon dispersion (5 wt%
in isopropanol and water mixture with a volume ratio of 9 : 1)
were added into a mixed solution of 100 mL deionized water and
860 mL isopropanol. The mixture was ultrasonicated for 30 min
to form a homogeneous suspension. 4 mL catalyst dispersion
from the prepared homogeneous inks was then carefully drop-
ped onto a GCE (diameter ¼ 3 mm) with a catalyst loading of
0.286 mg cm�2 and dried in air. Commercial Pt/C was tested in
the same way.
HER test

Cyclic voltammetry (CV) was operated with a scan rate of 0.1 V
s�1 for at least 20 cycles to activate the catalyst and then the
electrocatalytic activity was measured by linear sweep voltam-
metry in 0.5 M H2SO4 solution. The Tafel slopes as a signicant
factor to judge the electrochemical behavior were derived from
the polarization curves and calculated based on the following
Tafel equation:

h ¼ b log(j) + a

where h, a, b and j are the overpotential, the Tafel constant, the
Tafel slope and the current density.
Fig. 1 (a) Schematic illustration of the synthesis of Pt@DNHC. (b) FTIR
spectra of bare silica, initiator-modified silica, and polymer-grafted
silica nanoparticles as indicated in the figure. Dashed lines in (b) are
guides to the eye.
Stability test

Accelerated durability tests were performed in 0.5 M H2SO4

solution by applying cyclic sweeps between 0 and 60 mV (vs.
RHE) at a sweep rate of 100 mV s�1 for 5000 cycles. For further
TEM characterizations, the catalysts aer the durability tests
were collected from the GCE by sonicating the electrode in
ethanol. In addition, the I–t chronoamperometric response was
also recorded at a current density of 10 mA cm�2 for 10 h in
0.5 M H2SO4 solution to evaluate the long-term durability of
catalysts.
932 | RSC Adv., 2020, 10, 930–937
ESCA

ECSA is an important index to judge the electrochemical activity
of catalysts. CV was also applied with a scan rate of 0.1 V s�1 for
at least 20 cycles at a voltage of 0–1.2 V (vs. RHE) to activate the
catalyst and operated with a scan rate of 0.01 V s�1 for 2 cycles in
N2-saturated 0.5 M H2SO4 to obtain CV curves. ECSA was
calculated through the formulas:

QH ¼ S/V

ECSA ¼ QH

mptqH

where S, V, mPt and qH represent integral area in hydrogen
adsorption zone, scan rate, Pt loading in GCE and a constant
(0.21 mC cm�2) respectively.
Results and discussion

The designed Pt@DNHC catalyst was synthesized by deposition
of Pt nanoparticles onto pre-formed DNHC derived from
surface-graed poly(4-vinylpyridine) monolayers (SiO2-g-P4VP),
as schematically shown in Fig. 1a. To synthesize DNHC, silica
nanoparticles were used as templates for the generation of
This journal is © The Royal Society of Chemistry 2020
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a hollow structure and surface-attached P4VP monolayers act as
both nitrogen and carbon sources.27 FTIR spectra (Fig. 1b) were
recorded to conrm the self-assembly of initiator and the
attachment of polymer chains on the silica nanoparticles.
Compared to the FTIR spectrum of bare silica nanoparticles, the
absorption band appearing at about 1717 cm�1 is assigned to
the stretching vibration of C]O bond, conrming the
successful immobilization of initiator molecules on the surface
of SiO2. Aer surface-initiated ATRP, the observed new
absorption bands in the FTIR spectrum of the resulting sample
at 1598, 1557, 1452, and 1415 cm�1 correspond to C]C and
C]N bonds of pyridine ring, suggesting the P4VP chains are
attached to the surface of silica nanoparticles. The designed
DNHC was then synthesized by carbonization of SiO2-g-P4VP,
followed by removal of silica templates. The Pt nanoparticles
were nally deposited on the surface of DNHC by reduction of
H2PtCl6 at 135 �C using ethylene glycol as reductant. The Pt
loading in the synthesized Pt@DNHC is 8.6 wt%, as quantita-
tively determined by inductively coupled plasma-atomic emis-
sion spectroscopy. The morphology of Pt@DNHC and the size
distribution of Pt nanoparticles were rst investigated using
electron microscopy, as shown in Fig. 2. SEM image (Fig. 2a)
revealed that the formed Pt@DNHC has a hollow appearance
and TEM image (Fig. 2b) suggested a 3D hollow structure of
Pt@DNHC with abundant broken edges which may provide
active sites to promote the electrochemical performance.28 In
addition, the average inner diameter of the synthesized DNHC
is about 25 nm, slightly smaller than that of the silica templates,
indicating the slight shrinkage of the formed carbon material
during the process of removal of the silica templates. From the
high-resolution TEM image of Pt@DNHC (Fig. 2c), it can be
clearly seen that the formed Pt nanoparticles are well distrib-
uted on the disordered carbon layer of DNHC and the average
diameter of Pt nanoparticles is centered at 1.83 nm (inset in
Fig. 2c), suggesting the Pt nanoparticles are surrounded with
defect-rich structure on the doped carbon substrate. Moreover,
the observed interlayer spacing of 0.23 nm corresponds to the
(111) planes of Pt nanoparticles (Fig. 2d), further conrming the
successful reduction to form Pt nanoparticles. Fig. 2e presents
the HAADF-STEM image of Pt@DNHC and the corresponding
Fig. 2 SEM image (a), TEM image (b), high-resolution TEM images (c
and d), and HAADF-STEM image (e) of Pt@DHPC, and the corre-
sponding elemental mapping of N atoms (f), Pt atoms (g) and the
combined results (h). The inset in (c) is the size distribution of Pt
nanoparticles estimated from the image.

This journal is © The Royal Society of Chemistry 2020
elemental mapping results are displayed in Fig. 2f–h. The
formed Pt nanoparticles are well distributed around the
uniform doped nitrogen atoms in the defect-rich hollow porous
carbon which may contribute to high energy vacancies,
provided by N-modied carbon atoms, for the growth of Pt
nanoparticles.

To get further insight into the crystalline structures, XRD
measurement was performed to analyze the carbon matrix and
the deposited Pt nanoparticles, as shown in Fig. 3a. Compared
to the XRD pattern of DNHC, new diffraction peaks centered at
39.91�, 46.21� and 67.78� were observed in the XRD pattern of
Pt@DNHC, corresponding to the (111), (200) and (220) planes of
cubic Pt, respectively. In addition, the average size of the formed
Pt nanoparticles was also estimated to be about 2.46 nm by the
Scherrer equation using the diffraction peak of (111), which is
larger than that derived from TEM images due to the difference
in the calculated area. Fig. 3b displays the Raman spectrum of
Pt@DNHC. It is apparent that the intensity of the G band at
1350 cm�1 is much higher than that of the D band at 1590 cm�1.
The intensity ratio of 1.28 for the synthesized DNHC material
indicates a highly defective structure, which provides nucle-
ation energy offered by the difference between a defect site and
defect-free area.20 Nitrogen adsorption–desorption isotherm of
Pt@DNHC was recorded as shown in Fig. 3c and the accordingly
derived pore size distribution is plotted in Fig. 3d. The observed
type IV isotherm suggested the existence of mesopores and the
average pore diameter is about 25 nm, which is in good agree-
ment with TEM observations. In addition, the calculated BET
surface area of Pt@DNHC is about 203 m2 g�1. Such high
surface area provides abundant sites to anchor Pt nanoparticles
and the porous structure benets chemical product
transmission.23,29,30

XPS measurements were carried out to understand the
chemical environment and bonding states of the atoms in the
formed Pt@DNHC, as shown in Fig. 4. From the full XPS survey
of Pt@DNHC (Fig. 4a), the peaks for Pt at 72.5 and 316.0 eV, C at
285.9 eV, N at 401.4 eV, and O at 533.1 eV were clearly observed.
Fig. 4b shows the high-resolution XPS spectrum of Pt 4f, which
displayed the characteristic peaks of Pt 4f7/2 at 71.5 eV and Pt 4f5/2
Fig. 3 XRD pattern (a), Raman spectrum (b), nitrogen adsorption–
desorption isotherm (c), and pore size distribution (d) of Pt@DNHC.

RSC Adv., 2020, 10, 930–937 | 933
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Fig. 4 (a) Full XPS survey of Pt@DNHC. High-resolution XPS spectra
and the deconvoluted results of Pt 4f (b), C 1s (c) and N 1s (d) in the
Pt@DNHC catalyst.

Fig. 5 (a) CV curve of Pt@DNHC in 0.5mol L�1 H2SO4 aqueous solution
with a scan rate of 5 mV s�1. (b) TEM image of commercial Pt/C (20 wt%
of Pt) and the particle size distribution derived from the image (inset). (c)
Mass activity of Pt@DNHC and commercial Pt/C catalysts under
different overpotentials. (d) HER polarization curves of Pt@DNHC and
Pt/C. (e) Tafel plots of Pt@DNHC and commercial Pt/C catalysts. (f)
Schematic process of HER using Pt@DNHCcatalyst. The insets in (c) and
(d) show the mass activity of Pt@DNHC and Pt/C at different over-
potential and electrochemical impedance spectroscopy Nyquist plots of
Pt@DHNC and Pt/C at �0.040 V (vs. RHE) in H2SO4 respectively.

Table 1 Comparison of Pt@DNHC in this work and state-of-the-art
literature

Sample
Overpotential
at 10 mA cm�2 (mV) Electrolyte Reference

Pt/WS2 80 0.5 M H2SO4 24
Pt1@Fe–N–C 60 0.5 M H2SO4 32
Pt/NPC 21.7 0.5 M H2SO4 13
Pt–Ni3N/Ni@C 47 0.5 M H2SO4 34
Pt/CNTs-ECR 34 0.5 M H2SO4 35
Pt@DNHC 41 0.5 M H2SO4 This work
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at 75.1 eV. The high-resolution Pt 4f spectrum was deconvoluted
into two pairs of doublets. The doublet at 71.6 eV and 75.0 eV
represented the bulk of Pt and the one at 72.6 eV and 76.7 eV
corresponds to the Pt2+ state due to the complexation with N
atoms.13 From the deconvolution results of the high-resolution
XPS spectrum of C 1s (Fig. 4c), the peak at 285.2 eV corre-
sponds to C–N, indicating that the nitrogen atoms are doped into
the carbon frameworks. The high-resolution XPS spectrum of N
1s (Fig. 4d) could be deconvoluted into four chemical compo-
nents at 398.8, 400.5, 401.1, and 403.8 eV, corresponding to
pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N, respec-
tively.15 In addition, the content of pyridinic-N is about 37 at% of
the overall doped nitrogen atoms, which can modify the elec-
tronic structure of neighboring carbon atoms anchoring Pt
nanoparticles and limiting their aggregation.

Hydrogen production through electrochemical water splitting
is of great importance for hydrogen energy-based applications.
Since Pt is still the optimal choice for HER catalysis,31 the elec-
trochemical HER performance of the synthesized Pt@DNHC
catalyst was nally evaluated in 0.5mol L�1 H2SO4 with a scan rate
of 5 mV s�1. For comparison, the electrochemical properties of
commercial Pt/C catalysts (20 wt% of Pt) were also investigated.

For electrocatalysts, ECSA is one of the important parame-
ters related to catalytic activity. The ECSA of the synthesized
Pt@DNHC catalyst was determined from the CV curve in
0.5 mol L�1 H2SO4 (Fig. 5a) to be 63.7 m2 g�1 whereas it is about
44.4 m2 g�1 for the commercial Pt/C catalysts with 20 wt% of Pt.
It should be also noted that the content of Pt in Pt@DNHC is
about 8.6 wt%. High ECSA of Pt@DNHC contributes to exposing
more active sites and highly active crystal faces to adsorb H+

ions with excellent efficiency. To understand this difference,
TEM image of a commercial Pt/C catalyst was obtained and is
shown in Fig. 5b. The average diameter of Pt nanoparticles in
Pt/C catalysts is about 2.84 nm, much larger than that in
Pt@DNHC (1.83 nm from Fig. 2c). This result suggests that the
difference in ECSA values between Pt@DNHC and commercial
Pt/C catalysts resulted from the different particle size of Pt
nanoparticles.
934 | RSC Adv., 2020, 10, 930–937
To investigate the HER performance of the synthesized
Pt@DNHC catalyst, the polarization curves of Pt@DNHC,
commercial Pt/C, and pristine DNHC are plotted in Fig. 5d. It is
apparent that the pristine DNHC has no activity for HER
whereas both Pt@DNHC and commercial Pt/C catalysts exhibit
good electrocatalytic activity towards HER as evidenced by the
onset potential. Moreover, Pt@DNHC exhibits better HER
performance than the commercial Pt/C, as evidenced by the
lower overpotential of Pt@DNHC than that of commercial Pt/C
at the same current density. For example, an overpotential of
41 mV is required to generate a current density of 10 mA cm�2

for Pt@DNHC and commercial Pt/C under the same condition,
which was compared with some state-of-the-art works in
Table 1. Considering the Pt loading in the catalyst, the mass
This journal is © The Royal Society of Chemistry 2020
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activity, which refers to the generated current normalized to Pt
loading under certain overpotential of both Pt@DNHC and
commercial Pt/C catalysts, is displayed in Fig. 5c. It is evident
that the mass activity of Pt@DNHC is much higher than that of
commercial Pt/C and the difference is more pronounced at
higher overpotentials. Specically, the mass activity of
Pt@DNHC at an overpotential of 40 mV is about 2.54 times
higher than that of Pt/C catalyst (0.131 A mgPt

�1) whereas under
an overpotential of 55 mV, the mass activity of Pt@DNHC rea-
ches 3.38 A mgPt

�1, 5.32 times higher than that of commercial
Pt/C catalyst. The great mass activity of Pt@DNHC for HER
could be possibly attributed to the small Pt nanoparticles
inducing large ECSA and the possible synergetic effect of the
nitrogen atoms.20 Tafel plots were further applied to get further
insight into the mechanism of HER, as shown in Fig. 5e. It is
evident that the resulting Tafel slopes are 29 and 39 mV dev�1

for Pt@DNHC and commercial Pt/C catalysts respectively, sug-
gesting that the HER process for both catalysts under acidic
conditions follows a Volmer�Heyrovsky mechanism.32,33 More-
over, the smaller Tafel slope for Pt@DNHC compared to Pt/C
indicates that the electrode reaction kinetics using Pt@DNHC
catalyst is also faster than that using commercial Pt/C catalyst.
Fig. 5f displays the brief HER process using Pt@DNHC as
catalyst. Apart from the great electrocatalytic activity towards
HER induced by the well-distributed small Pt nanoparticles, the
designed Pt@DNHC catalyst is also expected to be highly stable
due to the interaction between the N-modied carbon atoms
and the Pt nanoparticles.14

We thus evaluated the stability of the synthesized Pt@DNHC
catalyst through I-t chronoamperometric response at a current
density of 10 mA cm�2 in 0.5 mol L�1 H2SO4 solution, as dis-
played in Fig. 6a. It can be clearly seen that the current density
has no obvious change aer the successive operation of HER for
Fig. 6 (a) I–t chronoamperometric response at a current density of 10
mA cm�2 in 0.5 mol L�1 aqueous H2SO4. (b) Polarization curves of
Pt@DNHC and commercial Pt/C before and after 5000 continuous CV
cycles. (c) Tafel plots and (d) mass activity of Pt@DNHC and
commercial Pt/C catalysts after 5000 continuous CV cycles. The CV
cycles were scanned in 0.5 mol L�1 aqueous H2SO4 from 0 to 0.05 V
with a scan rate of 100 mV s�1. The inset in (d) is the mass activity of
Pt@DNHC and Pt/C at different overpotentials.

This journal is © The Royal Society of Chemistry 2020
10 h, indicating the superior stability of the synthesized
Pt@DNHC. Such an electrochemical stability of Pt@DNHC
could be possibly attributed to the immobilization of Pt nano-
particles to the nitrogen sites of DNHC, on which Pt nano-
particles nucleate and are anchored strongly.

A comparison of the stability of Pt@DNHC with that of
commercial Pt/C catalyst was also made to evaluate its practical
applications. Fig. 6b shows the HER polarization curves of
Pt@DNHC and commercial Pt/C catalysts aer 5000 continuous
CV cycles in the range of 0 and 0.06 V at room temperature in
0.5 mol L�1 H2SO4 aqueous solutions with a scan rate of 100 mV
s�1. It is apparent that the HER performance decay of
Pt@DNHC is less signicant compared to commercial Pt/C
catalyst as evidenced by the shi of onset potential and over-
potential at a certain current density for both samples. Specif-
ically, the onset potential had no obvious shi and the
overpotential at a current density of 20 mA cm�2 was negatively
shied by 1 mV for Pt@DNHC aer 5000 continuous CV cycles,
whereas both onset potential and overpotential at 10 mA cm�2

were negatively shied by 5.0 mV for commercial Pt/C catalyst,
indicating the higher stability of Pt@DNHC compared to
commercial Pt/C catalyst. In addition, Tafel slopes for both
Pt@DNHC and Pt/C catalysts (Fig. 6c) aer 5000 continuous CV
cycles are close to the initial values, suggesting no obviously
signicant changes in HER mechanism and process. Moreover,
the mass activities of Pt@DNHC and commercial catalysts aer
5000 continuous CV cycles are plotted in Fig. 6d for a direct
comparison of the performance decay. It was observed that the
mass activity of Pt@DNHC is about 5.57 times higher than that
of commercial Pt/C and the difference in mass activity for
Pt@DNHC and Pt/C became larger than the initial values, sug-
gesting that the HER performance decay of commercial Pt/C
catalyst is more marked than that of the synthesized Pt@DNHC.

It was hypothesized that the superior electrochemical
stability of Pt@DNHC could be attributed to the immobilization
of Pt nanoparticles on the surface of DNHC through modica-
tion with the doping nitrogen atoms, which in turn prevents the
deposited Pt nanoparticles from aggregation. To conrm this
hypothesis, TEM images of Pt@DNHC and commercial Pt/C
catalysts aer 5000 continuous CV cycles are displayed in
Fig. 7. Visual inspection has allowed drawing the qualitative
conclusion that the size of Pt nanoparticles remains quite
uniform for Pt@DNHC and the aggregation of Pt nanoparticles
Fig. 7 TEM images of Pt/DNHC (a) and commercial Pt/C (b) catalysts
after 5000 continuous CV cycles in 0.5 mol L�1 H2SO4 aqueous
solution. The insets are statistical results of the average diameters from
the respective TEM images.
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is clearly observed for commercial Pt/C catalyst aer 5000
continuous CV cycles. The average diameter of Pt nanoparticles
for Pt@DNHC increased from the initial value of 1.8 to 2.2 nm
aer 5000 continuous CV cycles whereas it increased from 2.8 to
3.9 nm for commercial Pt/C catalyst, resulting in the more
stable HER performance of Pt@DNHC than that of commercial
Pt/C catalysts.

Conclusions

A platinum-based electrocatalyst for the HER was synthesized
through in situ deposition of Pt nanoparticles on the surface of
a pre-synthesized DNHC support. To have better porous struc-
ture of the support and good distribution of the deposited Pt
nanoparticles, surface-attached poly(4-vinylpyridine) mono-
layers on silica nanoparticles via surface-attached ATRP tech-
nique were applied as precursor and the silica templates were
nally removed aer carbonization. Beneting from the porous
structure and the good distribution of nitrogen, the deposited
small Pt nanoparticles were well distributed on the carbon-
based support with relatively low Pt loading of about 8.6 wt%
due to the possible strong interaction between Pt and high-
energy vacancies provided by the N-implemented defects.
Such a small particle size of the deposited Pt nanoparticles
resulted in a large ECSA of the synthesized catalyst compared to
a commercial Pt/C catalyst with Pt loading of 20 wt%. Accord-
ingly, the synthesized catalyst exhibited a better electrocatalytic
activity and electrochemical stability for the HER compared
with the commercial Pt/C catalysts. The results described
demonstrate that the composite of Pt nanoparticles on DNHC
support could be an effective and practical electrocatalyst for
hydrogen evolution reaction with reduced Pt loading and
improved stability compared with commercial Pt/C catalysts.

Conflicts of interest

The authors declare no competing nancial interest.

Acknowledgements

This work was supported by the Natural Science Foundation of
China (21576216 and 21878239) and the National Key R&D
Program of China (2018YFA0702001).

References

1 J. H. Wang, W. Cui, Q. Liu, Z. C. Xing, A. M. Asiri and
X. P. Sun, Adv. Mater., 2016, 28, 215–230.

2 X. J. Zhou, J. L. Qiao, L. Yang and J. J. Zhang, Adv. Energy
Mater., 2014, 4, 25.

3 V. Vij, S. Sultan, A. M. Harzandi, A. Meena, J. N. Tiwari,
W. G. Lee, T. Yoon and K. S. Kim, ACS Catal., 2017, 7,
7196–7225.

4 J. X. Feng, S. Y. Tong, Y. X. Tong and G. R. Li, J. Am. Chem.
Soc., 2018, 140, 5118–5126.

5 P. Wang, X. Zhang, J. Zhang, S. Wan, S. Guo, G. Lu, J. Yao and
X. Huang, Nat. Commun., 2017, 8, 14580.
936 | RSC Adv., 2020, 10, 930–937
6 Y. Jiao, Y. Zheng, M. T. Jaroniec and S. Z. Qiao, Chem. Soc.
Rev., 2015, 44, 2060–2086.

7 C. R. Jiang, S. J. A. Moniz, A. Q. Wang, T. Zhang and
J. W. Tang, Chem. Soc. Rev., 2017, 46, 4645–4660.

8 Y. Zheng, Y. Jiao, A. Vasileff and S. Z. Qiao, Angew. Chem., Int.
Ed., 2018, 57, 7568–7579.

9 J. Deng, W. T. Yuan, P. J. Ren, Y. Wang, D. H. Deng, Z. Zhang
and X. H. Bao, RSC Adv., 2014, 4, 34733–34738.

10 J. Greeley, T. F. Jaramillo, J. Bonde, I. B. Chorkendorff and
J. K. Norskov, Nat. Mater., 2006, 5, 909–913.

11 I. Lee, Q. Zhang, J. Ge, Y. Yin and F. Zaera, Nano Res., 2010, 4,
115–123.

12 J. Ying, X.-Y. Yang, Z.-Y. Hu, S.-C. Mu, C. Janiak, W. Geng,
M. Pan, X. Ke, G. Van Tendeloo and B.-L. Su, Nano Energy,
2014, 8, 214–222.

13 C. H. Wang, F. Hu, H. C. Yang, Y. J. Zhang, H. Lu and
Q. B. Wang, Nano Res., 2017, 10, 238–246.

14 A. Oh, Y. J. Sa, H. Hwang, H. Baik, J. Kim, B. Kim, S. H. Joo
and K. Lee, Nanoscale, 2016, 8, 16379–16386.

15 S. K. Srivastava, J. S. del Rio, C. K. O'Sullivan, C. Ogino and
A. Kondo, RSC Adv., 2014, 4, 48458–48464.

16 L. Pan, G. Yu, D. Zhai, H. R. Lee, W. Zhao, N. Liu, H. Wang,
B. C. Tee, Y. Shi, Y. Cui and Z. Bao, Proc. Natl. Acad. Sci. U. S.
A., 2012, 109, 9287–9292.

17 W. J. Zhou, J. Jia, J. Lu, L. J. Yang, D. M. Hou, G. Q. Li and
S. W. Chen, Nano Energy, 2016, 28, 29–43.

18 Y. Jiao, Y. Zheng, K. Davey and S. Z. Qiao, Nat. Energy, 2016,
1, 9.

19 P. Trogadas, T. F. Fuller and P. Strasser,Carbon, 2014, 75, 5–42.
20 T. Holme, Y. Zhou, R. Pasquarelli and R. O'Hayre, Phys.

Chem. Chem. Phys., 2010, 12, 9461–9468.
21 Y. Zheng, Y. Jiao, L. H. Li, T. Xing, Y. Chen, M. Jaroniec and

S. Z. Qiao, ACS Nano, 2014, 8, 5290–5296.
22 J. Y. He, Y. Q. Zou and S. Y. Wang, Dalton Trans., 2019, 48,

15–20.
23 C. Galeano, J. C. Meier, M. Soorholtz, H. Bongard,

C. Baldizzone, K. J. J. Mayrhofer and F. Schüth, ACS Catal.,
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