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A novel hierarchical structure was fabricated by integrating gold nanoparticles (AuNPs) on nitrogen-
doped carbon nanorods encapsulating carbon nanofibers (AuNPs@NCNRs/CNFs), and the composite was
demonstrated as an electrocatalyst for the hydrogen evolution reaction (HER). First, polyaniline nanorods
(PNRs) were grown on the surfaces of the CNFs, and the PNR/CNF hybrids were then decorated with
small, well-dispersed and size-controlled AuNPs. The morphology, structure and chemical states of the
AuNPs@NCNRs/CNFs hybrids were characterized by field emission scanning electron microscope
(FE-SEM), transmission electron microscope (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The AuNPs@NCNRs/CNFs can be used directly as an electrode and exhibit good HER
activity with a relatively low onset potential of 126 mV, a Tafel slope of 93 mV dec™! and remarkable
durability in 0.5M H,SO4. The enhancement of the HER activity could be attributed to the synergetic

effect between the nitrogen-doped carbon fibers and the AuNPs.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Developing new electrocatalysts to produce renewable and
clean energy from abundant and easily accessible resources is
among the most challenging and demanding tasks for today’s
scientists and engineers. Due to its high calorific value and the fact
that it is clean, pollution-free, environmentally friendly, and
produces low-carbon energy, hydrogen is considered one of the
most promising green energy sources of the 21st century [1,2].
Thus, the ability to effectively produce hydrogen has become one of
the most active research areas [3]. The ability to electrochemically
split water into hydrogen and oxygen has been realized for over
200 years. Nonetheless, highly effective, earth-abundant catalysts
for the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) are still in high demand [4]. Thus far, noble metal
catalysts, which are comprised of industrial and platinum group
metals, have been the most widely used electrocatalytic materials
and remain the most efficient catalysts for the HER, capable of
driving significant currents close to their thermodynamic poten-
tials.

To enhance the electrocatalytic activity of carbon-based
materials, many heteroatom-doped carbon-based materials have
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been extensively studied. For example, Nitrogen and phosphorus
dual-doped graphene has been discovered to be an efficient HER
catalyst, which showed significantly improved electrochemical
performance compared with single doped counterparts [5]. Cobalt
and nitrogen co-doped nanocarbons were also studied and found
that it exhibited a remarkable electrocatalytic activity toward HER
and stability at all pH value (pH 0-14) [6,7]. Typically, rich reserves
of 3d transition metals (TMs) on the earth such as Fe, Co and Ni
have been proven to be promising catalytic materials for HER in
alkaline conditions [8-12]. However, 3d TMs are unstable in acidic
conditions, thus limiting their application [13]. Due to the good
catalytic activity and stability, AuNPs have proven to be a good
catalyst for HER [14,15].

For a long time, the applicability of non-metallic catalysts to
water splitting was overlooked. Zou et al. have summarized some
noble metal-free catalysts for HER and indicate that the non-
precious-metal catalysts exhibit promising and appealing appli-
cations in water splitting [16]. In recent studies, nitrogen-
containing carbon materials have received increasing attention
because nitrogen incorporation enhances the electron-donor or
basic capacities of the carbon material, thereby enhancing its
electrocatalytic activity [17]. According to previous reports, the
electrocatalytic performance of the nitrogen-doped carbon mate-
rials based on different nitrogen sources is obviously diverse [18].
The enhanced catalytic activity of these materials can be associated
with lone electron pairs of the pyridinic Ns and the presence of
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more electrons in the delocalized m-orbitals of the carbon
framework (due to the higher number of electrons from the
nitrogen atoms*) [19]. Nitrogen-doped carbon materials are widely
used in the oxygen reduced reaction (ORR) but rarely for the
hydrogen evolution reaction (HER). [20-22] We propose modifying
nitrogen-doped carbon materials with a metal to improve the
overall current density of the HER. Due to the advantages of fine
particle and size controllability, AuNPs have been widely used in
sensors [23], electrochemical biorecognition-signaling systems
[24], Fenton reactions by light, [25] the ORR [26], etc., but rarely for
the HER.

Herein, we attempted to design a new structure by integrating
AuNPs on nitrogen-doped carbon nanorods encapsulating carbon
nanofibers (AuNPs@NCNRs/CNFs) as the electrode material for the
HER. In the present investigation, polyaniline nanorods (PNRs)
were first grown on the surfaces of CNFs, and the PNR/CNF hybrid
were then decorated with small, well-dispersed and size-
controlled AuNPs. The AuNPs@NCNRs/CNFs were prepared
through chemical complexation followed by a carbonization
process. The associated morphology, microstructure and electro-
catalytic performance were further investigated and are discussed
below.

2. Experimental
2.1. Materials

Polyacrylonitrile (PAN), perchloric acid (HCIO4), aniline, di-
methyl formamide (DMF), and thioglycolic acid (TA) were all
purchased from Aladdin Chemistry Co., Ltd. Ammonium persulfate
(APS) and chloroauric acid (HAuCl-4H,0, 99.9%) were purchased
from Shanghai Civi Chemical Technology Co., Ltd. All of the
reagents were used without further purification. Deionized water
(DIW, 18.2 M{)) was used for all solution preparations.

2.2. Preparation of PAN-based carbon nanofibers (CNFs)

Typically, 5 g of PAN powder was dissolved in 45 ml DMF under
magnetic stirring at 65°C and then electrospun into PAN nano-
fibers. The voltage, distance and fluid flow rate were 15kV, 20 cm
and 0.6 ml h™!, respectively. Subsequently, the CNFs were prepared
by pre-oxidation at 280°C in air and subsequent carbonization of
the PAN nanofibers under Ar atmosphere at 1000°C. The heating
rate was 5°Cmin~" in both cases.

2.3. Fabrication of NCNRs/CNFs

The PANI nanorod (PNR)/CNF nanostructures were first
synthesized through an in situ reaction between the CNFs and
an aniline solution under nitrogen protection. The typical steps of
this process are as follows: 50 mg CNFs were added to a 0.01 M
aniline monomer solution under mild stirring, after which 4 ml of
perchloric acid was added to the unreacted suspension. After
stirring for 20 min, 1 ml of anhydrous ethanol was dropped slowly
into the mixture. Next, 40 ml of 0.04 M APS solution was added to
the suspension drop by drop, and polymerization was accom-
plished via an ice bath. When the solution became blackish green,
the mixture was stirred mildly for another 5-6h. Finally, the
resulting PNRs/CNFs were washed with deionized water and
anhydrous ethanol three times and dried for 36 h at 30°C. The
nitrogen-doped carbon nanorods (NCNRs)/CNFs were obtained by
calcining the PNRs/CNFs under the protection of Ar gas.

2.4. Fabrication of AuNPs@NCNRs/CNFs

First, 200 mg of PNRs/CNFs was added to 1M ammonia for
30 min and then washed with deionized water and ethanol several
times. The resulting samples were mixed with 0.6g TA solution
under mild stirring for 1 h. The mixture was then re-dispersed in

Fig. 1. FE-SEM and TEM images of (a, b) PNRs/CNFs, and (c, d) NCNRs/CNFs.
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deionized water, and 8 ml of a 10 M HAuCl, solution was slowly
added to the mixture drop by drop. The reaction was slowly stirred
for 24h at room temperature, and the obtained product was
repeatedly washed with deionized water and ethanol. Then, the
obtained products were calcined at 800°C for 2h under an Ar
atmosphere. In this process, HAuCl, was reduced to metallic
AuNPs, which grew on the surfaces of the NCNRs/CNFs.

2.5. Electrochemical characterizations

The catalyst inks were prepared by dispersing 3 mg of each
catalyst into 1 ml isopropanol/water solution (75/25 volumetric
ratio), and 25 .l Nafion solution (5 wt%, Alfa Aesar) was added to
the ink as a proton-conducting binder to ensure suitable adhesion
onto the electrode. The catalyst ink was ultrasonicated for 30 min
to generate a homogeneous ink. Then, 5 pl of each catalyst ink was
transferred onto a glassy carbon electrode (® 3 mm) that was
previously buff-polished using an alumina suspension. The catalyst
loading on the working electrode was 212 g cm 2 after drying at
60°C for 30 min.

Electrochemical experiments were performed with an electro-
chemical workstation (CHIG60E) equipped with a typical three-
electrode configuration accompanied by gas flow systems at 25 °C.
Platinum mesh was used as the counter electrode. A saturated
calomel electrode (SCE) (Hg/HgCl, in saturated KCl), which has
been calibrated by standard hydrogen electrode, served as the
reference electrode with respect to the 0.5M H,SO,4 electrolyte. A
glassy carbon electrode coated with catalytic ink was directly
utilized as the working electrode. The electrolyte was degassed by
bubbling with Ar for 30 min prior to the start of each experiment.

2.6. Characterizations

Field emission scanning electron microscopy (FE-SEM) images
were characterized using JSM-6700F FE-SEM instrumentation
(JEOL, Japan) and an acceleration voltage of 3 kV. Transmission
electron microscopy (TEM) images were taken using a JSM-2100
transmission electron microscope (JEOL, Japan) at an acceleration
voltage of 200kV. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images, STEM map-
ping, and line-scan energy dispersive X-ray spectroscopy (EDX)
images were recorded using STEM instrumentation (Tecnai G2
F30S-Twin, Philips-FEI) and an acceleration voltage of 300 kV. X-
ray diffraction (XRD) patterns were analyzed using a Bruker AXS
D8 DISCOVER X-ray diffractometer with Cu K, radiation
(A=1.5406A) at a scanning rate of 0.02 20 s~ ! in the 26 range
of 10-80°. X-ray photoelectron spectra of the products were
recorded using an X-ray photoelectron spectrometer (Kratos Axis

Ultra DLD) with an Al (mono) K, source (1486.6 eV). The Al K,
source was operated at 15kV and 10 mA.

3. Results and discussion

The morphology of pure CNFs is shown in Fig. S1a and S1b, and
the CNFs exhibit smooth surfaces and diameters ranging from 160
to 280 nm. After the growth of PANI, nanorod-like PANI aligns
vertically on the surfaces of the CNFs (Fig. 1a and 1b), leading to the
formation of rough surfaces. Subsequently, after carbonization of
the as-obtained PNRs/CNFs, the NCNRs/CNFs nanostructures were
fabricated. As shown in Fig. 1c and 1d, the NCNR arrays grow
throughout the CNF surfaces, and all CNFs are encapsulated with
NCNR arrays. Associated STEM-EDS mapping images (Fig. 2)
suggest that carbon and nitrogen are uniformly distributed
throughout the CNFs, indicating that the CNFs are completely
surrounded by the grown NCNRs. The EDS line-scan spectra
confirm the uniform distribution of carbon and nitrogen through-
out the CNFs. This unique structure and nitrogen-doping will be
advantageous for enhancing the electrocatalytic performance for
the HER.

XPS was used to further investigate the surface compositions
and chemical states of NCNRs/CNFs (Fig. 3a, 3b). The XPS survey
spectrum of NCNRs/CNFs exhibits three peaks corresponding to C
1s,N 1s and O 1s (Fig. S2). As shown in Fig. 3a, the C 1s spectrum of
NCNRs/CNFs can be fitted into three main peaks with binding
energies of 284.6, 285.2 and 286.2 eV, which are attributed to C
(sp?), C (sp®) and C—OH/C—N, respectively. In Fig. 3b, the N1s
spectrum can be de-convoluted into three peaks, pyridinic N
(398.2eV), pyrrolic or pyridonic N (400.3eV) and quaternary N
(401.0eV) and the percentage of these three types of nitrogen
atoms are 36.10%, 35.22%, and 28.57%, respectively [27]. The
presence of quaternary N within the graphitic structure is expected
to enhance the conductivity of carbon materials. The XPS results
show that the nitrogen content is as high as 8.02%. The accessible
pyridinic N, pyrrolic and pyridonic N should provide chemically
active sites for the HER and can strongly enhance the associated
electrocatalytic activity for the HER [28-30].

The HER performance of the PNRs/CNFs and NCNRs/CNFs is
shown in Fig. 4 The catalysts were coated on a glassy carbon
electrode, and the tests were conducted with a typical three-
electrode cell system in a 0.5 M H,SO4 electrolyte. Fig. 4a shows the
linear sweep voltammogram (LSV) of the samples, and the pure
CNFs basically exhibit no HER performance. Own to the onset
overpotential is actually a poorly-defined term thus we define
onset overpotential as the potential when the current density is
0.5mAcm~2 [16]. Compared with PNRs/CNFs, NCNRs/CNFs exhibit
substantially improved electrocatalytic activity with lower onset

0.05 0.10 0.5 020 0.25 0.30
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Fig. 2. HAADF-STEM and STEM-EDS mapping images of NCNRs/CNFs.
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Fig. 3. (a) XPS survey spectra of NCNRs/CNFs, (b) C1s and (c) N1s XPS spectra of NCNRs/CNFs. (d) XRD patterns of CNFs, PNRs/CNFs and NCNRs/CNFs.
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Fig. 4. (a) Polarization performance curves of CNFs, PNRs/CNFs and NCNRs/CNFs recorded in 0.5 M H,S0, at a scan rate of 2mV s~ . (b) The corresponding Tafel plots of the

various electrodes.

overpotentials of approximately 326 mV, while the onset potential
of PNRs/CNFs are approximately 446 mV (Fig. 4a). The Tafel slope
was determined by fitting the linear portions of the Tafel line. As
shown in Fig. 4b, the CNFs show a Tafel slope of 180 mV dec™?, and
the NCNRs/CNFs exhibit a Tafel slope of 130 mV dec™!, much lower
than that of the PNRs/CNFs (157 mV dec™!). The commercial Pt/C
control electrode exhibits the lowest slope, which is 30 mV dec™.
These results show that N-doping can promote the electrocatalytic
activities, leading to a relatively lower onset potential.

Durability is another important criterion for evaluating electro-
catalytic performance and guaranteeing sustainable hydrogen
production. To study the long-term stability of the NCNRs/CNFs, we
conducted continuous cyclic voltammetry from —0.8 to 0.2V vs
RHE at 50mVs~! in 0.5M H,SO4. As shown in Fig. 5, the results
suggest that after 1000 cycles, the catalyst still exhibits high
cycling stability with only a slight loss in the cathodic current,
suggesting the good stability of NCNRs/CNFs electrode.

We can conclude from the above results that nitrogen-doped
carbon material can be used as a catalytic material for hydrogen
evolution, but the onset potential is still relatively high, the current
density is low, and the Tafel slope is too high. Therefore,
introducing other catalysts is necessary to enhance the HER
performance. Combining good chemical stability with relatively
high HER activity [31], AuNPs were employed to further improve
the catalytic performance of the NCNRs/CNFs electrode.

The morphology of the AuUNPs@NCNRs/CNFs is shown in Fig. 6.
The size of the AuNPs on the NCNRs/CNFs can be adjusted by
changing the concentration of the HAuCl,. Therefore, apart from
adding 8 ml of 10 M HAuCl, solution, we also added 16 ml and
24 ml of the HAuCly solution to prepare different AUNPS@NCNRs/
CNFs products, and the three samples were labeled

AuNPs@NCNRs/CNFs-8, AuNPs@NCNRs/CNFs-16, and
AuNPs@NCNRs/CNFs-24. In addition, we also prepared Au nano-
particles doped carbon nanofiber (AuNPs/CNFs) as control (Fig. S3).
For the AuNPs@NCNRs/CNFs-8, uniform and small AuNPs are well
dispersed on the surfaces of NCNRs/CNFs, the AuNPs are the most
sparsely distributed, and the size of the AuNPs is the smallest
among the samples (Fig. 6a-f). With the increasing amount of
HAuCly, the particles become larger and their distribution becomes
denser. All the AuNPs are well dispersed throughout the NCNRs/
CNFs, and there are almost no aggregated AuNPs. The high-
resolution TEM (HR-TEM) image (Fig. 6g) clearly displays typical
AuNPs grown on the NCNRs/CNFs. As shown in Fig. 6g, the inter-
fringe distances of 0.14nm and 0.23 nm correspond to the (220)

2
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Fig. 5. The durability test after 1000 cycles of the NCNRs/CNFs.
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Fig. 6. FE-SEM and TEM images of the AuNPs@NCNRs/CNFs-8 (a), (b); AuNPs@NCNRs/CNFs-16 (c), (d); and AuNPs@NCNRs/CNFs-24 (e), (f); HR-TEM images of the
AuNPs@NCNRs/CNFs-2 (g), inset of (g) is the SAED pattern. (h) STEM, (i-k) STEM-EDS element mapping images of the AUNPs@NCNRs/CNFs.

and (111) planes of the AuNPs. The selected area electron
diffraction (SAED) pattern of the AuNPs@NCNRs/CNFs (inset of
Fig. 6g) reveals the polycrystalline diffraction rings indexed to the
(200), (111), (220), and (311) planes of fcc gold [23], indicating the
polycrystallinity of the AuNPs. To further explore the morphology
of the AUNPS@NCNRs/CNFs-16, the HAAD-STEM image and STEM-
EDS mapping are shown in Fig. 6h-k. The carbon and nitrogen can
be clearly observed throughout the NCNRs/CNFs, indicating the
successful synthesis of N-doped carbon. Fig. 6k exhibits the Au
element signals, and the green spot are well matched with the

morphologies of AuNPs in the mapping area (Fig. 6h), demonstrat-
ing the formation of AuNPs on the surfaces of NCNRs/CNFs.

The as-obtained samples were characterized by XPS to reveal
their chemical composition and states. The overall XPS survey
spectra of AuNPs@NCNRs/CNFs demonstrates the existence of
carbon, nitrogen and gold in the hybrid (Fig. S4). As shown in
Fig. 7a-c, for the Au 4f spectra (Fig. 7a), there are two significant
peaks located at 83.3 eV and 87.0 eV, which are in good agreement
with the binding energies of Au 4f;, and Au 4fs5, [31-33],
respectively. The C 1s spectrum of the AuNPs@NCNRs/CNFs-16 is
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similar to the C 1s spectrum of NCNRs/CNFs, and there are mainly
three carbon species present in the samples: C (sp?) (284.6eV),C
(sp*) (285.2eV) and C—OH/C—N (286.2 eV). The high resolution
N1s spectra of AuNPs@NCNRs/CNFs-16 can be deconvoluted into
four different peaks at binding energy of 397.3eV, 398.3eV,
400.0eV and 402.4 eV, corresponding to pyridinic-N, pyrrolic-N,
graphitic-N, and pyridinic-N-oxide [34,35], respectively. In addi-
tion, these peaks can be ascribed to the sp?-hybridized nitrogen
involved in triazine rings (C—N=C), the tertiary nitrogen N-(C)s
groups, the free amino groups (C-N-C), and mr-excitations,
respectively. The percentages of the four types of nitrogen atoms
are 18.07%, 15.20%, 47.43%, and 19.30%, respectively.

The XRD pattern of the AUNPs@NCNR/CNF hybrids shows four
sharp peaks located at 38.1°,44.1°, 64.6°, and 77.4°, and they can be
indexed to the (111), (200), (220), and (311) planes of fcc gold
(JCPDS: 65-2870), respectively, [36,37] which is in good agreement
with the HR-TEM image and the SAED pattern (Fig. 6g). These
results further verify that the AuNPs@NCNRs/CNFs were success-
fully prepared. The CNFs exhibit a sharp peak at 24.8° and a small
broad peak at 43.8°, corresponding to the (002) and (100)
reflections of the pure graphitic lattice of CNFs (JCPDS, No. 75-
1621). The PNRs/CNFs not only show the characteristic peaks of
CNFs but also exhibit a small characteristic PANI peak at
approximately 20°, corresponding to the (110) plane and indicating
the successful growth of PANI on the surface of the CNFs [33]. After
the carbonization, the peaks of the (002) and (100) planes of
NCNRs/CNFs become sharp, and the (110) plane of PANI disappears,
suggesting the formation of N-doped carbon nanostructures and
increases in the degrees of crystallization and graphitization [38].
However, the (002) peak shifted from 20=24.8> to 26=23.6°,
which may be related to changes in the structures or valence of the
carbon in the hybrid films after nitrogen doping [39,40].

The HER performance of the AuNPs@NCNRs/CNFs with differ-
ent sizes of AuNPs was measured in an Ar-saturated 0.5M H,SO,4
solution using a conventional three-electrode system. The
AuNPs@NCNRs/CNF-modified GCE (® 3mm) was used as the

working electrode, a platinum mesh was used as the counter
electrode, and a saturated calomel electrode (SCE) (Hg/HgCl, in
saturated KCl), which has been calibrated by standard hydrogen
electrode, served as the reference electrode. Fig. 8 (a) shows the
LSV of the different samples. Compared with CNFs, PNRs/CNFs and
NCNRs/CNFs, the AuNPs@NCNRs/CNFs exhibit much lower onset
potentials and higher current densities. The onset overpotentials of
AuNPs@NCNRs/CNFs-8, AuNPs@NCNRs/CNFs-16, and
AuNPs@NCNRs/CNFs-24 are 190 mV, 126 mV and 179 mV, respec-
tively. For the AuNPs@NCNRs/CNFs-8 electrode, deliver a current
density of 10mAcm™2 requires approximately 386 mV, and the
AuNPs@NCNRs/CNFs-24 require approximately 322 mV to deliver
a current density of 10mAcm~2. The AuNPs@NCNRs/CNFs-16
exhibit the lowest onset potential of approximately 126 mV, upon
which the cathodic current density increases rapidly at more
negative potentials, and this electrode material requires 288 mV to
deliver a current density of 10mAcm~2 (see Table 1), suggesting
superior HER activity. The electrocatalytic property of AuNPs/CNFs
is poorer than AuNPs@NCNR/CNFs. The onset overpotential of
AuNPs/CNFs is 226 mV and it requires 425 mV to deliver a current
density of 10mAcm 2, respectively. The Pt/C electrode shows
extraordinary HER activity with an onset potential of approxi-
mately 0 V. Meanwhile, the combination of the AuNPs with NCNRs/
CNFs indeed improves the HER activity, which is close to that of Pt/
C catalysts.

As shown in Fig. 8b, the Tafel slopes of the AuNPS@NCNRs/
CNFs-8, AuNPs@NCNRs/CNFs-24 and AuNPs@NCNRs/CNFs-16 are
110mVdec !, 102mVdec !, 93 mV dec™ !, respectively, which are
much lower than those of the CNFs (180 mV dec™!), PNRs/CNFs
(157mVdec™!), NCNRs/CNFs (130mVdec™!) and AuNPs/CNFs
(121 mVdec™!). The lower Tafel slopes mean faster kinetics for
the HER [41,42].

Electrochemical impedance spectroscopy (EIS) measurements
were conducted to investigate (performed at —0.2V vs RHE) the
electrode kinetic during HER process. [43-45] The representative
Nyquist plots of the electrocatalysts were shown in Fig. S5. The
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Fig. 8. (a) HER activity of the different catalysts in 0.5M H,SO4 at a scan rate of 2mV s, (b) Tafel plots of the synthesized samples, (c) the durability test of the three
AuNPs@NCNRs/CNFs, (d) chronoamperometric response (i-t) of the different AuUNPs@NCNRs/CNFs at a constant applied potential of —0.5V vs RHE.

semicircle in the Nyquist plot of the samples represents the charge
transfer process on the interface between electrocatalyst and
electrolyte, which are comprised of charge transfer resistance (Rc)
and corresponding capacitance. In general, R value varies
inversely to the electrocatalytic activity. Fig. S5 shows a decreased
charge-transfer resistance (R.) for AUNPs@NCNRs/CNFs-16 rela-
tive to AUNPs@NCNRs/CNFs-24 and AuNPs@NCNRs/CNFs-8, indi-
cating the smaller charge transfer resistance of AUNPs@NCNRs/
CNFs-16, and such a low R indicating its high electrocatalytic
activity for HER. The calculated TOF values of the AuNPs@NCNRs/
CNFs-8, AUNPs@NCNRs/CNFs-16 and AuNPs@NCNRs/CNFs-24 are
0.023s7 1, 0.049s! and 0.032s~!, respectively, which are well
consistent with the experimental measured polarization curves
(see the details in the Supporting Information).

To study the long-term stability of the AuUNPs@NCNRs/CNFs and
NCNRs/CNFs, we conducted continuous cyclic voltammetry from
—0.8t0 0.2V vs RHE at 50 mVs~! in 0.5 M H,S0,. The results show
that after 1000 cycles, the catalysts exhibit high cycling stability
with only a slight loss in the cathodic current, suggesting that the
AuNPs@NCNRs/CNFs and NCNRs/CNFs electrodes exhibit good
stability (Fig. 8c). The AuNPs@NCNRs/CNFs mat were used directly
as an electrode, and the amperometric i-t curves at —0.5V vs RHE
were performed continuously for 10 h using AUNPs@NCNRs/CNFs-
8, AUNPs@NCNRs/CNFs-16 and AuNPs@NCNRs/CNFs-24 mat as the
working electrodes. As show in Fig. 8d, the current density of these
electrodes remained stable for 10h, and the slight decrease in
current density could be ascribed to the continuously released

Table 1

Summary of the HER electrocatalytic activity the synthesized catalysts.
catalyst b (mV dec™) n(mv) 10 (MV)
AuNPs@NCNRs/CNFs-8 110 190 386
AuNPs@NCNRs/CNFs-16 93 126 288
AuNPs@NCNRs/CNFs-24 102 179 322

bubbles generated on the surface of the electrodes. The morphol-
ogies of the AUNPs@NCNRs/CNFs-8, AuNPs@NCNRs/CNFs-16 and
AuNPs@NCNRs/CNFs-24 after electrocatalysis were characterized
with FE-SEM (Fig. S6) and found that there is no significant change,
furthermore indicating the good stability of the catalysts. This
excellent durability shows promise for practical long-term
applications of the catalysts. In addition, to ensure the reproduc-
ibility of the results, we conducted repeated experiments of the
electrochemical measurements and the results indicate that the
synthesized materials exhibit good repeatability (see Table 4 in the
Supporting Information).

The Pt residues during the electrocatalytic measurements may
significantly affect the electrocatalytic parameters. Consequently,
to rule out the effect of possible Pt residue in the electrolyte, we
performed the electrochemical measurements of AuNPS@NCNR/
CNFs using Pt-mesh and carbon rod as counter electrode,
respectively. The onset overpotentials of AuNPs@NCNRs/CNFs-8,
AuNPs@NCNRs/CNFs-16, and AuNPs@NCNRs/CNFs-24 using car-
bon rod as counter electrode are 197 mV, 159 mV and 183 mV,
respectively (Fig. S7). They are very close to those obtained using
Pt-mesh as counter electrode, indicating that there is nearly no Pt
residues influencing the electrochemical measurement.

The HER performance of AuNP-decorated NCNRs/CNFs is better
than the bare PNRs/CNFs and NCNRs/CNFs due to the strong
synergetic effects between AuNPs and the N-doped carbon
nanofiber. The introduced AuNPs enhance the electron density
and reduce the free energy of the hydrogen atoms and the
potentials for hydrogen generation [4].

4. Conclusions

In the present investigation, a novel hierarchical structure has
been demonstrated by integrating AuNPs on nitrogen-doped
carbon nanorods/carbon nanofibers, serving as electrocatalyst
for the HER. The PNRs were first grown on the surfaces of CNFs, and
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the PNR/CNF hybrids were then decorated with small, well-
dispersed and size-controlled AuNPs. The morphologies, nano-
structures and chemical states were investigated by SEM, TEM,
XRD and XPS. Electrochemical investigations demonstrate that the
AuNPs@PNRs/CNFs can be used directly as electrodes and exhibit
good HER activity with relatively low onset potentials, Tafel slopes
and remarkable durability in 0.5 M H,SO,4. The HER performance of
AuNP-decorated NCNRs/CNFs is much better than the PNRs/CNFs
and NCNRs/CNFs due to the strong synergetic effects between
AuNPs and N-doped carbon nanofibers. The introduction of AuNPs
enhances the electron density and reduces both the free energy of
the hydrogen atoms and the potentials for hydrogen generation.
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