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Abstract

In this paper, Ag nanoparticles wrapped by N-doped carbon (Ag@NC) was successfully synthesized via a simple aging-
pyrolysis-replacement strategy by using PVP/ZIF-8 as precursor. The synthesized Ag@NC was used as electrocatalyst for
hydrogen evolution reaction (HER). After being carefully researched, Ag@NC exhibits excellent HER activity with a low
onset potential of 189 mV and a small Tafel slope of 68.62 mV dec™'. Ag@NC also shows outstanding long-term stability.
The superior HER performance of Ag@NC may be attributed to the synergistic effects between the Ag nanoparticles and
N-doped carbon matrix. Ag@NC is expected to be used in the energy chemistry field.
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1 Introduction

Traditional energy, such as oil, coal, natural gas, petroleum,
kerosene, have been widely used in our live and industry
during the past few decades. They highly improve our living
standard. But they also produce harmful byproducts during
consumption, such as SiO,, NO, and CO [1, 2]. It is urgent
to generate clean and renewable energy source. Hydrogen,
as one of eco-friendly and sustainable energies, is possi-
ble to replace the traditional energy and can be obtained by
splitting water via electrochemical method [3, 4]. As an effi-
cient way to produce hydrogen, hydrogen evolution reaction
(HER) has attracted great attention and been widely stud-
ied. Many researchers have devoted themselves to explor-
ing catalysts with superior HER performance. For example,
Zhou et al., adopted hydrothermal reaction and subsequent
selenylation process to fabricate self-assembled CoSe,
nanocrystals embedded into carbon nanowires (CoSe, @
CNW)s electrocatalyst, which exhibited with a small Tafel
slope of 41.3 mV dec™! and a low onset potential of ~ 130
mV [5]. Chu and his partners have successfully synthesized
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carbon coated nickel-nickel oxide composites (Ni/NiO@C/
GR-t-w) by directly carbonization of the composites of Ni-
MOF-74 and graphene oxide (GO). They found that when
the composites contained 8% of GO and carbonized at 900
°C, it exhibited the best electrocatalytic properties with an
lower overpotential of 108 mV and a smaller Tafel slope of
44 mV dec™' [6].

Metal-organic frameworks (MOFs), constructed by metal
centers and organic ligands, have large surface areas, tunable
pore size, regular void spaces [7-9]. They are widely used
in various fields, such as drug delivery, as storage/separa-
tion, and catalysis [10-12]. Many researchers also adopted
MOFs materials as precursors to fabricate metals/carbon
hybrid materials through directly carbonization them at high
temperature under inert atmosphere and explored their elec-
trocatalytic properties [13, 14]. They found that this metals/
carbon hybrid materials have high surface area and exhibit
excellent conductive and catalytic performances. For exam-
ple, Lin et al., synthesized MOFs derived cobalt diselenide
(MOF-CoSe,) via in-situ selenization of Co-based MOFs
and explored its HER performance. The obtained MOF-
CoSe, exhibits a small Tafel slope of 42 mV dec ™' and a
low onset potential of 150 mV [15]. Xu and his cooperators
adopted the Mo-based polyoxometalate-anion-incorporated
as precursor to synthesize carbon-layer-coated Ni-decorated
hollow molybdenum carbide structures [16]. The synergistic
effect of the unique composition and configuration makes it
exhibiting remarkable HER properties and stabilities.
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Here, we, for the first time, adopted PVP/ZIF-8 as pre-
cursor to prepare Ag nanoparticles wrapped by N-doped
carbon (Ag@NC) via a simple aging-pyrolysis-replacement
strategy and explored its catalytic properties when it was
used as catalyst for HER. The organic ligands of PVP/ZIF—8
were removed and transformed into porous carbon at high
temperature. Zn>*, containing in ZIF—8, was reduced into
Zn at high temperature under H,/Ar atmosphere. Then, Zn
atoms, containing in porous carbon, were replaced by Ag *to
prepare Ag nanoparticles wrapped by N-doped carbon (Ag@
NC). Ag nanoparticles act as active sites and porous carbon
can transport of ions and electrons when Ag@NC is used as
electrocatalyst. After being carefully researched, Ag@NC
exhibited excellent HER properties with a low onset poten-
tial of 189 mV and a small Tafel slope of 68.62 mV dec™".
Ag@NC also shown long-term stability.

2 Experimental
2.1 Chemicals

2-methylimidazole (C,H¢N,), zinc nitrate hexahydrate
(Zn(NOy),-6H,0), silver nitrate (AgNO;), methanol, etha-
nol, and polyvinyl pyrrolidone (PVP, k30) were all analytical
reagent and obtained from Sinopharm Chemical Reagent Co.
Ltd. All of chemicals were directly used without any further
treatment. Distilled water was used in this experiment.

2.2 Preparation of Ag nanoparticles wrapped
by N-doped carbon

Ag nanoparticles wrapped by N-doped carbon (Ag/NC, NC
is the N-doped carbon) was prepared including the fabrica-
tion of PVP/ZIF-8, carbonization of PVP/ZIF-8, formation
of Ag@NC.

The fabrication of PVP/ZIF-8: Firstly, 3.32 g of C,H¢N,
and 10 g of PVP were dissolved in 100 ml of CH;0H to
form a homogeneous A solution. 3 g of Zn(NO5),-6H,0 was
dissolved in 100 ml of CH;OH to form a homogeneous B

an*

Hz/Ar

800 °C/2h

2- methyllmldazole

PVP/ZIF-8

Fig. 1 Schematic diagram for the formation of Ag@NC
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solution. Then, A solution was slowly dropped into A solu-
tion under vigorous stirring. The mixture solution were aged
at room temperature for 20 h to form PVP/ZIF-8. Finally, the
formed PVP/ZIF-8 was centrifuged, washed with ethanol for
three times, and dried at 60 °C for 6 h.

Carbonization of PVP/ZIF-8: The formed PVP/ZIF-8 was
directly carbonized at 800 °C for 2 h with the heating rate of
2 °C/min under H,/Ar [V(H,): V(Ar)=1:9] atmosphere to
prepare the Zn@NC nanoparticles.

Formation of Ag@NC: Ag/NC nanoparticles were pre-
pared through replacement reaction. Firstly, 0.128 g of
AgNOj; was dissolved in a solution which was composed
of 27 ml of ethanol and 3 ml of distilled water. Then, 0.5
g of Zn/NC was dispersed in the above solution and kept
stirring for 30 min to form the Ag/NC nanoparticles. The
formed Ag/NC nanoparticles were washed with ethanol and
distilled water for three times and dried at 60 °C for 6 h. The
schematic diagram for the formation of Ag@NC is shown
in Fig. 1.

2.3 Characterization

The crystallinity and phase of the synthesized samples were
analyzed via X-ray powder diffraction (XRD) data, which
were obtained from a Bruker-Axsd8 diffractometer using
Cu Ka radiation, operated at 40 kV and 40 mA. by The mor-
phology of all samples were directly observed under scan-
ning electron microscopy (SEM, a Hitachi SU70) with an
accelerating voltage of 20 kV. The internal structure was
obtained from the transmission electron microscopy (TEM,
F30) operated at 200 kV. X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific, ESCALAB 250) was used
to analyze the elemental compositions of the synthesized
samples.

2.4 Electrochemical characterization
The electrocatalytic properties of the synthesized catalysts

were evaluated on an electrochemical station (CHI660D)
using a typical three-electrode system in 1.0 M KOH

AgNO,

25 °C/30 min
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solution. During preparation the working electrode, 10 mg
of catalyst was homogeneously dispersed in 100 pL of solu-
tion which consisted of 90 uL of alcohol and 10 pL of Nafion
(5%w/w in water) via ultrasonic processing. 10 uL of the
above solution was dropped onto a glassy carbon electrode
(GCE, 3 mm in diameter) and dried at room temperature
to prepare the working electrode. An Ag/AgCl-saturated
KCl was used as reference electrode. A Pt wire was used as
counter electrode. Before HER measurement, the dissolved
O, in the electrolyte was excluded by continuous bubbling
into the N, for 30 min. Polarization curves were obtained
according to the sweeping electrode potentials from 0 to
— 0.4V at a potential sweep rate of 2 mV s~'. The stability
of the catalyst was evaluated by continuous measurement at
200 mV vs. RHE for 12 h. All date are presented with 95%
iR compensation.
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Fig.2 The XRD patterns of Zn@NC and Ag@NC

3 Results and discussion

The crystallinity and phase of the synthesized samples were
analyzed via X-ray powder diffraction (XRD). The results
are shown in Fig. 2. As shown in Fig. la, Zn@NC just
shown a broad band at about 26.1°, which is belonged to
the diffraction of carbon [17]. There is no other peaks cor-
responding to Zn. It may be ascribed to the low content of
Zn. Figure 1b is the XRD patterns of Ag@NC. Except to the
broad band of carbon, there are new peaks at 38.12, 44.28,
64.43, and 77.47°, which are ascribed to the (111), (200),
(220), and (311) reflections of Ag [18]. It indicates that Ag
is successfully loaded on the catalyst.

Figure 3 shows the SEM images of Zn@NC and Ag@
NC. Figure 3a is the SEM image of Zn@NC. Zn@NC
nanoparticles exhibit the dodecahedral morphology. The
particle size of Zn@NC is about 250 nm. From the previ-
ous research, we can know that PVP can help to keep the
dodecahedral morphology of ZIF-8 at high temperature [19].
After being treated by 25 mM AgNO;, the nanoparticels
keep the original morphology and exhibit the dodecahedral
morphology (Fig. 3b).

Furthermore, XPS was used to investigate the surface
composition and valence states of Ag@NC. The results is
shown in Fig. 4. Figure 4a is the XPS survey spectrum of
Ag@NC. It can be seen that Ag@NC is mainly composed of
C, Ag, and N elements. O may be coming from the adsorbed
oxygen. Figure 4b is the high-resolution XPS spectra of Ag
4d. It shows two different characteristic peaks at 368.48 and
374.33 eV, which are ascribed to the metallic Ag 3ds;, and
Ag 3d,),, respectively [20]. There are no characteristic peaks
belonging to oxidation state of Ag.

In addition, the internal structure of Ag@NC was directly
observed on transmission electron microscopy. The results
are shown in Fig. 5. Figure 5a is the low-magnification TEM

Fig.3 SEM images of a Zn@NC and b Ag@NC
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Fig.4 a XPS survey spectrum of Ag@NC and b high-resolution XPS spectra of Ag 3d

Fig.5 TEM iamges of Ag@NC a low-magnification and b high-magnification

image of Ag@NC nanoparticles. Ag@NC nanoparticles
exhibit the dodecahedral morphology, which is in accord-
ance with the SEM image (Fig. 3b). There are some black
dots containing in Ag@NC nanoparticles. Figure 5b is the
high-magnification TEM image of Ag@NC. It can be seen
that the black dots show the lattice fringe of 0.205 nm, which
is corresponding to the (200) space of Ag [21].

Zn@NC and Ag@NC were deposited on glassy carbon
electrode and evaluated their HER performance using a typi-
cal three-electrode system in 1.0 M KOH solution, respec-
tively. The HER performance of Zn@NC and Ag@NC are
shown in Fig. 6. Figure 6a is the linear sweep voltammetry
(LSV) curves, which are obtained at a scan rate of 2 mV
s™!. Zn@NC shows very poor HER activity and needs the
overpotential of 271 mV to drive 10 mA cm™. Interest-
ingly, Ag@NC exhibits an excellent HER activity and only
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demands overpotential of 189 mV to drive 10 mA cm™2. It
may be attributed the rich catalytically active sites of the
stable porous carbon. Ag can highly improve the HER activ-
ity of the catalyst. Figure 6b is the Tafel plots according to
the LSV curves. Figure 5b is the Tafel plots of the catalysts
according to their LSV curves (Fig. 6a). Zn@NC shows a
Tafel slope of 92.34 mV dec™'. Noticeably, Ag (Ag@NC)
exhibits a The Tafel slope of 68.62 mV dec™!, implying more
favorable catalytic kinetics on Ag@NC.

The stability of Ag@NC was evaluated by continuous
measurement of its current density for 12 h under 200 mV.
The result is shown in Fig. 7. It can be seen that the current
density just exhibits little change after 12 h of continuous
measurement. It indicates that Ag@NC still has the excellent
electrocatalytic performance for at least 12 h, implying the
outstanding stability of Ag@NC.
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Fig.6 a The polarization curves and b the corresponding Tafel plots of Zn@NC and Ag@NC
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Fig.7 The time dependence of current density under 200 mV over
Ag@NC

4 Conclusions

In summary, we successfully synthesized Ag nanoparti-
cles wrapped by N-doped carbon (Ag@NC) via simple
hydrothermal treatment and replacement reaction by using
PVP/ZIF-8 as precursor. Ag nanoparticles are small in size
(about 15 nm) and well distributed in the N-doped car-
bon. Ag nanoparticles wrapped by N-doped carbon can
effectively avoid the the aggregation of Ag nanoparticles
during the hydrogen evolution reaction process. After
being well tested, Ag@NC exhibits superior HER activ-
ity with overpotential of 189 mV at 10 mA cm~? in the
1.0 M KOH solution and shows a Tafel slope of 68.62 mV
dec™!. Except that, Ag@NC also shows outstanding sta-
bility. After 12 h of continuous measurement, the current

density of Ag@NC just exhibits little change. The excel-
lent HER performance of Ag@NC may be attributed to
the synergistic effects between the Ag nanoparticles and
N-doped carbon.
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