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Molybdenum disulfide (MoS,) possesses promising prospects of application in electrocatalytic hydrogen
evolution. However, the MoS, prepared by traditional hydrothermal method is usually 2H (hexagonal)
semiconducting state with limited active sites and unsatisfied conductivity, hindering the improvement
of hydrogen evolution efficiency. Herein, the MoS, nanoflowers are in-situ grown successfully on gra-
phite felt (GF) by hydrothermal method, and a simple and effective electrochemical activation is pro-
posed to enhance the hydrogen evolution activity of the composite. The electrical activation in acidic

Keywords: . medium guides the intercalation of protons between MoS, and GF, and the increased interlayer spacing
Hydrogen evolution . . . L
MoS,/GF between MoS; is conducive to the adsorption and release of hydrogen. The synergistic effect between

MoS, and GF is enhanced, resulting in accelerated electron transfer through S sites in MoS, and
oxygen-containing functional group in GF. The experimental results and density functional theory
(DFT) computations demonstrate that the electrical activated catalyst possesses excellent electrocatalytic
activity and long-term operation stability (Tafel slope is 48 mV dec™!, the overpotential is 82 mV at cur-
rent density of —10 mA cm~2). Our research confirms the electrochemical activation is a simple technique
for enhancing the hydrogen evolution efficiency of MoS,/GF composite as well as other transition metal

Electrochemical activation
Proton intercalation
DFT calculations

chalcogenides and carbon materials.

© 2019 Published by Elsevier Inc.

1. Introduction

With the increasing craving for clean energy production, hydro-
gen (H), as a clean and renewable energy carrier, has attracted
more and more attention. Electrocatalytic decomposition of water
is the cheapest and most efficient strategy to transform electricity
comes from other renewable sources in the form of H, [1,2]. For
this purpose, it is indispensable to evolve an active and durable
electrocatalyst to minimize the kinetic overpotential required for
H, evolution reaction (HER) and ultimately ameliorate its effi-
ciency. Pt-based materials have been always recognized as the
most promising HER electrocatalysts, yet, their high costs and
extreme scarcity are also daunting [1,3]. Thus, it is of great signif-
icance to develop inexpensive, profuse as well as high-efficiency
electrocatalysts for the water splitting.

In the past ten years, molybdenum disulfide (MoS;), as a pro-
lific, highly active and electrochemical stable material, has been
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proved to be a promising electrocatalytic H, evolution material
in both calculations and experiments [1,4,5]. MoS, possesses
two-dimensional (2D) layered structure similar to graphene, which
mainly exists in two phase states, i.e. 2H (hexagonal) phase
(2H-MoS,) and 1T (trigonal) phase (1T-MoS,), and most of the pre-
pared MoS, are 2H phase. The HER activity of 2H-MoS; is widely
considered to be derived from the edges of the layered structure
rather than from basal planes due to the affinity between H atoms
and marginal unsaturated S atoms, and the basal planes are consid-
ered chemically inert [5-7]. However, the inherent overlap
between Van der Waals forces in the MoS, layer greatly limits
the number of exposed active centers [8]. Inspired by this under-
standing, morphological and structural engineering design are fea-
sible strategies for enhancing the catalytic performance of MoS,
without sacrificing the properties of MoS, crystals [6,9]. Advanced
strategies of synthesizing nanostructured MoS, with more exposed
edge sites to strengthen electrocatalytic HER have been studied,
representative researches, such as nanoscale MoS, hollow spheres
[10], defective nanosheets [11], edges exposed porous membrane
[12], double coiled spiral structure [13], perpendicular film [14],
amorphous film [15], and nanoflowers, etc. [16]. Among these
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MoS, with abundant exposed edges, MoS, nanoflowers seem to be
the most widely studied structures. On the one hand, the floral
structure allows a large number of edges to exist stably; on the
other hand, MoS, nanoflowers are easily prepared in large quanti-
ties via simple hydrothermal methods [17,18].

Regrettably, due to the unsatisfactory electron transport ability
between particles, the conductivity of MoS, in nanostructured
materials is generally relatively poor, leading to the decrease of
HER activity [1,19]. In response to this flaw, studies have been
devoted to combining MoS, with some carbon materials, such as
glassy carbon [20], graphite paper [21] or graphene [22] to provide
conductive channels for semiconductor MoS, nanosheets, thereby
improving the properties of HER [8]. Howbeit, the performance
improvement is not obvious unless further interlaminar expansion
and ions intercalation process are adopted. In addition, during the
cycling process, the volume of MoS, crystal changes greatly, result-
ing in premature failure of the electrode [23,24], especially when
the carbon material is enshrouded by MoS, on a large scale
[6,25]. It seems that the tactics of exposure edge sites to improve
the catalytic performance of MoS; has reached its limitation. As a
result, it is necessary and urgent to explore new and effective
methods to improve the intrinsic conductivity and HER catalytic
activity of MoS,.

Owing to the characteristic of easy operation, electrochemical
activation of MoS, has been proved to be feasible [26,27]. The
mechanism of this activation strategy is mainly electrochemical
removal of S atoms on the basal plane, resulting in more S vacan-
cies with catalytic activity, in other words, it is a desulphurization
process, which is similar to the creation of O vacancies in metal
oxides at applied cathodic potential. Typically, for example, Tsai
et al. [26] proposed that S vacancies are generated by electrochem-
ical activation in monolayer and multilayer MoS, supported on dif-
ferent substrates. Luo et al. [28] reported an electrochemical
technique in which Pd atoms were doped into the Mo sites of
MoS,, leading to the production of S vacancies on the basal plane,
thus increasing the activity of the catalyst and prolonging the cat-
alyst’s life.

Herein, we successfully loaded MoS, nanoflowers onto GF via
one-step hydrothermal method. The as-prepared composite was
electrochemically activated by specific cathodic voltage. The syn-
thesis route and electrical activation process of the composite are
shown in Fig. 1a and b. The electro-activated electrode material
behaves remarkable HER activity and excellent stability. The
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improvement of the catalytic performance can be attributed to
the following three points: (i) the oxygen-containing functional
groups in the GF mesh structure provide natural catalytic centers
for HER; (ii) electrical activation introduces proton intercalation
between MoS, and GF, which serves as an electronic shuttle to
ensure fast electron transfer between MoS, and GF; and (iii) the
electron density on the catalyst surface is regulated and the crys-
tallinity of the catalyst increases, resulting in an excellent stability
of the electrode.

2. Experimental section
2.1. Chemicals

Sodium molybdate (Na;MoO4-2H,0) and thiourea were pur-
chased from Tianjin NO. 4 chemical reagent factory. The GF
(thickness = 3 mm) and graphite rod (¢5 mm) were obtained from
Beijing Jinglong special carbon graphite factory. The reagents used
in the experiment belong to analytical grade and are used without
further purification. Deionized water is used in the whole
experiment.

2.2. Preparation of MoS,/GF

Before preparing the composite material, GF should be pre-
treated. Firstly, the blank GF was immersed in acetone solution
and sonicated for 30 min, washed three times by deionized water
to remove the surface oil impurities, then dried in oven at 60 °C for
12 h. After that, the treated GF was placed in the muffle furnace
and heated for 1 h at a temperature of 500 °C with the heating rate
of 10 °C/min, the aim of this step is to create defects on the surface
of GF at high temperature for facilitating the loading of catalysts.
GF is used both as a substrate material for the growth of MoS,
nanoflowers as well as a part of the composite catalysts. The
nanoflowers MoS,/GF composite was prepared by a foolproof
hydrothermal method. In a typical synthesis, 1 mM Na;Mo0O4-2H,-
0 and 5 mM thiourea as precursors were dissolved in 60 mL deion-
ized water, the mixture was completely dissolved by sonication for
30 min to form a uniform, colorless transparent solution, then the
treated GF (3 x 3 cm? thickness = 3 mm) was completely
immersed in the above solution for 12 h at room temperature to
form a stable heterogeneous system. Then, the heterogeneous
mixture was transferred to a 100 mL teflon-lined autoclave and

Fig. 1. (a,b) Schematic illustration of the growth of MoS, nanoflowers on GF and activation process. SEM images of (c) bare GF and (d,e) MoS,/GF.
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maintained at 200 °C for 20 h. After natural cooling to room tem-
perature, the composite was clamped out and cleaned with anhy-
drous ethanol and deionized water for three times, respectively.
Finally, the composite was dried in the oven at 60 °C for 12 h,
which was labeled as MoS,/GF. The corresponding MoS, powders
were prepared in the same way excepting without GF.

2.3. Electrical activation process

The electrical activation process of MoS,/GF was implemented
on the electrolytic cell by a CHI760E electrochemical workstation
(CH Instruments Inc., USA) at room temperature. A typical three-
electrode configuration was applied with MoS,/GF serving as
working electrode, a graphite rod (¢5 mm x 20 mm) as counter
electrode and a saturated calomel electrode (SCE) (¢12
mm x 120 mm, 232-01, Shanghai Leici) as the reference electrode,
0.5 M H,SO4 was selected as electrolyte. The activated MoS,/GF
(abbreviated as a-MoS;/GF) was obtained by applying cathodic
voltage. As a comparison, the corresponding MoS, and blank GF
were activated in the same way. All potentials are referenced to
the SCE.

2.4. Electrochemical measurements

The electrocatalytic HER and related electrochemical measure-
ments were performed on the above three electrode system, and
0.5 M H,S0,4 was selected as electrolyte. All potentials are refer-
enced to the SCE. Before the measurement, the electrode was acti-
vated to a stable state by using 3000 voltammetry cycles (range
from —0.3 to 0 V) with a scan rate of 100 mV s~ ! in the same
three-electrode system described above to clean the electrode to
promote the balance of the electrode in the electrolyte system.
The linear sweep voltammetry (LSV) curves were collected from
—0.6 to 0 V with a scan rate of 5 mV s! in the case of
N,-saturation. The Nyquist plots of electrochemical impedance
spectroscopy (EIS) were carried out in above cell system where
the initial potential was set —200 mV (open circuit voltage, OCV,
vs RHE) with frequencies varying from 100 kHz to 0.05 Hz with
potential amplitude of 5 mV. The impedance data simulated by
the ZView 2.0 software (Scribner Associates Inc., USA) were fitted
to a simplified Randles circuit to obtain series of charge transfer
resistances (R). The Tafel plots were tested with a scan rate of
5 mV s~ . The Tafel equation is # = b*logj + a, where # represents
overpotential, j donates the current density, b is the Tafel slope,
and a is the Tafel constant, the Tafel slopes can be obtained by
drawing the Tafel plots. The exchange current density (jo) can be
obtained from the intercept of the linear Tafel plots to the x-axis
(where the thermodynamic oxidation-reduction potential reaches
0). The formula for calculating the turn over frequency (TOF) fol-
lows: TOF = I/Q, where I denotes the current of the polarization
curve measured by LSV, the voltammetric charge (Q) is calculated
by the following equation: Q = 2FN, where F is the Faraday constant
(96480 C mol™!), N is the number of active sites, the value of Q is
determined after deducting the blank value. The derivation and
calculation of Q value can be obtained from another formula:
Q = CU = IU/v, where v represents the scan rate (5 mV s~!) in CV,
in the CV curve, I and U are constantly changing, therefore the Q
value can be calculated by the integral CV curve. The Mott-
Schottky plots were obtained by measuring the Impedance-
Potential. The system of the relationship between the impedance
(Z) and the voltage of the composite electrode was established,
the capacitance (C) was calculated by the formula: C = 1/(27fR.),
where f is the fixed frequency of the voltage, which was set to
1000 Hz during the measurement, R, refers to the charge transfer
resistance. The electrochemical oxidation and reduction ability of
the catalyst was also analyzed by CV in a potential window ranged

from —1.0 to 1.0 V with a scan rate of 5 mV s~ ' excepting that elec-
trolyte was replaced by 0.1 M KCl containing 5 mM Fe(CN)&/>",
Chronopotentiometry was performed at current density of
10 mA cm~2. Chronoamperometry was carried out at the potential
of —200 mV. During the electrochemical measurements, all the
tested potentials were calibrated against the reversible hydrogen
electrode (RHE) according to the following equation: Egyg = Escg +
0.059 x pH + 0.241 in 0.5 M H,SO,4 unless specified otherwise.

2.5. Characterization techniques

The crystallization of composite was investigated on RigakuD/
Maxr-A X-ray diffractometer (XRD). The morphologies of samples
were recorded via scanning electron microscope (SEM, ZEISS
1550VP) coupled with energy dispersive X-ray spectroscopy
(EDS) and high-resolution transmission electron microscope
(HRTEM, JEOL JEM-ARMZ200CF), respectively. The structures of
samples were investigated by infrared spectrum (IR) on a VERTEX
70 Fourier transform infrared spectroscopy (Bruker Co., Germany)
and Raman scattering spectrum on a RM-1000 Micro Raman spec-
troscopy (Renishaw Co., UK). Total photoluminescence (PL) spec-
troscopy (integrating from 600 to 800 nm) was obtained with
the laser beam (488 nm) to further analyze the structure of
MoS,. The valence states of each component on the composite
were studied by X-ray photoelectron spectroscopy (XPS) on an
ESCALAB 250 spectrometer (Thermo, USA). The Brunauer-
Emmett-Teller (BET) surface area of the materials was measured
using a Surface Area and Porosity Analyzer (ASAP 2020 PLUS
HD88, Micromeritics, Shanghai). The composite was cut into
5 x 5 mm? pieces for the SEM, XRD, XPS and Raman analysis,
and ground into powder for the IR, PL, TEM and BET analysis.

2.6. Density functional theory computations

All computations were conducted within the framework of den-
sity functional theory (DFT) as fulfilled in CASTEP with the general
gradient approximation (GGA) in the Perdew-Burke-Ernzerhof
(PBE) type to display the exchange-correlation energy. The plane-
waves cutoff energy of 320 eV and the conjugate gradient algo-
rithm were chosen to evaluate the electronic ground state with a
convergence threshold of 2.0 x 10 eV/atom. The tolerance for
structural optimization was fixed at 2.0 x 10~ eV/atom for energy
and 0.05 eV/A for force. For the MoS,/GF models, the Gamma-
centered 6 x 6 x 1 k-point grid was chosen for the geometry opti-
mization, which was converged to 0.01 eV/A. The activity of HER
was reflected by the Gibbs free energy change (AGy-) according
to the formula: AGy+ = AEy + AEzpg — TAS, AEy- = E(Surface+H*) —
Esurface — 1/2En2, among of them, E(syrfacern*) and Egyrface are total
energy of the surface model with and without H* adsorption,
respectively. Ey, is the energy of molecular H, in the gas phase.
Zero-point energy change AEzpg is obtained via vibrational fre-
quency calculation. At 1 bar and 300 K, TAS is approximately
—0.2 eV.

3. Results and discussion

The electrocatalytic HER at the MoS,/GF electrode was investi-
gated in 0.5 M H,SO4 solution with Nj-saturation by the three-
electrode device mentioned above. Fig. 2a shows the polarization
curves of the original and electrically activated MoS,/GF (abbrevi-
ated as a-MoS;/GF) composite measured by LSV. In this work, the
activation time was determined to be 1 h by optimization. When
the voltage of —0.8, —1.0 and —1.2 V was applied, the overpotential
(n) of MoS,/GF was —235, —82 and —96 mV at the current density
of —10 mA cm™2, respectively. Therefore, —1.0 V was determined
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Fig. 2. Polarization curves of (a) initial MoS,/GF, MoS,/GF activated with different voltage and Pt/C and (b) initial GF, GF activated at optimal voltage in 0.5 M H,SO, at a scan
rate of 5 mV s, Inset shows the polarization curves of MoS,/GF activated with —1.0 V after 3000 cyclic voltammetry scans at a scan rate of 5 mV s~ .

as the optimal activation voltage. Of note, the worse activation
effect greater than —1.0 V may be attributed to the excessive volt-
age leads to the surface of the substrate GF destroyed, namely, car-
bon corrosion, which has been reported in the literature [29]. At
—1.0 V, the a-MoS,/GF showed lower overpotential (—-308 mV)
even at the current density of —80 mA cm~2, which demonstrates
the a-MoS,/GF electrode exhibits better electrocatalytic HER per-
formance compared with the original MoS,/GF (—530 mV at the
current density of —10 mA cm~2). As a comparison, the HER perfor-
mance of blank GF was also tested (Fig. 2b). Under the optimal acti-
vation voltage, the HER performance of blank GF was also
improved, and the overpotential of —320 mV was observed at the
current density of —10 mA cm™2. Obviously, this value is much
higher than that of the a-MoS,/GF electrode. For comparison, the
electrocatalytic HER performance (—67 mV at current density of
—10 mA cm~2) of commercial Pt/C (20%) electrocatalyst was also
performed under the same conditions.

To compare the oxidation/reduction characteristics of GF and
MoS,/GF in the process of electrical activation, the CV experiments
were performed. The intrinsic electrochemistry of blank GF is
shown in Fig. S1a with increasing potential ranges from —1.0 to
1.0 V, the low and stable background capacitance is observed, no
intrinsic peaks are discovered, indicating that the original GF is
electrochemically inactive between —1.0 and 1.0 V where H, evo-
lution occurs [30-33]. After electro-activation, a well-defined HER
current appears in GF, indicating that a-GF has obvious electrocat-
alytic activity of HER. The initial HER overpotential of a-MoS,/GF is
close to —330 mV (Fig. S1b), which is obviously lower than that of
original MoS,/GF, and a-MoS,/GF exhibits the maximum limited
current compared with GF, a-GF and MoS,/GF, indicating that a-
MoS,/GF has stronger catalytic activity. According to the CV curves,
the corresponding TOFs were further obtained to study the number
of catalytic active centers of the catalyst. It can be seen from the
Fig. S1c that under the 400 mV overpotential, the TOF values of
GF, a-GF, MoS;,/GF and a-MoS,/GF are 0.14, 0.41, 0.39 and
1.11 s7', respectively, indicating that a-MoS,/GF hold the largest
number of active sites [34,35]. The CV measurements with scan
rate range of 20-180 mV s~! were carried out to evaluate the
double-layer capacitance (Cy), because the electrochemically effec-
tive surface area is directly proportional to C4. Upon fitting of the
linear plots in Fig. S2d (Aj = (jo — jp)/2, where j, and j, represent
current densities in CV at a certain potential: 0.15 V vs SCE), the
Cq values of GF, MoS,/GF and a-MoS,/GF are calculated as 0.605,
0.695, and 0.951 mF cm 2, respectively. The increased Cy values
imply larger effective electrochemical surfaces of a-MoS,/GF sam-
ple [1,34,36].

The electron transfer properties of different electrode materials
were investigated by the EIS test. Fig. 3a shows AC impedance plots
of the GF and MoS;/GF in the Nyquist form. Randle equivalent cir-
cuit is employed to establish a quantitative fitting of the impe-
dance plot. All the curves in Nyquist plot show typical semicircle
patterns. At high frequency, the intercept of the real part (Z') signi-
fies the ohmic resistance (R;) of the electrode material and solution
[37-39]. In the same reaction system, the R value reflects the elec-
trical conductivity from electrode material and electrolyte [30]. For
blank GF, a-GF, MoS;/GF and a-MoS;/GF, the fitted Ry values are
0.8203, 0.8489, 0.5773 and 0.577 Q, respectively. Obviously,
whether for GF or MoS,/GF, the electrical conductivity from the
electrode and electrolyte is almost the same after activation, which
cannot provide a strong support for different HER performance.
The diameter of semicircle in the Nyquist curve stands for the
polarization resistance (i.e. charge transfer resistance R.) originat-
ing from the electron transfer to get over the activation barrier in
the electrode reaction [40,41]. It is worth noting that the R, of
H* between the electrode and electrolyte interface is an important
parameter in the HER process in analog circuits [34,42]. The R val-
ues of a-GF (15.52 Q) and a-MoS,/GF (5.047 Q) are obviously lower
than the original values, which is in accordance with the increased
HER efficiency, demonstrating the best electrical integration of a-
MoS,/GF among these electrodes [34,43]. In addition, the smaller
R value would contribute possibly to modulate the electronic
structure of electrode material [1]. For further affirmance, the
Mott-Schottky plots (Fig. 3b) of different electrocatalysts are pre-
sented to estimate the carrier density of the samples. The fitting
slopes of the four curves are all positive, indicating that these elec-
trode materials have n-type semiconductor characteristics [34,44].
The curve slopes in the plot show that the electron concentration
in a-MoS,/GF is the highest in all samples, demonstrating that
the activation process provides more surface free electrons to the
material, thereby accelerating electron transport during the cat-
alytic process [1,41].

The Tafel slopes (Fig. 3c) of different samples are given to fur-
ther analyze the reaction pathway of HER, the results show that
the linear slope of a-MoS,/GF sample is 48 mV dec™!, which is close
to the theoretical value of 40 mV dec’!, indicating that the Volmer-
Heyrovsky reaction path (Hags + H + e~ — Hy) is a rate-limiting
step with the electrochemical desorption of hydrogen [45], and
the similar conclusion was confirmed by Liu et al [1]. Fig. 3d sum-
marizes the recent reported HER kinetic data of many MoS,-based
electrocatalysts in acidic media [6,8,46-55], in which the
a-MoS,/GF sample exhibits the considerable electrocatalytic HER
performance, especially in the low Tafel slope of 48 mV dec'.
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Tafel slopes of recently reported MoS,-based electrocatalysts [6,8,46-55].

The lower Tafel slope illustrates that the HER rate of a-MoS,/GF
electrode will increase rapidly with the increase of overpotential,
which will have a great competitive advantage in practical HER
applications [45,56]. The Tafel slope is less dependent on the den-
sity of the catalytic active sites, and the Tafel slope is usually
between 65-75 and 65-85 mV dec™! for the edge sites and S vacan-
cies in the MoS,, respectively. The Tafel slope may become larger
when the active site density decreases [57]. Therefore, it can be
concluded that one of the main reasons for the enhancement of
MoS,/GF catalytic activity after activation is the increase of the
active site density. Exchange current density (jo) is also an impor-
tant parameter for characterizing the intrinsic properties of syn-
thetic composite, which can be obtained from the Tafel plots. As
shown in Table S1, the exchange current density of a-MoS,/GF is
1222 pA cm—2, which is superior to all the tested samples, suggest-
ing that a-MoS;/GF requires a lower driving force to initiate the
reaction, which further confirms the strongest HER Kkinetics at
the a-MoS,/GF electrocatalyst interface. The high exchange current
density can be attributed to the disorder degree and uneven mor-
phology of activated MoS, on GF, which can provide more effective
active sites to facilitate the reaction [58,59].

Undergoing 3000 times voltammetry cycles, the polarization
curves of both a-MoS,/GF and a-GF move slightly to the positive
direction at the current density of —10 mA cm? (inside Fig. 2a
and b). On the one hand, it shows that the CV cycles have a slight
activation effect on the electrode, which is also in line with the pre-
vious literature [60]. On the other hand, the electrode material has
good electrochemical stability in acid solution.

Long-term stability is also a vital factor in evaluating the stabil-
ity of electrode material. In this work, the stability of electrode
material was measured by chronopotentiometry and chronoam-
perometry methods. The stability of the catalyst was determined
by chronopotentiometry via evaluating the ability to maintain
the cathodic current for 10 mA cm~2 within 12 h (Fig. S3a), where
a-MoS,/GF shows lower potential and maintains good stability.
The original MoS,/GF catalyst shows the initial decay before run-
ning for 8 h (—178 mV@8h vs. 127 mV@0h) for HER performance,

beyond 8 h, the potential of MoS,/GF maintains stability with time
up to 12 h. Herein, original MoS,/GF exhibits lower overpotential
than a-MoS,/GF in the initial period, which may be due to
improved interfacial contact and MoS, leaching that may occur
on the surface of MoS,/GF. Meanwhile, the H, bubble movement
accelerates the slight oxidation of the original MoS; sites, resulting
in a lower initial overpotential [61]. It’s worth noting that the
potential of MoS,/GF is close to a-MoS,/GF and finally reaches
the same saturation value, which can be attributed to that at the
applied activation voltage, with the electrochemical activation of
the high binding energy S3~ sites, the MoS, layer becomes rough-
ened during the irreversible reaction [61]. On the other hand, it
indicates that MoS,/GF is also activated under the action of elec-
tricity, which is consistent with the above results. However, the
potential of a-GF has almost no change compared with the initial
GF. The chronoamperometry was carried out separately under
the potential of —200 mV, the test results are shown in Fig. S3b,
and a-MoS;/GF shows the highest current density (about
—49 mA cm?).

For exploring the mechanism of HER performance enhancement
induced by electro-activation on MoS,/GF electrode, now it focuses
on the structure analysis of the electrode materials. The Fig. 4a
shows the XRD plot of the original MoS,/GF and a-MoS,/GF sam-
ples. Three diffraction peaks are observed at 14°, 33°, 42.78°, corre-
sponding to the (0 0 2), (1 00) and (1 0 3) planes of 2H-MoS, (PDF
73-1508), respectively, which is consistent with previous litera-
tures [62,63]. The broad peak at 20 = 25.0° is the typical diffraction
peak of carbon material (PDF 75-1621) [30]. It is to be noted that
an obvious enhancement of diffraction peak at 20 = 58.4° on a-
MoS,/GF, which corresponds to the (1 1 0) plane of MoS, (PDF
73-1508) [62,63]. To the best of our knowledge, at 20 = 14°, the
existence of the (0 0 2) peak represents the stacking slabs along
the c-axis, while the presence of the (1 1 0) peak at 20 ~ 59° is rep-
resentative of a slab layer [64]. For the original MoS,, the diffrac-
tion peak at (0 O 2) is very sharp and strong due to good
crystallinity and volume properties [45]. Here, the diffraction peak
of (0 0 2) has no obvious change before and after activation,
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Fig. 4. (a) XRD patterns; (b) Raman scattering spectra; (c) FT-IR spectra; and (d) PL spectra of MoS,/GF and a-MoS,/GF.

indicating that the crystal structure of MoS, does not be destroyed
during activation, while the enhancement of diffraction peak of
(1 0 0) shows that the compactness between MoS, increases after
electro-activation.

The existence of carbon support was confirmed by Raman spec-
troscopy (Fig. 4b) and the characteristic peaks of Mo compounds
were detected. It is noted that there are significant differences in
Raman spectra between GF and MoS,/GF after electro-activation.
The Raman intensities of a-GF and a-MoS,/GF are both lower than
the initial value, the change of Raman intensity in MoS;/GF is bla-
tant than that of GF, suggesting that the multi-reflection and inter-
ference of the incident and scattered light induced by the substrate
are suppressed on the thick and opaque GF [65,66]. All the samples
show strong absorption peaks at 1342 and 1604 cm™!, which corre-
sponds to the typical D and G bands on GF [30]. The D band is
derived from the structural defects of carbon material related to
vacancy, grain boundary and amorphous carbon species, the G band
is considered to the E,, model of sp? carbon [55,67]. After electro-
activation, the ratio of Ip/I¢ in GF increases from 1.11 to 1.19, indi-
cating the increase of sp defects in sp? carbon network due to the
functionalization of carbon atoms [30], while the ratio of Ip/I¢ in
MoS,/GF changes slightly (from 1.14 to 1.13), suggesting the
enhancement of catalytic activity in MoS,/GF is not dominated by
the surface defects of GF, which also corresponds to the invariance
of the (0 0 2) base peak in XRD. In the Raman spectra, the two main
Raman peaks at 376.3 and 408.2 cm ™! correspond to the Eﬁg and Aqg
modes in 2H-MoS,, respectively [68]. The former peak (E},) origi-
nates from the in-plane vibrations and the latter one (A;¢) from
the vertical-plane vibrations of the Mo-S bond in MoS,, the separa-
tion between these two peaks is mainly dependent on the layer
number in MoS, nanosheets [61]. Obviously, no detectable shift
on E}; and A;; modes is observed after electro-activation, which
means that MoS;, grown on GF is the optimally doped, no further
doping is introduced into MoS, by activation [69]. In other words,
the activated electrode material still maintains a high quality of
crystallization. Besides, it also rules out the possibility of phase
transition from 2H-MoS, to 1T-MoS,, which can greatly improve
the catalytic performance and introduce obvious changes in Raman

spectra [60]. Therefore, it can be inferred that the improvement of
catalytic activity of MoS,/GF after electrical activation does not
originate from the generation of new active sites, but from the cat-
alytic activity enhancement of existing active sites, which can be
further confirmed by the later Gibbs free energy. The FT-IR spectra
of MoS,/GF before and after activation were recorded (Fig. 4c). The
peak at ~458 cm~! corresponds Mo—S band, and the Mo—O peak
(~765 cm™'), S—C peak (~615 cm™') could be observed [70,71].
After activation, the intensity of Mo-S band increases. The intensity
of Mo—O peak and S—C peak decrease, and the intensities of C—OH/
C—0—C peaks (1097 and 1195 cm™!, generally two peaks) [70] are
also obviously weakened. It can be inferred that during activation,
the interaction between these functional groups has a positive
impact on HER performance.

In order to determine the uniformity of the MoS, on the GF, PL
spectrum (integrated over the 680-800 nm region) was carried
out. As shown in Fig. 4d, it is almost uniform, indicating that
MoS, grows homogeneously on GF surface, and Paul et al. also
demonstrated this opinion [69], which can also be demonstrated
by the following SEM images. There is a significant intensity
enhancement and a slight blueshift in the MoS,/GF after activation.
The enhancement of PL intensity in a-MoS,/GF is quite interesting.
Generally, MoS, and carbon material form type-II heterojunction
with convenient charge transfer, which usually leads to PL quench-
ing, therefore it is considered to be an effective choice for photocat-
alyst [69,72]. During the in-situ hydrothermal growth of MoS, on
GF, the S atom can replace the O atom in the reticular structure
of GF, resulting in the S-doped GF, which leads to the enhancement
of electron density on the surface of GF. And the corresponding PL
intensity increases [69], which is also demonstrated by the follow-
ing fitted O 1s spectrum of XPS in MoS,/GF, where the area per-
centages of C=0/0—C=0 and C—OH/C—0—C reduce. On the basis
of previous reported literature, the enhancement of PL intensity
and blueshift can be also derived from the p-doping in the MoS,
layers [60], which has been proved that most of the trions (excess
electron bound on the neutral exciton) in p-doped MoS, are trans-
ferred via the interface between MoS, and substrate [69]. There-
fore, the charge transfer via MoS, and GF interface is more
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similar to the typical p-doping process of chemical and physical
treatment owing to the interfacial migration of loosely bound elec-
trons (excess electrons), and the p-doping effect of the MoS, shell
leads to the enhanced PL intensity [69]. This p-doping is also sup-
ported by XPS measurements, the survey spectrum of XPS clearly
indicates the existence of S, Mo, C and O (Fig. S4a), p-doping results
in shifts of 0.5 and 0.3 eV in the Mo 3d and S 2p peaks (Fig. S4b).
The shift of binding energy is consistent with that of p-doped
MoS, reported in the past [60]. Howbeit, the Raman spectra have
confirmed that the prepared MoS, belongs to the optimal doping,
no new doping is introduced after electrical activation, so the dop-
ing is inferred to be between MoS, and substrate GF.

To further investigate the surface chemistry of the electrode
material, XPS fitting analysis is presented. As shown in Fig. S5a,
two major peaks are observed at ~229.0 and 232.6 eV, which cor-
respond to Mo 3ds, and Mo 3ds,, in Mo (IV), respectively, indicat-
ing that MoS, is dominant in the prepared sample. A relatively
weak peak at 234.2 eV is also observed from Mo (VI), demonstrat-
ing a slight oxidation on the MoS, surface [45,55]. The peaks
at ~ 228.4 and ~ 231.3 eV are defined as Mo—C bond [73], and
the Mo-O peak locates at 230.6 eV [74], which is formed by the
coordination of Mo atoms with carboxylic acids and/or carbonyl
groups according to the decreased area percentages of
C—OH/C—0—C and C=0/0—C=0 in the C 1s and O 1s spectra of
GF and MoS,/GF (Figs. S6 and S7) [30]. The presence of Mo—O
and Mo—C bonds allows MoS, to participate in electron transfer
on the surface of GF. However, the area percentages of these two
bonds decreases (Table S2) after electrical activation, so the
enhancement of catalytic activity has little relation with
Mo-related groups. Therefore, it must consider the influence of S
site. In Fig. S5b, two main characteristic peaks are observed at
162.2 and 163.4 eV, which correspond to S 2ps;; and S 2pqp,

MoS,/GF

respectively [1]. After electrical activation, the binding energies
of some parts of S 2p show a slight negative shift, demonstrating
the increase of electron density in MoS, after activation [75].
Two new shoulder band peaks appear in activated MoS,. The whole
electron spectroscopy is refitted to 161.9/163.1 eV and
163.4/164.6 eV, lower binding energy doublets are assigned to
unsaturated S%- and terminal S3°, the higher binding energy dou-
blets can be assigned to bridging S3~ and apical S [69]. It is note-
worthy that the bridging S3/apical S* increases from 1.04 to 1.82
after electrical activation, and this increase has been confirmed to
promote the HER process [61]. The existence of $%* in a-MoS,/GF
sample may correspond to the S—C bond formed when O atoms
in GF meshes are replaced by S atoms, leading to S-doped GF
[69], which is also demonstrated by the S—C peak in the fitted S
2p and C 1 s spectrum in MoS,/GF. This is consistent with what
PL observed. After activation, the relatively content of S—C bond
decreases (Figs. S5b and S6b, Tables S2 and S3), while the S—O
bond increases obviously (Figs. S5b and S7b, Tables S2 and S3),
indicating that the electron transfer pathway is mainly through
the S site in MoS, and the oxygen-containing functional groups
on the GF surface, allowing MoS, to participate in the electron
transfer of GF catalytic centers.

The SEM images (Fig. 5a and b) reveal the flower-like structure
of the as-prepared sample, which is consistent with the results of
the preparation method used for reference in this work [17]. The
flower-like MoS, can be successfully grown on GF, mainly originat-
ing from the large number of porous centers in the GF, which not
only act as the nucleation sites of the MoS,, but also facilitate the
aggregation of the MoS, in GF, thereby growing the better
flower-like structure [61]. The MoS, sample remain intact
flower-like structure after electrical activation (Fig. 5c and d), con-
sisting of many 2D nanosheets, while the distance between the

Fig. 5. SEM images of (a,b) MoS,/GF and (c,d) a-MoS,/GF. (e-f) Corresponding EDS mappings of C, O, S and Mo elements of MoS,/GF.
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adjacent flower-like structures becomes more compact. The corre-
sponding EDS mapping analysis (Fig. 5e-h) clearly reveals the Mo,
S, C, O in the composite distribute homogeneously over the
selected regions. EDS spectra demonstrates that the stoichiometric
ratio of S:Mo increased from 1.57 to 2.23 after electrical activation
(Fig. S8), which is also consistent with the results of Fig. S4b. Thus,
it is suspected that the electrochemical activation process could
lead to the formation of Mo site defects. This increase in the S site
has been clarified to be conducive to charge transfer in the material
[76]. As shown in the TEM images (Fig. 6a and b), distinct petal
structure can be observed, and Fig. 6b shows obvious corrugations
and ripples, demonstrating the ultrathin characteristic of MoS,
nanoflowers [58]. The lattice fringes with 0.65 nm in cross-
sectional TEM images correspond to the (0 O 2) basal plane in
the 2H-MoS, [74], which is consistent with the XRD patterns.
Moreover, the thickness of nano-petal is determined as 5-10 nm,
corresponding to 5-10 sandwiched S-Mo-S layers. Accompanied
by the electrical activation, the fringes of the curled edges become
more continued and the spacing of lattice fringes increases
(Fig. 6e). On the one hand, the higher crystallinity is suggested;
on the other hand, electrical activation leads to the expansion of
MoS; layer spacing, and modulates the surface electronic state of
MoS, to enhance its intrinsic electrical conductivity, which is ben-
eficial to the faster electron transfer between the active sites in GF
[45,58]. Fig. 6¢ and f display the selected area electron diffraction
(SAED) images of MoS,/GF and a-MoS,/GF, the subtle changes in
the degree of disorder before and after activation can still be
judged. For MoS,/GF, the atomic arranging manners on the basal
plane are strongly disordered, in which even short-range ordering
of nanodomains could not be clearly observed (Fig. 6¢). After elec-
trical activation, small nanodomains with short-range ordering
emerges in the manner of aperiodic arrangement (Fig. 6f). The
unique arrangement of nanodomains can partially retain the 2D
electron conjugation along the basal plane, resulting in fast inter-
domain electron transport [58].

The N, adsorption-desorption measurements were performed
to investigate the textual properties of the samples. The type II
characteristic adsorption isotherm is observed in bare GF with a
highest BET surface area of 110.478 m? g~! with the corresponding
total pore volume 0.059 cm? g~! at P/Py = 0.995 (Fig. S9a), and a
bimodal curve whose peaks are centered at ca. 11.2 and 15.3 nm

09 n
=

is observed in the pore size distribution of GF (inside Fig. S9b),
revealing the mesopore nature of GF, while MoS,/GF and
a-MoS;/GF approximate the type IV feature with noticeable type
H3 hysteresis loop. The BET surface areas of MoS,/GF and
a-MoS,/GF are determined to be 68.49 and 3.70 m? g~! with their
total pore volumes of 0.043 and 0.0079 cm® g~ ! at P/Py = 0.995,
respectively. Considerable diminishment in the BET surface area
and total pore volume of MoS,/GF compared with GF signifies suc-
cessful functionalization with the occupation of MoS, nanosheets
on the surface of GF fiber structure and mass increment with high
density after the hydrothermal process, thereby hindering the N,
uptake throughout the nano-porous channel. However, conversely,
a-MoS;/GF  exhibits the largest average pore diameter
(10.0134 nm) compared to GF (2.7086 nm) and MoS,/GF
(3.8305 nm), and the pore diameter of a-MoS;/GF is concentrated
in the range of more than 50 nm, indicating that electrical
activation processes can lead to the formation of larger pores that
facilitate mass diffusion/transfer during catalytic reactions [77].

Fig. 7. Optimized geometric structures of (a) MoS,, (b) MoS,/GF and (c) a-MoS,/GF.
Dark cyan, yellow, gray and white spheres represent Mo, S, C and H, respectively.

Fig. 6. HR-TEM images and SAED of (a-c) MoS,/GF and (d-f) a-MoS,/GF.
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Fig. 8. The charge density distributions of (a) MoS,, (b) MoS,/GF and (c) a-MoS,/GF
calculated through the DFT. Blue-white-red indicates that the charge density is
increased sequentially.

As discussed above, the catalytic performance of MoS,/GF elec-
trode is greatly improved in the process of electrical activation, the
synergistic effect of the increased interlayer spacing of MoS,

20
a Mo site in MoS /GF
154 S site in MoS /GF
Mo site in a-MoS,/GF
104 S site in a—MoSzlGF

nanosheets and conductive GF is a key cause of excellent HER
activity [54], and two main factors are considered: i) the electron
transfer between MoS, and GF is enhanced; and ii) p-doping is
introduced into the system during the activation process. The for-
mer has been inferred mainly due to the enhanced electron trans-
fer between the S site in MoS, and the oxygen-containing
functional groups on the GF surface. For further certification,
MoS, powders were prepared under the same conditions, then
Nafion, isopropanol and deionized water (62%:31%:7% by volume)
were added to form a paste mixture and coated on the indium-tin-
oxide (ITO) coated slide and blank GF, dried at room temperature
to obtain MoS,-bound ITO and MoS,-bound GF electrodes. The
results of LSV test are shown in Fig. S10, no significant improve-
ment is found for activated MoS,-bound ITO activated
MoS,-bound GF. For the latter, it can associate p-doping and
improved catalytic activity of MoS; with protons. More specifically,
it is related to protons inserted between MoS, and underlying GF
[60]. The electrical activation of MoS,/GF was carried out in
0.5 M Na,S0, solution, where the catalytic activity of the catalyst
almost unchanged (Fig. S11), which shows that the protons in
acidic electrolyte form p-doping between MoS, and GF under the
action of electricity, i.e. proton intercalation is formed, and this
intercalation plays a leading role in the enhancement of catalytic
activity.

DFT calculations were conducted for better comprehending the
enhanced HER activity of a-MoS,/GF. The structure of all samples
was optimized in CASTEP (Fig. 7), and the lattice types and related
parameters of the optimized samples are shown in Table S4. As

Fig. 9. (a) HER Gibbs free-energy diagram for Mo and S sites in MoS,/GF and a-MoS,/GF. (b) Corresponding H adsorption forms, where (i and iii) H atom adsorbed at Mo site in
MoS,/GF and a-MoS,/GF, (ii and iv) H atom adsorbed at S site in MoS,/GF and a-MoS;/GF. Dark cyan, yellow, gray and white spheres represent Mo, S, C and H, respectively. (c)
Proposed proton intercalation and electron transfer route at the MoS,/GF composite cathode during electrochemical activation process.
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displayed in the calculated band structure in Fig. S12, the pristine
2H-MoS, slab owns a bandgap of 1.67 eV, which is close to the
value (1.75 eV) reported in the literature [58]. In terms of the band
structure, a-MoS,/GF exhibits a more curved band near the Fermi
level, indicating that the electrons are less localized in the sample,
which leads to the higher electron mobility and carrier density.
This change in bandgap can be attributed to the enhanced
hybridization between the Mo d-orbital and the S p-orbital after
electro-activation [78]. It can be seen from the calculated density
of states (DOS) that both the MoS,/GF and a-MoS,/GF exhibit the
electronic state of the Fermi level (Fig. S13a). At the same energy
level, the peak of the electronic state exhibited by a-MoS,/GF is sig-
nificantly higher than that of MoS,/GF, indicating that a-MoS,/GF
possesses more electrons, which will generate more charge carri-
ers, thereby improving the catalytic performance [1]. The above
conclusions can also be confirmed by the partial density of states
(PDOS) of Mo and S (Fig. S13b,c). Both Mo and S in a-MoS,/GF show
a distinct electronic state near the Fermi level, and the peak of elec-
tronic state of a-MoS,/GF is higher than that of MoS,/GF. In order
to more intuitively observe the effect of electrical activation on
the electronic structure of the composite, the charge density distri-
bution was investigated. Fig. 8 clearly manifests that electrical acti-
vation contributes a great deal to charge density, which is distinct
from the original charge density of MoS, and MoS,/GF.

It is generally believed that the HER process includes an initial H
state, an intermediate H* state, and a final 1/2H, state. In order to
reduce the reaction barrier between the adsorption-desorption
steps, a good HER catalyst is expected to have a H adsorption free
energy AGy- close to zero [1]. Herein, we focused on the adsorption
free energy of H atom at Mo and S sites. The results are summa-
rized in Table S5 and Fig. 9a,b, it is obvious that the AGy- of the
H atom at the S site in a-MoS;/GF is the smallest, indicating that
H is most easily adsorbed at the S site, which is also consistent with
the Raman’s conclusion that the increase in catalytic activity of a-
MoS,/GF is not due to the production of new active sites, but to the
enhanced catalytic activity from existing active sites. Moreover, it
also demonstrated the catalytic reaction takes place preferentially
at the S site. Thus, the catalytic sites in MoS, were effectively acti-
vated under optimized voltage.

As a result, the high HER activity as well as excellent stability of
the optimized MoS,/GF with synergistically structural and elec-
tronic modulations can be attributed to five aspects as follows: i)
the active functional groups (C—OH/C—0—C and C=0/0—C=0) in
the GF structure provide natural catalytic centers for HER; ii) the
electron transfer between MoS, and GF is ensured by the Mo—C,
Mo—O0, S—C and S—O at the interface, and the integral 2D electron
conjugation leads to fast interdomain electron transport; iii) the
enhanced intrinsic conductivity of nanodomains facilitates the
combination between positive protons and catalyst; iv) the rela-
tively higher crystallinity of MoS, ensures the long-term stability
during the electrocatalysis; and v) the protons between MoS,
and GF act as excellent electron shuttle, resulting in a sharp
increase in electron density on the catalyst surface and the rapid
transport of electrons between MoS, and GF, and the combined
modulations of active sites may open a new door for strengthening
the activity of analogous electrocatalysts. Based on above analysis,
the mechanism of enhanced HER performance via electrical activa-
tion process in MoS,/GF is clarified in Fig. 9c.

4. Conclusions

In summary, a simple and rational strategy has been demon-
strated to achieve an incredible enhancement of the electrocat-
alytic HER performance of MoS,/GF via electrical activation at a
specific voltage. The electro-activation process increases the elec-
tron density on the surface of the catalyst, and protons inserted

between MoS, and GF act as electron shuttle, thus ensuring fast
electron transfer between MoS, and GF via oxygen-containing
functional groups, resulting in high-efficiency and stable HER per-
formance. This straightforward method leads to favorable kinetics
and proliferation of active sites in the MoS,/GF nanostructure,
which endow it with superior yet stable catalytic activity, resulting
in MoS;/GF an earth-abundant highly competitive catalyst for HER
and other potential reactions. Furthermore, this general strategy
through controlling nanostructures and morphology can be con-
ducive to modifying many 2D layered composites to improve their
applications in high-performance heterogeneous catalysis.
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