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Electrochemical generation of hydrogen by non‐precious metal electrocatalysts at a lower overpotential is a thrust area of

research directed towards sustainable energy. The exorbitant costs associated with Pt based catalysts is the major

bottleneck associated with the commercial scale hydrogen generation. Hence strategies for the synthesis of cost effective
and stable catalysts is craving its way for prospective ‘hydrogen economy’. In this report, we highlight the novel and
general strategy to enhance the electrochemical activity of molybdenum disulfide (MoS2) in the fullerene structure (IF‐). In

particular, pristine (undoped) and Rhenium‐doped nanoparticles of MoS2 with fullerene‐like structure (IF‐MoS2) were
studied and their performance as catalysts for hydoregen evolution reaction (HER) was compared to that of 2H‐MoS2

particles (platelets). The current density of IF‐MoS2 is higher by one order of magnitude as compared to few‐layer (FL‐)
MoS2 due to the enhanced density of edge sites. Furthermore, Re‐doping as low as 100 ppm in IF‐MoS2 decreases the

onset potential by 60‐80 mV and increases the activity by 60 times compared to FL‐MoS2. The combined synergistic effect

of Re‐doping and the IF‐structure not only changes the intrinsic nature of MoS2 but also increases its reactivity. This
strategy highlights the potential use of IF‐structure and Re‐doping in electrocatalytic hydrogen evolution using MoS2 based
catalysts.

Introduction
Splitting of water by the hydrogen evolution reaction (HER) or
the oxygen evolution reaction (OER) addresses the problem of
cleaner and sustainable energy. Splitting of water by electro‐,
photoelectro‐ or photo‐catalysis promises clean technology for
the hydrogen economy. Pt‐based electrochemical cells are
efficient, but their mass production is limited by the high cost
and scarcity of the metal. Efforts have, therefore, been made
to
develop
inexpensive
and
environmentally‐safe
electrocatalysts based on metal alloys[1], metal oxides [2], metal
dichalcogenides [3], nitrides[4], carbides[5], phosphides[6],
borides [7], enzymes[8]and bioinspired electrocatalysts [9].
According to the Sabatier plot, of all the recently developed
materials molybdenum disulphide (MoS2) is as good as Pt, in
terms of favourable Gibbs Free energy for hydrogen
adsorption (GH*) and hydrogen binding energy (HBE). By
appropriate synthetic modifications, MoS2 can emerge as a
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competitive candidate for electrochemical hydrogen
production. MoS2 has the two‐dimensional (2D) hexagonal
layered structure, analogous to graphene, with S‐Mo‐S layers
held together by weak van der Waals forces. There have been
efforts to optimize MoS2 based electrocatalysts involving
nanoparticles [10], nanowires [11], thin films [12], mesopores[13],
amorphous and doped MoS2 [14], and by the chemical
exfoliated sheets [15]. However MoS2 has a poor conductivity
between the two adjacent S‐Mo‐S layers which can be as low
as 2200 times compared to that along the basal plane[16]. This
is an inherent bottleneck for MoS2 to be effectively used as an
electrocatalyst. This implies that single layer MoS2 would be an
optimal morphology for valuable electrochemical applications.
Experimental [17] and computational[10] studies have
highlighted the importance of active edge sites in the catalytic
activity of the 2D MoS2 sheets, while the basal surfaces are
inert in electrochemical HER. The general strategy to improve
the electrocatalytic activity of MoS2 is by increasing the
proportion of edges per mole MoS2. Thus vertically aligned [12]
or fullerene‐like MoS2 have been grown to maximise the
exposure of edges [18]. An increase in the number of active
sites can also be achieved by increasing the intrinsic activity of
the catalyst by doping it with an atom which optimises the H+
ion adsorption/desorption process thereby reducing the GH*.
As for example doping of MoS2 with Re‐atoms at 10‐100 ppm
can increase the free charge carriers by 1016‐1017 in the
conduction band. These charge carriers lie on the surface of
inorganic fullerenes (IF) or nanotubes of MoS2 and increase the
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Experimentall
Ma
aterials: (NH)4M
Mo7O24.4H2O (99% pure) and
a
Thiourea (99%)
purrchased from Merck India and
a SD Fine ch
hemicals limiteed for
the
e synthesis of FL‐MoS2. For preparation of
o electrodes 5 wt%
Naffion solution was procure
ed from Sigm
ma Aldrich. Fo
or pH
dep
pendent studies, Sulphuric acid (98% pu
ure) and KOH
H (min
85%
% assay) was procured from
m S.D Fine chemicals (Indiaa) and
for pH 7.2 and 9.2 buffer so
olution was procured
p
for M
Merck
Ind
dia.. For the synthesis of th
he undoped and Re‐doped MoS2
nan
noparticles chemicals (Molyybdenum (VI) oxide and Rheenium
(VI) oxide) were procured from
m Sigma‐Aldricch.
nthesis of undoped and Re‐doped IF‐MoS2: The syntheesis of
Syn
the
e undoped IF‐‐MoS2 was pe
erformed in a quartz reacttor at
800
0‐830oC. Here
e evaporated MoO3 powder was reacted
d with
H2S gas in a rreducing atmosphere. Sub
bsequently, a final
ann
nealing step w
was carried out
o for 25‐35 h at 870 oC
C. This
syn
nthesis is desccribed in greatt detail in Ref. [19]. The Re‐ ddoped
IF‐M
MoS2 powder w
was prepared frrom the pre‐pre
epared densifieed (Re‐
dop
ped) oxide precursor in an analogous proce
edure to that of the
und
doped IF‐MoS2. An auxiliary reactor was used
u
to preparre the
Mo
oxRe1‐xO3 powdeer which served
d as a precurso
or for the synth esis of
the
e doped IF‐MoSS2.This synthesis procedure iss described in ddetails
in the
t Ref. 20.
Syn
nthesis of FFL‐MoS2 (Few
w‐Layer): Few
w‐Layer MoS2 was
syn
nthesized usingg (NH)4Mo7O244.4H2O and excess of Thiou rea in
mo
olar ratio of 1:488 under N2 enviironment at 800oC.

micro
oscope working
g at 200 KeV, FFEI Tecnai F30‐UT high‐resolu
ution
transmission electro
on microscopee (HRTEM) ope
erating at 300 kV.
were prepared
d by evaporatin
ng a
Specimens for TEM and HRTEM w
pension of the nanocrystals onto a holey carrbon
drop of ethanol susp
ed copper grid.
coate
Exten
nsive characterization of the undoped and Re‐doped IF‐M
MoS2
nanoparticles has been carried out. Method
ds such as X‐ray
X
nergy dispersivee X‐ray spectro
oscopy (EDS) wiithin
diffraaction (XRF); en
the TEM;
T
X‐ray photoelectron speectroscopy (XPSS) and others were
w
exten
nsively used throughout this w
work. Nonethele
ess, these meth
hods
are unable
u
to resolv
ve and accurattely determine the Re‐conten
nt in
the lattice below 0.1
0 at%. Thereefore, extensivve analysis of the
samp
ples by inductiv
ve coupled plassma mass specctrometry (ICP‐‐MS)
has been
b
carried out
o and to a llesser extent also
a
time of fllight
secon
ndary ionization
n mass spectroometry (ToF‐SIM
MS). The analyssis is
descrribed in detail in
n Refs. 19 and w
will not be repe
eated here.
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n‐type characterr and conducttivity of the pristine IF‐MoSS2 and
rhe
enium doped analogues [199]. It should be emphasized
d that
botth experiment and theoretical calculatio
ons show thaat Re‐
dop
ping level in e
excess of say 500
5 ppm (0.00
05 at %) in IF‐‐MoS2
nan
noparticles lea
ads to segregation of the rhenium
r
atom
ms and
app
preciable changes in their electronic structure. Thereefore,
mu
uch effort has been invested
d in controlling
g the Re‐level in the
nan
noparticles to below 200 pp
pm [19] The Mo
o‐substitutionaal site
of the
t Re atoms in the lattice, i.e. ReMo, whicch is essential for its
ele
ectronic chara
acter as electron donor. It was carrefully
ugh high ressolution (abe
con
nfirmed throu
erration correected)
transmission electron microsccopy (TEM); X‐‐ray absorptio n fine
stru
ucture (XAFS)) and X‐ray absorption
a
ne
ear edge stru
ucture
(XA
ANES) analyse
es.[19] Excess Re
R atoms in the 2H‐MoS2 llattice
(trigonal biprism
matic coordina
ation) was sh
hown to convvert it
into
o the 1T phase with octah
hedral coordin
nation and meetallic
cha
aracter.[20] In
n the present work, we hig
ghlight for thee first
tim
me the beneficial effects of
o incorporatin
ng Re‐atoms in IF‐
Mo
oS2 on the elecctrochemical HER
H activity.

Electtrochemical measurement
m
ts: The electtrochemical HER
activity of the catalysts was testted by Cyclic Voltammetry
V
(C
CV),
Linea
ar Sweep Voltammetry
V
(LSV) and Electrochem
mical
Impe
edance Spectro
oscopy (EIS) ttechniques. Th
he measureme
ents
were
e performed on electrochem
mical workstattion (CHI760E and
RRDE
E‐3A) using three electrodde system – a glassy carbon
electrode (GCE) (3
3 mm in diam
meter) as substtrate for workking
electrode, Ag/AgC
Cl (3 M NaCl)) was used as the refere
ence
P
electrode and a platinum wire aas the counter electrode. Prior
to usse, the GCE was mirror poliished by sequential use of 1 μ,
0.3 μ, 0.05μ alumina powdeers and nylon
n polishing pad.
p
w
prepared by
Catallyst ink for the working electrode was
dispe
ersing 2 mg of IF‐MoS2, Re‐ddoped IF‐MoS2 and FL‐MoS2 (FL‐
few layers) in 200 μL of nafion soolution (5 wt%
% nafion: IPA: H2O
= 0.0
05:1:4 (v/v/v))). 5 μL of thi s ink was dro
op‐casted on the
polished GCE and was
w allowed tto dry overnight under ambient
atmo
osphere. The electrolyte ussed for the reaction
r
and the
analy
ysis was 0.5 M H2SO4saturatted with Argo
on gas purging
g for
20 min
m to remove
e all dissolve d gases present. The cata
alyst
surfa
ace was cleane
ed electrocheemically by cycclic voltametrry in
the potential range of 0.1 too 0.8V for 20
0 cycles priorr to
meassurements. Th
he HER activiity of at diffe
erent pH (0.5
5 M
H2SO
O4, 0.1 M KOH, pH= 9.2 andd pH=7.2 buffe
er solutions.) was
studied for Re‐doped sample.

Resu
ults and disscussion

The morphology of the few layer‐ FL‐Mo
oS2, IF‐MoS2 was
revea
aled by TEM and are shown in Fig. 1.

Cha
aracterization
n: Characterizzation: The sy
ynthesized IF‐‐MoS2
nan
noparticles w
were characte
erized by Tra
ansmission eleectron
miccroscopy (TEM
M) and high‐‐resolution tra
ansmission eleectron
miccroscopy (HRTEEM) images were
w
obtained using a FEI‐Teechnai
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Fig. 2: (a) The LSV polarization curves for the various catalysts measured at
5mV/s. (b) The bar graph comparing the onset potential for HER activity of the
catalysts.

The current density increases with each cycle for both IF‐MoS2
th
and FL‐MoS2 and saturates after 5 LSV cycle probably due to
2‐
gradual displacement of SO4 ions by H+ ion on the electrode
surface with increasing cathodic polarization in the range ‐0.1
to ‐0.3V. The current density of IF‐MoS2 is about 10 times
higher than FL‐MoS2 is attributed to the higher density of
exposed edge sites per mole of MoS2, due to its onion like ring
structure. Similar results have previously been obtained for

Re-doped-IF-MoS2
0
0

100

200

300

400

real-Z'(ohm)
Fig. 3: The comparison of FL‐MoS2, IF‐MoS2 and Re‐doped IF‐MoS2 in Nyquist
plot.
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The inorganic fullerene form of MoS2 has higher density of
ordered edge sites compared to FL‐ MoS2 (from Fig. 1) studied
using SEM and TEM. Representative micrographs of the
nanoparticles are shown in Fig. 1. The Inorganic fullerene form
of MoS2 has higher density of ordered edge sites compared to
FL‐ MoS2 (from Fig. 1).
Electrocatalytic HER activities of few‐layer (FL) MoS2, IF‐MoS2
and Re‐doped IF‐MoS2 were studied using a mirror polished
glassy carbon electrode (GCE). The measurements were done
in a 0.5M H2SO4 solution using a rotating disc three‐electrode
cell setup (Ag/AgCl as reference electrode) with internal
resistance correction. From the LSV plot in the cathodic
polarization we observe that the onset potential for HER with
few‐layer MoS2 (FL‐MoS2) is ‐0.39V vs Ag/AgCl with a current
2
density of 0.21 mA/cm at 0.5V (Fig. S1). For IF‐MoS2 the onset
potential is ‐0.36V and a current density of 2.0mA/cm2 at 0.5V
(as shown in Fig. S2).

MoS2 by improving the density of density of edge sites [10, 17]. In
contrast to FL‐MoS2, IF‐MoS2 with onion like rings has maximal
edge sites, and hence the total surface area exposure for a
given mass of a catalyst is more. As a result of this IF‐MoS2
increases the efficient charge flow from the electrode to the
surface active sites of the IF‐nanoparticles. This would in turn
lead to lower a charge transfer resistance for hydrogen
evolution as seen from the Nyquist plot (Fig. 3). As seen from
the plot, the series resistance of the cell, which encompasses
the conductivity of the nanoparticles and the charge transfer
resistance (RCT) is the lowest for the Re‐doped IF nanoparticles.
The improved conductivity of the Re‐doped nanoparticles[20]
was discussed in detail before (see reference 20).

imaginary-Z''(ohm)

Fig. 1 HRTEM of (a) Re‐doped IF‐MoS2 and (b) FL‐MoS2.

The IF‐MoS2 thus is the preferred structure in comparison to
FL‐MoS2. IF‐MoS2 is an attractive catalyst structure for
electrochemical HER as the onion like rings has maximal edge
sites exposure for a given mass of a catalyst due to the higher
density of edge sites and low charge transfer resistance for
electron transfer reactions. Though IF‐MoS2 increases the
current density, it is still low for practical applications. It is
reported that on Re‐doping with at as low as few tens to 100
ppm leads to an increased the density of free carriers in the
conduction band of MoS2 at room temperature which resides
[19]
on the nanoparticle surface or close to it . This extra charge
would be expected to lead to a further decrease in the charge
transfer resistance thereby reducing the overpotential for
[19]
. As a proof of concept, we have
electrochemical HER.
investigated electrocatalytic HER activity of various catalyst
under similar conditions as that of IF‐MoS2. As seen from Fig 2
and Fig S3 we observe a drastic reduction of the onset
potential (‐0.3 V) for Re‐doped MoS2 by 60 and 80mV with
respect to both IF‐ and FL‐ MoS2. The shift in the onset
potential is indicative of reduced charge transfer resistance
from the catalyst electrode to the solution and thus facilitating
HER, as seen from the Nyquist plot (Fig. 3). The onset potential

This journal is © The Royal Society of Chemistry 20xx
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e is closer to 120mV/dec, thheoretically calculated value
e for
slope
HER on Pt‐cataly
yst. This anaalysis suggests that the HER
eeds probably
y through the Volmer‐Hero
ovsky mechaniism.
proce
Comp
parison of the catalytic acctivity with otther MoS2 ba
ased
catalysts can be done by turn oover frequenccy (TOF) whicch is
the amount
a
of hy
ydrogen geneerated per acttive sites on the
catalyst.
arameter for the practical applicability of
o a
Another crucial pa
bility test. Thee stability of the catalyst un
nder
catalyst is the stab
y was tested by
b CV in the pootential range of ‐0.3 to 0 V at a
study
scan rate of 100mV
V/s. The HER activity of Re‐‐doped IF‐MoSS2 is
d to be as good as the inittial value afterr 1000 cycles (Fig
found

(1)
5).

-0.24

Voltage (V)

-0.32

Ptt/C, 34 mV/dec

Fig. 5.T
The linear sweep voltammetry (LSV) cuurve after 1st, 5th and 1001th cycle and
d
inset sh
hows HRTEM of Re‐‐doped IF‐MoS2 aftter 1000 cycles.

Re doped-IF,
d
136 mV
V/dec

-0.40

IF-MoS2, 115 mV/dec
-0.48

FL-MoS2, 1996 mV/dec

-0.56
0.9

0.6

0
0.3

0.0

log i (A/cm2)

-0.3

-0.6

Here =is the overpotentiall, i the curre
ent density, i o the
excchange curren
nt density, and
d b the Tafel slope.
s
Tafel slo
ope is
the
e measure of p
potential requ
uired to increa
ase or decreasse the
currrent density by ten‐folds[20]. Fig. 4, co
ompares the Tafel
slopes for all the three sample
es.
Fig 4:
4 The comparison
n of Tafel slopes of FL‐MoS2, IF‐MoS
S2 and Re‐doped IFF‐
MoS
S2.

The
e Tafel Slope of FL‐MoS2 was
w 196mV/de
ec, for IF‐MoS22 was
115
5mV/dec and for Re‐doped MoS2 was 136
6mV/dec.
Although the Taffel slope of IF‐MoS2 is smaller than that o
of Re‐
ped IF‐MoS2, tthe current de
ensity of the Re‐doped IF‐M oS2 at
dop
low
wer overpoten
ntial is much higher
h
than th
hat of IF‐MoS22. This
ind
dicates that th
he Re‐doped nanoparticles
n
are a much b
better
cattalyst than th
he undoped IF‐MoS2. The value of the Tafel

Dalton Transactions Accepted Manuscript

of Re‐doped Mo
oS2 was comp
parable to 20 wt% Pt/C(0.224 V),
the
e standard elecctrocatalyst fo
or HER (from Fig.1).
F
The
e overpotentiial to obtain a current density of 10mA
A/cm2
2
and
d 20 mA/cm were found to
o be 0.48 V an
nd 0.54 V. Thee turn
ove
er frequency (TOF) of Re doped
d
IF‐MoS2 was calculatted to
be 0.2 and 0.4 s‐1 cm‐2 respecctively. The detailed calculaations
e described in the supporting information on the assum
mption
are
tha
at the surface
e atoms on the
t
catalyst to
t be the sittes of
hyd
drogen evolution. (Fig. S3)
In comparison to
o FL‐ and IF‐ MoS2 Re‐dope
ed IF‐MoS2 sh
howed
hanced curren
nt density at an overpoten
ntial of 0.5V by 67
enh
tim
mes and 6 times respecctively (Fig. 1). The deetailed
calculations are shown in ESSI. Density fun
nctional theorretical
FT) calculation
ns indicates th
hat upon dopin
ng (randomly) Re in
(DF
Mo
oS2 a new im
mpurity band appears at ‐0.2
‐
eV below
w the
con
nduction band
d of MoS2, the new band is associated
a
witth the
Re 5d orbital. Ass the dopant level increases the new im purity
ban
nd gets populated with high density of n‐type
n
dopantts. Re‐
dop
ping of 10‐100
0 ppm createss n‐type charg
ge carrier denssity of
1
1016
‐1017/cm3 in the conduction band of th
he IF‐MoS2 at room
tem
mperature. Th
he activation energy
e
of the dopant atomss is as
low
w as 0.1‐0.2 eV
V thereby deccreasing the onset
o
potentiaal and
increases the currrent density [119].
o
to elucid
date the electtron transfer mechanism
m
forr HER,
In order
we have calcula
ated the Tafell Slope by the
e current pottential
rela
ationship derivved from Butler‐Volmer equ
uation,

Over a period of time, the cattalyst loses itts activity due
e to
osion under the harsh aacidic conditions or due to
corro
agglo
omeration and
d Ostwald ripeening of the catalytic
c
particles
there
eby decreasing
g the active suurface area.
In ca
ase of IF‐MoS2the stability is attributed to the structural
morp
phology of the IF‐structuree which is rettained even after
a
1000
0 cycles as shown in Figuree S5 and inse
et of Fig. 5. The
comb
bined effect off inorganic ful lerene and Re
e‐doping thus give
g
highe
er current den
nsity, lower onnset potential and lower cha
arge
transsfer resistance
e which improvves the electrochemical HER
R as
comp
pared to few‐layer MoS2 andd IF‐MoS2.
HER activity is kn
nown to depeend on the hydrogen
h
bind
ding
energ
gy which in turn varies withh the pH value
es and also on the
electrocatalyst[21]. Hydrogen eevolution in acidic
a
and basic
mediium proceeds via following eequations,
+
‐
2 H +2 e
H2 (acidic) (2))
‐
H2 ++OH‐ (alkaline
e) (3)
H2O +2 e
nism of hydro
ogen
In orrder to get an insight intoo the mechan
evolu
ution by Re‐doped IF‐MoS22at different Ph values of the
electrolyte, we performed
p
lin ear sweep voltammetry
v
and
electrochemical impendence spectroscopy
y studies ass a
erent pH. FFor practical application of
functtion of diffe
electrocatalysts in HER studies aare generally carried out at high
h
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;

E is the potential at the observed pH and Eo is at pH = 0. From
Equation 4, the cathodic shift in slope of the potential should
change 0.059 times with respect to unit change in the pH.
170
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Conclusions

In conclusion, the present study demonstrates the beneficial
effect of Re doping in MoS2 fullerene for electrochemical
hydrogen evolution. Re‐doping results in higher current
density, lower onset potential and lower charge transfer
resistance compared to few‐layer MoS2 and undoped IF‐MoS2.
Our study at different pH values suggests the prospect of using
Re as the dopant to tune the hydrogen binding energy. It is
possible that the oxophilicity of Re modifies the electronic
environment around it and facilitates the catalytic substrate
with respect to the HER.
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12

pH
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with the dissociation of H2O which in turn is governed by the
current obtained from the hydrogen oxidation reaction (HOR). This
is in accordance with the previously reported study that the
hydrogen binding energy (HBE) might be affecting the HER activity.
We predict that Re doped sites might be optimising the HBE at
higher pH and thereby resulting in lower Rct for the HER process and
hence higher activity. These sites enhance the HER activity by acting
as active sites through tuning of HBE.

0
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4

Z' (Ohm)

6
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or low pH values (ease of use with proton/hydroxide exchange
membrane fuel cells and electrolysers). In order to understand
the effect of pH on the HER activity of the Re doped IF‐MoS2,
we have studied at the HER different pH values‐ (0.5 M H2SO4
(0.3), 0.1 M KOH (13.0), pH= 9.2 and pH=7.2 buffer solutions.)
The cathodic potential of HER evolution ideally varies with pH
following the Nernstian equation,

8

10

12

14

pH

Fig. 6. (a) The linear sweep voltammetry for Re‐doped IF‐MoS2, (b) change of the Tafel
slope and inset shows the onset potential with respect to pH (c) The Nyquist plot and
(d) corresponding charge transfer resistance for Re‐doped IF‐MoS2 at different pH.

Indeed, the cathodic potential shifts to more negative values (as
shown in Fig. 6a) with increasing pH. However, there is a deviation
from Nernstian trend in Re‐doped IF‐MoS2 (as shown in the inset of
Fig. 6b) especially at alkaline pH. Fig. 6b gives the variation of the
Tafel slope as a function of pH for Re‐doped IF‐MoS2. We observe a
non‐linear relationship in the values of the Tafel slopes as the pH is
‐
increased indicating that adsorption and desorption of OH ions in
the alkaline medium is optimally balanced with the adsorption and
+
desorption of H ions which promotes HER at lower overpotential
compared to many of the catalysts reported in the literature [22]. In
order to have an idea about the charge transfer resistance in HER at
different pH values, we have studied the EIS behaviour at open
circuit potential (Fig 6c). Ideally, at higher pH (>9) the resistance
corresponding to the HER process is high in comparison to lower pH
+
values which is attributed to the ease of H adsorption on the
electrode surface. Re doped IF‐MoS2 shows little variation in the
charge transfer resistance (Rct) as the pH was increased (Fig.6d). At
higher pH value (>9) the evolution of hydrogen depends on the pH
[23]
.
independent conversion of H2O to H2 (from Equation 4)
Therefore, at higher pH’s, charge transfer resistance is associated
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