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thermal deposition of cobalt-
doped MoS2 onto fluorine-doped SnO2 substrates
for catalysis of the electrochemical hydrogen
evolution reaction†

Isolda Roger,‡a Roberta Moca,‡a Haralampos. N. Miras,a Kevin G. Crawford,b

David A. J. Moran,b Alexey Y. Ganin*a and Mark D. Symes*a

Metal chalcogenides, and doped molybdenum sulfides in particular, have considerable potential as earth-

abundant electrocatalysts for the hydrogen evolution reaction. This is especially true in the case of solar-to-

hydrogen devices, where an ability to deposit these materials on transparent substrates is therefore

desirable. Hydrothermal methods are perhaps the most common route by which metal chalcogenide

materials suitable for the hydrogen evolution reaction are produced. Such methods are simple and

scalable, but the direct hydrothermal deposition of metal chalcogenides on transparent oxide electrodes

has hitherto never been reported. Such an advance would greatly facilitate the expansion of the field by

removing the requirement for separate hydrothermal-synthesis and catalyst-deposition steps. In this

paper, we show that the ternary chalcogenide Co2Mo9S26 can be synthesised on a fluorine-doped tin

oxide substrate by hydrothermal methods directly from solutions of the simple metal salts. These films

display good activity for the hydrogen evolution reaction from acid solution, achieving current densities

of 10 mA cm�2 at 260 mV overpotential with a Tafel slope of 64 mV per decade. Moreover, the resulting

films can be made to be translucent, a very useful property which would allow light to be transmitted

through the catalyst to an underlying light-harvesting array in any solar-to-hydrogen device employing

this material at the cathode.
Introduction

Metal chalcogenides are a fascinating class of materials with
properties conducive to catalysis,1–3 energy storage,4–7 photo-
voltaics,8,9 electronic devices10–12 and sensing applications.13,14

Amongst the more promising potential applications of metal-
chalcogenides, their use as cathodes for electrochemical water
splitting has attracted signicant attention in recent years.15

Much of this interest stems from the prospect of replacing
platinum as the cathode in solar-driven water splitting devices
with materials that are both cheaper and more abundant. In
this regard, molybdenum suldes of various compositions
(MoxSy) have been shown to be highly effective hydrogen
evolution catalysts from aqueous solution over a wide
pH-range.16,17 Moreover, doping of molybdenum suldes with
other transition metals has been proposed as a route to
improving electrocatalytic activity for hydrogen evolution.18,19
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This is especially true in the case of cobalt, with various
CoMoSx-type materials having been prepared and shown to out-
perform undoped MoS2.20–24

With regard to the synthesis of metal chalcogenides,
hydrothermal routes are particularly desirable due to their
relative simplicity and scalability. MoxSy species have been
synthesised on glassy carbon and other non-transparent
supports by hydrothermal methods on several occasions (see,
for example, ref. 25–30), but the direct hydrothermal synthesis
of MoS2 on transparent oxide electrodes has yet to be reported.
Such an advance would be of great utility in integrating
MoxSy-based materials into solar-to-fuels devices, as it would
allow this promising class of hydrogen evolution catalysts to be
deposited directly onto the electrode substrate hydrothermally
without the need for further processing steps. However, the
harsh environment that characterises aqueous solutions under
typical hydrothermal conditions tends to strip the transparent
conductive metal-oxide layer from the electrode support (oen
glass), and hence the direct hydrothermal formation of MoxSy
species on transparent electrodes has hitherto been overlooked
or assumed to be impractical.

Herein, however, we show that the hydrothermal synthesis of
metal-chalcogenides directly onto transparent metal-oxide
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD pattern of a Co-doped molybdenum sulfide film grown
on an FTO substrate (black). The peak associated with the hexagonal
structure of MoS2 is highlighted with the asterisk. (b) The XRD pattern
of a blank FTO substrate for comparison (red).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 5
:5

3:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
electrodes is indeed possible, and that the resulting decorated
electrodes remain conductive and have metrics for the
hydrogen evolution reaction from 0.5 M H2SO4 that are
comparable to those obtained from similar materials on
transparent metal-oxide electrodes but that were prepared by
other (non-hydrothermal) methods. In particular, we demon-
strate the potential of this approach by synthesising a ternary
chalcogenide with composition Co2Mo9S26 directly on uorine-
doped tin oxide (FTO) electrodes, which we then show to display
good activity for the hydrogen evolution reaction in aqueous
solution, achieving current densities of 10 mA cm�2 at 260 mV
overpotential.

Results and discussion
Synthesis and characterisation of Co-doped molybdenum
sulde on uorine-doped tin oxide (FTO)

Samples of Co-doped molybdenum sulde were prepared
directly on FTO substrates by hydrothermal methods (see
Experimental section for a detailed description). Briey,
aqueous solutions containing the simple metal salts (cobalt
sulfate and ammonium heptamolybdate) were mixed with
thiourea in the appropriate ratios before being transferred to
20 mL Teon-lined bombs. Into each bomb was placed a single
1 � 2.5 cm2 FTO-on-glass slide (with the FTO coating on one
side of the slide only) at a 45� angle to both the base and side of
the reaction chamber (see ESI, Fig. S1†). The bombs were then
sealed and heated at a rate of 1 �C min�1 up to a temperature of
180 �C. Films heated to 230 �C adhered very poorly to the FTO
substrate, and delaminated rapidly upon subsequent immer-
sion in electrolyte solutions. Hence a temperature of 180 �C was
used for producing all the lms reported in this manuscript.
This temperature was then maintained for 72 hours before
cooling at a rate of 10 �Cmin�1 back to room temperature. Aer
extrication of the FTO slides from the bombs and washing with
water to remove loosely-held material, robust, grey-black lms
were evident on the conductive (FTO) side of the substrates
only. This was true whether the FTO side of the substrate faced
upwards or downwards in the bomb, and indeed the properties
of the lms (described below) showed no dependence on
whether the FTO side of the substrate faced upwards or
downwards.

Removal of the deposited lm from the FTO side of the
substrate by mechanical scratching revealed that the underlying
FTO layer was still conductive. In contrast, FTO-on-glass slides
that were heated hydrothermally in the same manner but in the
absence of any metal salts suffered degradation of their FTO
layer and became non-conductive. When samples were
prepared using a solution containing only ammonium hepta-
molybdate and thiourea (i.e. without the addition of cobalt salts
to the deposition solution), black lms were again produced on
the conductive side of the FTO substrates, but these lms
delaminated from the substrate almost instantly upon immer-
sion in electrolyte solutions (in contrast to lms formed from
solutions containing both molybdenum and cobalt precursors).
Moreover, no lm formation was observed from precursor
solutions that contained only cobalt sulfate and thiourea (i.e. in
This journal is © The Royal Society of Chemistry 2017
the absence of molybdenum). Hence it was concluded that the
formation of metal-chalcogenide lms on these FTO substrates
was possible without the degradation of the uorine-doped
SnO2 layer under hydrothermal conditions, and that the pres-
ence of both cobalt and molybdenum in the precursor solutions
was required in order to produce lms stable enough for
subsequent electrochemical analysis (see below). However, it is
not apparent whether the FTO substrate is actively protected by
the deposited lms, or whether the reaction medium from
which these lms are deposited is inherently less corrosive
towards FTO than reaction media that lack these metal ions.

Films formed on FTO hydrothermally from solutions con-
taining 2.3 mM Co(II), 13.6 mM Mo(VI) and 34.1 mM thiourea
were examined by Atomic Force Microscopy (AFM) and found to
have an average thickness on the order of 300 nm (�50 nm) –
see Experimental methods and Fig. S2.† Analysis of these lms
by atomic adsorption spectroscopy evinced an average relative
weight percentage of Mo 47.4 wt% and Co 6.5 wt%. This
translates to a Co : Mo ratio of 1 : 4.5 (somewhat below the ratio
of 1 : 6 in the deposition solution). CHN analysis of the lms
indicated that the levels of carbon, hydrogen and nitrogen
present were all negligible. Therefore, assuming that the
residual mass in the atomic adsorption data is due to sulfur, we
assign a formula of CoMo4.5S13 (Co2Mo9S26) to this hydrother-
mally-produced material. Assuming a crystallographic density
of Co2Mo9S26 of 4.87 g cm�3 (estimated using the Diamond 3.0
program31), the typical mass loading of this material on the FTO
substrates thus equates to �0.15 mg cm�2.

According to X-ray diffraction (XRD) (Fig. 1), these lms are
polycrystalline in nature and show a broad (002) reection peak
corresponding to the layered hexagonal structure of MoS2. The
PXRD pattern of a blank FTO slide is given for comparison
(Fig. 1b), showing that the majority of the reections arise from
the underlying FTO substrate. This is in line with our observa-
tion that the deposition of the metal chalcogenide lm is
possible without the degradation of the substrate FTO layer.
Due to the lack of signicant reections, the only parameter
that could be estimated for the metal chalcogenide lms was
J. Mater. Chem. A, 2017, 5, 1472–1480 | 1473
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Fig. 3 SEM images and the corresponding elemental mapping for Co,
Mo and S in a Co2Mo9S26 film, indicating the homogeneous distribu-
tion of Co atoms within the sample.
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c ¼ 12.36 Å, which nevertheless is in good agreement with the
value expected for anMoS2 phase. No reections from adversary
crystalline phases were observed within the pattern, suggesting
that both Co and Mo are incorporated within the same
structure.

Two dominant peaks were observed by Raman spectroscopy
of the bulk sample at 374 and 403 cm�1, corresponding to the
in-plane (E12g) vibration and the out-of-plane A1g mode respec-
tively – values which are typical for MoS2 (Fig. 2).32,33 The peak
separation (Dk ¼ 29 cm�1) agrees with values reported for bulk
MoS2.34 Furthermore, no peaks associated with the presence of
either CoSx or MoOx were observed in the Raman spectrum.

XPS spectroscopy of the lms revealed that Mo, Co and S were
all present on the surface of the depositedmaterials. The valence
state of molybdenum could be ascertained by examination of the
3d region of the XPS spectrum (Fig. S3†), which revealed two
dominant peaks associated with MoIV ions (corresponding to
about 87 atomic% of the total molybdenum). Other minor
components were also observed, and were attributed to MoV and
MoVI ions, probably associated with the presence of 6.5 atomic%
MoO2OH and 6.5 atomic% MoO3 on the surface of the sample,
in agreement with reported XPS spectra of MoS2 (see, for
example, ref. 35 and 36). The presence of cobalt on the surface of
the lms was conrmed by a high resolution spectrum in Co 2p
region, which showed two doublets (suggesting a mixed valence
state of 57 atomic% Co2+ and 43 atomic% Co3+, Fig. S4†). Again,
it is possible that there is some contribution from Co-oxides to
this signal. The peaks in the S 2p3/2 region of the spectrum could
be tted with a single doublet (with binding energies 162.2 and
163.4 eV), which agrees with an assignment of the sulfur's
oxidation state on the surface as being S2� (Fig. S5†).

The morphology of the products as assessed by scanning
electron microscopy (SEM) showed the lms to be homoge-
neous (Fig. S6†). The higher-magnication images indicate that
the product lms consist of a large number of discrete “sea-
Fig. 2 A wide range Raman spectrum of a 300 nm-thick film depos-
ited on an FTO substrate, which only shows peaks associated with the
Co2Mo9S26 phase. The sample penetration depth was over 100 nm.
Inset: a magnified region showing the two peaks associated with the
Raman-active in-plane (E12g ¼ 374 cm�1) and out-of-the-plane (A1g ¼
403 cm�1) modes fitted with Gaussian functions. The peak separation
(Dk ¼ 29 cm�1) is consistent with the bulk character of the film.

1474 | J. Mater. Chem. A, 2017, 5, 1472–1480
urchin-type” blocks probably consisting of randomly-aligned
chalcogenide platelets. The presence of such morphology is in
agreement with signicant peak broadening observed in the
PXRD pattern (Fig. 1), which is due to the misalignment of
layers along the c-axis of the hexagonal structure. Such mist
between the layers is important for the electrochemical prop-
erties of these materials, as it generally leads to an increased
number of catalytic sites (predominately located at the inter-
faces and edges of the MoS2 sheets).15

Elemental mapping by EDX analysis showed a homogeneous
distribution of Co, Mo and S on the surface of the lms (Fig. 3),
in turn suggesting that Co-atoms replace some of the Mo-atoms
within the hexagonal structure of MoS2. These results agree
with those obtained by PXRD where no signicant reections
associated with Co–S or Co–O phases were present. Elemental
analysis using EDX spectroscopy showed an average Co : Mo
ratio of 1 : 5. Whilst it should be noted that EDX can only be
used on an indicative, semi-quantitative basis in this case due
to the overlapping of the Mo and S peaks in the spectra (see
Fig. S6†), this data provides further evidence for the nature of
the hydrothermally-deposited material being a ternary chalco-
genide with a stoichiometry close to Co2Mo9S26.

Modication of the standard synthetic procedure by using
lower concentrations of cobalt, molybdenum and thiourea in the
deposition solutions led to the formation of somewhat thinner
lms, throughwhich the transmission of light wasmore evident as
shown in Fig. 4. Indeed, employing the same general hydrothermal
method described above, but with concentrations of cobalt,
molybdenum and sulfur in the deposition solution that were all
lower by a factor of 2.5 compared to the standard procedure (see
Experimental section), lms on the order of 150 nm (�50 nm)
thick could be produced (see Fig. S7†). However, further dilution of
the precursor solution failed to produce lms that covered the FTO
substrate in a uniform manner.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 UV-vis transmission spectra of a 300 nm-thick Co-doped
molybdenum sulfide film on FTO (blue line), a 150 nm-thick Co-doped
molybdenum sulfide film on FTO (red line), and a blank FTO substrate
for comparison (green line). A 1 mm-thick solid metal plate had
a transmittance of zero on this scale (data not shown). Inset:
a photograph of a 150 nm-thick Co-doped molybdenum sulfide film
on FTO showing its translucent nature.
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Fig. 4 compares the transmission of light through a 150 nm-
thick lm alongside the transmission of light through a 300 nm-
thick lm on FTO and a bare FTO substrate. Thin, translucent,
Co-doped molybdenum sulde lms such as those shown in
Fig. 4 are of considerable interest given that ternary metal
chalcogenides have been proposed as cathode catalysts in solar-
to-hydrogen devices (where transmission of light through the
electrocatalyst to the underlying light-harvesting material would
be desirable). We next, therefore, assessed the competence of
our hydrothermally-produced Co-doped molybdenum sulde
lms as hydrogen evolution electrocatalysts in aqueous solution.
Hydrothermally-produced Co-doped molybdenum sulde on
FTO as a cathode for the electrochemical hydrogen evolution
reaction

The performance of these hydrothermally-produced,
Co-doped molybdenum sulde-on-FTO slides as cathodes for
Fig. 5 (a) Comparison of the current densities at pH 0 delivered by a 300
an FTO support (black line) and a bare FTO electrode (red line) obtained
sentative Tafel plot collected for a Co2Mo9S26 film in 0.5 M H2SO4 by line
dashed line is provided as a guide to the eye. In both panels, an Ag/AgCl
room temperature. All current densities have been corrected for resistan

This journal is © The Royal Society of Chemistry 2017
the electrochemical hydrogen evolution reaction was probed
in 0.5 M H2SO4. Fig. 5a shows how the current density varied
with applied potential for these electrodes, as compared to
a blank FTO slide (Fig. S8† shows a comparison of the
performance of a Co-doped molybdenum sulde-on-FTO
slide as compared to a blank FTO slide under the same
conditions by cyclic voltammetry). Hence 300 nm-thick
Co2Mo9S26-on-FTO cathodes were found to deliver a current
density of 10 mA cm�2 at �260 mV overpotential (262 mV �
8 mV). Meanwhile, Tafel analysis of these electrodes in 0.5 M
H2SO4 gave a slope of 64 � 2 mV per decade as shown in
Fig. 5b. These data were collected by linear sweep voltam-
metry at slow scan rates (2 mV s�1). A Tafel plot obtained
from steady-state current density readings collected by
controlled potential electrolysis at various potentials within
the range shown in Fig. 5b gave a value in close agreement
with that obtained by linear sweep voltammetry (66 mV per
decade, see Fig. S9†). Thinner (150 nm-thick lms) evinced
marginally poorer performance, requiring 300 mV over-
potential to deliver a current density of 10 mA cm�2, with
a Tafel slope in the region of 85 mV per decade (see Fig. S10
and S11†).

The performance of these lms was also tested in 0.5M sodium
phosphate buffer (pH 7) and 1MNaOH (pH 14). At pH 7, the lms
exhibited distinctly poorer performance compared to pH 0,
achieving a current density of 1 mA cm�2 at �210 mV over-
potential, or 10mA cm�2 at�460mV overpotential (see Fig. S12†).
These lms thus show similar performance at pH 7 to the elec-
trodeposited Co-doped MoS3 lms reported by Hu and co-
workers20 on glassy carbon substrates (although we note that these
authors do not report current densities higher than 1mA cm�2 for
their materials at this pH). Meanwhile, the Tafel slope for our
cathodes within the current density range �0.5 to �5 mA cm�2

was on the order 220 mV (see Fig. S13†). At pH 14 on the other
hand, our Co2Mo9S26-on-FTO cathodes exhibited very poor
stability and the catalyst material was observed to exfoliate into
solution rather rapidly during electrochemical analysis, precluding
the collection of meaningful hydrogen evolution data.
nm-thick Co2Mo9S26 film prepared by themethods described above on
by linear sweep voltammetry at a scan rate of 2 mV s�1. (b) A repre-
ar sweep voltammetry (see Experimental section for details). The blue
reference electrode and carbon cloth counter electrode were used at
ce.

J. Mater. Chem. A, 2017, 5, 1472–1480 | 1475
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Table 1 Tafel slopes and overpotentials required to reach a benchmark current density of 10 mA cm�2 for a selection of recently-reported
metal-chalcogenide HER catalysts on FTO substrates

Entry Reference Catalytic material pH h at 10 mA cm�2 (mV) Tafel slopea Catalyst deposition method

1 Tran et al. (2013) (ref. 23) CoMoSx 7 250 85 Electrodeposition
2 Tran et al. (2012) (ref. 38) Cu2MoS4 0 300 95 Precipitation of simple salts
3 Sun et al. (ref. 39) Cobalt suldes 7 150 93 Electrodeposition
4 Laursen et al. (ref. 40) MoS2 on activated carbon 0 210 (5 mA cm�2) — Electrodeposition
5 Meng et al. (ref. 41)b MoS2 on rGOb 13 250 (dark) — Solvothermal, then dip-coat
6 Kibsgaard et al. (ref. 35) MoS2 0 230 50 Electrodeposition
7 Vrubel and Hu (ref. 36) Amorphous MoS3 0 170 — Electrodeposition
8 Merki et al. (2011) (ref. 42) Amorphous MoS2 0 200 (14 mA cm�2) 40 Electrodeposition
9 Vrubel et al. (2012) (ref. 43) MoS2 and MoS3 particles 0 220 50–60 Various, none hydrothermal
10 Huang et al. (ref. 44) Mo2S12 0 160 39 Drop casting
11 This work Co2Mo9S26 0 260 64 Direct hydrothermal

a Tafel slopes in mV per decade. b Substrate is FTO/reduced graphene oxide (FTO/rGO).
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A comparison of Tafel slope data and overpotential
requirements to achieve a benchmark current density37 of
10 mA cm�2 for a range of recently-reported metal-chalcogenide
HER catalysts on FTO substrates is shown in Table 1. At pH 7,
the mixed Co/Mo suldes prepared on FTO by electrodeposition
by Tran et al.23 (Table 1, entry 1) exhibit signicantly superior
performance to our Co2Mo9S26-on-FTO materials at the same
pH (see above). At pH 0, however, Co2Mo9S26-on-FTO achieves
a current density for the hydrogen evolution reaction of 10 mA
cm�2 at an overpotential that is essentially the same as that for
the aforesaid electrodeposited catalyst at pH 7. Overall, these
data suggest that the hydrothermal synthesis method described
herein is a viable route for the production of mixed Mo/Co
chalcogenides directly on FTO substrates, producing materials
that are competent hydrogen evolution electrocatalysts.

To conrm that the current density thus obtained with the
Co2Mo9S26 cathodes was due to the production of hydrogen, gas
chromatography was performed on the headspace of sealed cells
aer extend-time electrolysis (see Experimental section and
Fig. S14†). This clearly indicated that hydrogen was the domi-
nant reduction product, with a faradaic yield of 89% (�6%).
Fig. 6 Controlled potential bulk electrolysis of a 300 nm-thick
Co2Mo9S26 film on an FTO support at a fixed, resistance-corrected
overpotential for the hydrogen evolution reaction of 270 mV. The
electrolyte was 0.5 M H2SO4 and was stirred throughout (see Experi-
mental section for further details).

1476 | J. Mater. Chem. A, 2017, 5, 1472–1480
These extended-time electrolysis experiments also indicated
that the activity of the lms falls off somewhat over the course of
several hours of polarisation at pH 0 (see Fig. 6). In many cases,
this drop-off in performance was accompanied by extensive
bubble formation on the electrodes which acted to accelerate
the cracking and exfoliation of the deposited material. Hence
future studies will aim to improve the longevity of these cata-
lysts by tuning lm thicknesses (by, for example, adjusting the
hydrothermal conditions and reaction times) and also by
exploring the effect of additives as a means to deliver superior
adhesion of the catalyst to the electrode. Alteration of the
transparent conductive metal-oxide substrate may also improve
lm adhesion and robustness – Fig. S15† shows that when
indium-tin oxide (ITO) substrates are used, the decrease in lm
activity is attenuated somewhat.
Conclusions

In conclusion, we have developed a general synthetic procedure
for the direct hydrothermal formation of cobalt-doped molyb-
denum sulde on FTO, despite the fact that the FTO substrate is
otherwise degraded under hydrothermal conditions in the
absence of metal salts. Films of composition Co2Mo9S26 were
formed using thismethod, and the thicknesses of these lms was
tuned somewhat by varying the concentrations of the metal salts
and thiourea in the hydrothermal deposition solution. These
lms were found to be good proton reduction electrocatalysts
under cathodic bias in 0.5 M H2SO4, generating hydrogen at
a current density of 10 mA cm�2 at 260 mV overpotential and
displaying a Tafel slope of 64mV per decade. Some of the thinner
lms had substantial translucency, which (combined with their
electrochemical performance) renders electrodes produced in
this way potential candidates for solar-to-hydrogen applications.
Experimental section
General experimental remarks

CoSO4$7H2O (99%) and (NH4)6(Mo7O24)$4H2O (99%) were
purchased from Sigma Aldrich while SC(NH2)2 (99%) was
This journal is © The Royal Society of Chemistry 2017
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supplied by Alfa Aesar. All chemical reagents and solvents were
used as purchased. All electrolyte solutions were prepared with
reagent grade water (18.2 MU cm resistivity), obtained from
a Sartorius Arium Comfort combined water system. pH deter-
minations were made with a Hanna HI 9124 waterproof pH
meter. UV-Vis spectra were collected in the solid state on a Shi-
madzu UV-2101PC spectrophotometer. Fluorine-doped tin
oxide on glass (FTO) coated plain oat electrodes (7 ohms per
sheet) were purchased from Hartford Glass Co., Inc. All other
materials were obtained as stated in the text. Experiments per-
formed at “room temperature” were carried out at 20 �C.

Synthesis

Preparation of Co2Mo9S26-on-FTO. FTO substrates were
prepared by being soaked for 10 minutes in a KOH/iso-propanol
base bath, aer which they were rinsed with a 1 M solution of
HCl and a copious amount of distilled water. 300 nm-thick lms
of Co2Mo9S26-on-FTO were synthesised from a stock solution
prepared by mixing together 4.66 mL of an aqueous 50 mM
solution of CoSO4$7H2O, 28 mL of an aqueous 7.1 mM solution
of (NH4)6Mo7O24$4H2O, and 70 mL of an aqueous 50 mM
solution of SC(NH2)2 with rigorous stirring (giving a Co : Mo : S
ratio of 1 : 6 : 15). Hence this stock solution contained Co, Mo
and S in the following overall concentrations: 2.3 mM Co,
13.6 mM Mo and 34.1 mM S. In a typical procedure, 15 mL of
this stock solution was poured into a 20 mL Teon liner, in
which a 2.5 � 1 cm2 FTO substrate was placed with the
conductive side facing down at an angle of ca. 45� (Fig. S1†). The
Teon liner was then sealed inside a stainless steel reaction
vessel and heated at a rate of 1 �Cmin�1 in a convection oven to
180 �C. Aer 72 hours at this temperature, the vessel was cooled
at a rate of 10 �C min�1 to room temperature. The vessel was
opened in air revealing a colourless solution with pH ¼ ca. 8.
The product was formed as a grey-black, translucent lm on the
conductive part of the substrate. The substrate with the lm was
washed with distilled water and dried in a desiccator over
freshly regenerated silica gels at 100 �C. Subsequent annealing
of these lms at 300 �C under a stream of Ar did not produce any
signicant improvement in the electrochemical performance of
these materials, and so all the results reported herein were
obtained without any such annealing.

Thinner lms (150 nm-thick) were prepared by the same
method, except that the stock solution was prepared by mixing
4.66 mL of an aqueous 20 mM solution of CoSO4$7H2O, 28 mL
of an aqueous 2.9 mM solution of (NH4)6Mo7O24$4H2O, and
70 mL of an aqueous 20 mM solution of SC(NH2)2 together with
rigorous stirring (again giving a Co : Mo : S ratio of 1 : 6 : 15).
15 mL of this stock solution were then poured into a 20 mL
Teon liner containing an FTO substrate and heated as above.

Morphological and compositional characterisation

Raman spectroscopy was carried out on a Horiba Jobin-Yvon
LabRam HR800 spectrometer equipped with a 532 nm wave-
length laser. To prevent degradation of the sample, a 10% lter
and 200 micrometer hole were used. The focus on the surface of
the sample was achieved using the controls, with the aid of
This journal is © The Royal Society of Chemistry 2017
a microscope with 10� and 50� magnication. Before the
measurement the instrument was calibrated using a piece of Si
as a standard. Powder X-ray diffraction (PXRD) measurements
were performed using a Panalytical XPert-pro diffractometer
(CuKa radiation corresponding to l ¼ 1.54178 Å wavelength),
operating in a Bragg–Bretano reection geometry. Scanning
electron microscopy was performed in conjunction with an
energy-dispersive X-ray (EDX) spectroscopy on a Philips XL30
ESEM with an attached Oxford Instruments x-act EDX detector.
All the SEM images and EDX analyses were recorded at an
acceleration voltage of 20 kV. Initially, the SEM images were
recorded by using the following magnications: 20�, 100�,
800� and 4000�. The selected areas were then probed by EDX
spectroscopy to obtain the elemental composition of the
samples. Before running the EDX measurements a Cu foil
standard was used for calibrating the measurements. X-ray
photoelectron analysis (XPS): as-prepared Co-doped molyb-
denum sulde-on-FTO samples were carefully packed and sent
to the National EPSRC XPS Users' Service (NEXUS) at Newcastle
University, UK. XPS spectra were acquired with a K-Alpha
instrument (Thermo Scientic, East Grinstead, UK), using
a micro-focused monochromatic AlKa source (X-ray energy
1486.6 eV, spot size 400 � 800 microns). The emission angle
was zero degrees and the pass energy was 200 eV for surveys and
40 eV for high resolution. Charge neutralization was enabled.
The resulting spectra were referenced to the adventitious C 1s
peak (285.0 eV) and were analyzed using the free-to-download
CasaXPS soware package. Atomic Force Microscopy (AFM)
measurements were obtained using a Bruker Dimension Icon
AFM. Film steps relative to the FTO substrate were measured
over a scan area of 20 mm � 6.7 mm. The step edges for AFM
measurements were generated by electrolyzing lms for
extended time periods in 0.5 M H2SO4 according to the general
electrochemical methods described below until limited exfoli-
ation of the catalyst material from the FTO substrate had
occurred. The relative height of the un-exfoliated catalyst
material compared to the bare substrate exposed by exfoliation
was then measured. Three different areas were analysed per
sample and the data reported are average values for the step
sizes that were measured. The thicknesses of the lms were
measured to �50 nm thickness. For example, a step measure-
ment on a 300 nm-thick lm (taking a 4 mm cut each side of the
step) gave a height of 270 nm. The lm itself gave an average
roughness of 26 nm, whilst for the substrate the roughness was
20 nm Ra.45 Hence the roughness of the underlying FTO and the
roughness of the deposit track reasonably closely. Errors asso-
ciated with the AFM instrument itself were minimized by using
a new tip for each measurement. Atomic absorption spectros-
copy (AAS) was performed on a Perkin Elmer Aanalyst400
instrument as follows. To an accurate weight of material
(carefully scraped from the FTO substrate) was added 5 mL of
aqua regia and the sample was then boiled at 120 �C for
30 minutes, allowed to cool, and transferred to a 25 mL volu-
metric ask, rinsing all the glassware with deionized water. The
samples were diluted to bring them into the linear range to be
measured by AAS. A blank sample was also prepared using 5 mL
of aqua regia. A series of standards were prepared in the range
J. Mater. Chem. A, 2017, 5, 1472–1480 | 1477
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0–5 mg L�1 for cobalt and 0–50 mg L�1 for molybdenum. The
standards were prepared in water to match the diluted samples.
Cobalt was measured at 240.7 nm using an air acetylene ame.
Molybdenum was measured at 313.3 nm using a nitrous oxide/
acetylene ame.

Electrochemical methods

General electrochemical methods. Electrochemical studies
were performed in a three-electrode conguration (unless
otherwise stated) using a CH Instruments CHI760D potentio-
stat in 0.5 MH2SO4, unless otherwise stated. A large surface area
carbon felt (Alfa Aesar) was used as the counter electrode
(unless otherwise stated), and an Ag/AgCl (NaCl, 3 M) reference
electrode (RE 5B, BASi) was used. Working electrodes were
washed with deionized water prior to use. Carbon felt counter
electrodes were not re-used. Three-electrode potentials
were converted to the NHE reference scale using E(NHE) ¼
E(Ag/-AgCl) + 0.209 V. The active area of all working electrodes
was on the order of 1 cm2.

Bulk electrolysis and linear sweep voltammetry. These were
performed in a three-electrode conguration (unless otherwise
stated) in single compartment electrochemical cells. Solutions
were stirred, keeping the same stirring rate for all experiments.
Where voltages have been corrected for ohmic resistances, the
effective voltage (Veffective) is given by:46

Veffective ¼ Vapplied � iR

where i is the current owing through the cell and R is the
resistance of the cell. Cell resistances were measured by the iR
test function available on the CH potentiostats, using the
general method developed by He and Faulkner.47 Briey, the iR
test function works by examining the current response to small
step changes in voltage relative to a test potential at which no
faradaic current ows. In our case, the step change (DV) was
0.05 V and the test potential was selected as 0 V vs. Ag/AgCl. The
iR test function on the potentiostat then extrapolates the signal-
averaged currents at 54 and 72 ps aer the voltage-step edge
backwards to obtain a current at t ¼ 0, where this current can
also be expressed as DV/R. R in this case is the solution resis-
tance that is sought. The nal parameter that the user must
select with this function is the acceptable stability limit of the
system at the value of R measured (“% overshoot”): in our case
a value of 2% was chosen (default setting on the potentiostat). A
Nyquist plot obtained under the same conditions as the iR test
function is shown in the ESI (Fig. S16†), indicating that the iR
test function accurately accounts for the Ru component of the
total series resistance. Fig. S17† then shows the effect that
altering the potential has on the electrochemical impedance of
the lms. The error associated with the iR-correction is domi-
nated by the error associated with gauging the resistance of the
solution, where values were found to vary over a range of
Rmeasured � 3%. Linear sweep voltammograms were recorded at
a scan rate of 2 mV s�1 unless otherwise stated.

Tafel plots. Tafel plots were obtained in single chamber
cells with stirring according to the general methods descri-
bed above. Plots were generally collected by linear sweep
1478 | J. Mater. Chem. A, 2017, 5, 1472–1480
voltammetry at a scan rate of 2 mV s�1, and the reported Tafel
slopes are averages of several runs. Where specied, Tafel plots
were also constructed by running bulk electrolyses at various
potentials. In these cases, the current density was allowed to
stabilize for 5 minutes at each potential before being recorded.
The overpotentials reported have been corrected for resistive
losses.
Gas chromatography

Gas chromatography was conducted in airtight cells according
to the general electrochemical procedure given above and using
an Agilent Technologies 7890A GC system. During electrolysis,
the solution was stirred and the headspace was sampled by gas-
tight syringe (volume taken per sampling event ¼ 50 mL) and
introduced onto the GC column by direct injection at various
intervals. The column used was a 30 metre-long 0.320 mm
widebore HP-molesieve column (Agilent). The GC oven
temperature was set to 27 �C and the carrier gas was Ar. The
front inlet was set to 100 �C. The GC system was calibrated for
H2 using certied standards of hydrogen at a range of volume%
in argon supplied by CK Gas Products Limited (UK). Linear ts
of volume% vs. peak area were obtained, which allowed peak
areas to be converted into volume% of H2 in the cell headspace.
Total system headspaces were calculated by lling the cells with
water at room temperature. Charges passed were converted into
expected volume percentages of hydrogen in the headspace by
converting charges to an expected number of moles of gas (by
dividing by 2F for H2, where F is the Faraday constant), and then
taking the volume of 1 mole of an ideal gas at room temperature
and pressure to be 24.5 L. Faradaic efficiencies were then
calculated by taking the ratio of gas volume% based on the
charge passed to the gas volume% measured by gas chroma-
tography. Faradaic efficiencies were based on the total amount
of charge passed, uncorrected for any background or capaci-
tance currents. All gas determinations were performed at least
twice, and average faradaic efficiencies are reported in the main
text.
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