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ABSTRACT: The design of more efficient catalytic electrodes remains an important
objective for the development of water splitting electrolyzers. In this context a structured
composite cathode material has been synthesized by electrodeposition of molybdenum
sulfide (MoS,) into a poly(pyrrole-alkylammonium) matrix, previously coated onto carbon
electrodes by oxidative electropolymerization of a pyrrole-alkylammonium monomer. The
composite material showed an efficient electrocatalytic activity toward proton reduction and
the hydrogen evolution reaction (HER). Data from Tafel plots have demonstrated that the
electron transfer rate in the composite films is fast, in agreement with the high catalytic
activity of this cathode material. Bulk electrolysis of acidic water at carbon foam electrodes
modified with the composite have shown that the cathodes display a high catalytic activity
and a reasonable operational stability, largely exceeding that of regular amorphous MoS,
electrodeposited on naked carbon foam. The enhanced catalytic performances of the
composite electrode material were attributed to the structuration of the composite, which
led to a homogeneous distribution of the catalyst on the carbon foam network, as shown by

SEM characterizations.
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B INTRODUCTION

Conversion of clean and renewable energy sources to hydrogen
via splitting of water offers an appealing solution toward energy
and environmental issues." One of the critical steps in the water
splitting process is the hydrogen evolution reaction (HER),
which requires the employment of catalysts. So far, platinum
group metals are considered as the most effective electro-
catalysts for HER,” but severely suffer from their rarity and high
cost. Thus, the need for efficient non-noble, earth abundant
catalysts is critical. Among them, molybdenum-based materials,
especially molybdenum sulfides, appear as promising HER
catalysts and represent a very promising alternative to noble
metals.>° Molybdenum sulfide (named MoS, herein), in the
form of electrodeposited,7’8 drop-casted,9 or spin-coated10
amorphous films, nanoparticles assembled on gold,""' carbon
paper,”® glassy carbon,"* and FTO' surfaces, have been
reported for their high electrocatalytic activity toward hydrogen
evolution in acidic electrolytes. Increased electrocatalytic
activity and stability has been obtained by incorporating
MoS, into various templates or supports, including reduced
graphene oxide,'> mesoporous graphene foam'® and carbon
nanospheres,17 carbon black particles,18 carbon fibers,"® or
MoO; nanowires’® networks. The enhanced activity of these
MoS,-based hybrid and composite materials is believed to be
due to the increase of the active surface area. Moreover,
aggregation of catalyst particles, which results in a decrease of
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activity, can be in principle prevented by using a matrice or a
support.

Surprisingly, so far the synthesis of MoS, -polymer
composites remains limited to a very few examples> >
despite this approach providing an attractive versatility in the
controlled synthesis of structured assemblies of catalysts
particles with functionalized polymers.*® Bélanger and co-
workers have described the preparation of polypyrrole-
molybdenum sulfide composite thin films, electrodeposited
on electrodes from aqueous solutions containing pyrrole and
ammonium tetrathiomolybdate.*' ~>* Characterization by ele-
mental analysis and X-ray absorption spectroscopy of the
materials synthesized in this way has demonstrated that the
composite films contained both MoS; and MoS,*” species.””
They have recently been found very active for HER in acidic
electrolyte, but have shown a poor stability.**

We reported earlier that the use of polypyrrole films
functionalized by cationic moieties provides a straightforward
and efficient route for the electrosynthesis of nanostructured
composite electrode materials containin% a dispersion of
various metal and metal oxide catalysts,”’">* which exhibit
high activity for numerous electrocatalytic applications. Very
recently we have described the synthesis of a photocathode, by
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electrodeposition of MoS, as HER catalyst into a photo-
sensitive poly[pyrrole-Ru(2,2 -bipyridine),**)] film. This com-
posite electrode material exhibited a stable photocatalytic
activity for hydrogen evolution under visible light in acidic
aqueous electrolytes.*® Following a similar synthetic strategy,
here we report the fabrication of a simpler structured
molybdenum sulfide-based cathode material for HER. The
composite was synthesized by incorporation of tetrathiomo-
lybdate anions by ion-exchange into a poly(pyrrole-alkylammo-
nium) thin film, followed by electroreduction of trapped
MoS,*” species to precipitate molybdenum sulfide in the
polymer matrix. The electrocatalytic activity of this electrode
material has been evaluated toward water reduction and the
hydrogen evolution reaction. Furthermore, bulk electrocatalytic
reduction of water at large surface carbon foam modified
electrodes has demonstrated that the composite films display a
higher catalytic activity and a good operational stability, largely
exceeding that of regular electrodeposited amorphous molyb-
denum sulfide.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Ammonium tetrathiomo-
lybdate ((NH,),MoS,, 99.95%, Aldrich), tetraethylammonium
chloride (Et,NCIl, Fluka), dichloromethane (CH,Cl,), acetoni-
trile (CH;CN, ACROS, HPLC grade), sodium perchlorate
(NaClO,), and tetra-n-butylammonium perchlorate (TBAP,
Fluka puriss) were used as received. Purification of water (15.0
MQ cm, 24 °C) was performed using a milli-Q system (Purelab
option, Elga). Reference gas (1% and 5% H, in N,, Air Liquide)
were purchased from commercial suppliers. (3-Pyrrol-1-
ylpropyl)triethylammonium tetrafluoroborate, denoted mono-
mer 1 (Scheme 1), was prepared according to a previously
reported procedure.*

Scheme 1. Pyrrole-Containing Monomer (1) Used in This
Work
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Tetraethylammonium tetrathiomolybdate ((Et,N),MoS,)
was prepared according to a literature procedure.”™ The
reaction was performed under argon. To a suspension of
(NH,),MoS, (200 mg, 0.77 mmol) in CH;CN (11 mL) was
added Et,NCl (267 mg, 1.61 mmol). The red mixture was
stirred at room temperature for 2.5 h. The volume of solution
was then reduced to 1 mL under vacuum, and the resulting red
precipitate was filtered off, washed with CH,Cl, (3 X 10 mL),
and dried under vacuum. (Et,N),MoS, was isolated as a bright
red solid (236 mg, 63%).

2.2, Electrodes, Electrochemical Cells, and Instrumen-
tation. All electrochemical experiments were performed using
a conventional three-electrode system. Electroanalytical experi-
ments were performed using a CHI 660B electrochemical
analyzer (CH Instruments). Electrosynthesis of carbon foam
modified electrodes and bulk electrolysis were carried out using
an EGG PAR model 273 potentiostat. Potentials were referred
to the AglAgCl (3 M KCl) or to the AglAg® (10 mM in
CH,CN + 0.1 M TBAP) reference electrodes in aqueous and
non aqueous electrolytes, respectively. In some cases potentials
were referred to the reversible hydrogen electrode (RHE) by
adding a value of (0.20S + 0.059 X pH) V. For analytical

experiments, glassy carbon working microelectrodes (3 mm
diameter) were polished with 1-ym diamond paste. Large scale
electrolysis was conducted on modified carbon foam electrodes
(0.8 cm®, porosity 100 ppi, from Electrosynthesis). Samples for
atomic force microscopy studies were deposited onto indium
tin oxide (ITO) electrodes. All experiments were conducted at
room temperature under an argon atmosphere.

2.3. Preparation of the Nanocomposite Film Modified
Electrodes. Electrosynthesis of Poly(Pyrrole-alkylammo-
nium) Film Modified Electrodes. Polymer films (denoted
polyl) were grown by potentiostatic oxidative electropolyme-
rization in unstirred solutions of monomer 1 (4 mM) in
CH;CN containing TBAP (0.1 M) as supporting electro-
lyte.”®*® The extent of the polymerization was controlled
through the anodic charge recorded during electrolysis. The
amount of pyrrole units in the films, and thus the apparent
surface coverage in ammonium units Iy, (mol cm™) were
determined, after transfer of the modified electrodes into
monomer-free CH;CN electrolyte, from the integration of the
polypyrrole oxidation wave recorded at low scan rate (10 mV
s7!), assuming that one in three pyrrole units is oxidized.”’
Thin films with [y, ranging from 2.0 X 107® mol cm™ to 6.0 X
10® mol cm™ were grown onto glassy carbon disc (3 mm
diameter) electrodes by controlled potential oxidation carried
out at E,,, = 0.85 V vs AglAg” 107> M, using polymerization
charges from 0.5 to 2 mC. Modification of carbon foam
electrodes was achieved by potentiostatic oxidative electro-
polymerization of monomer 1 in acetonitrile in the same
experimental conditions as described above, using polymer-
ization charges of 0.5 to 1.5 C. This process led to the
deposition of a polymeric material onto the carbon foam
containing about 1 to 3 umol of ammonium groups
(electrodeposition yield around 45%).

Electrodeposition of MoS, in Poly-1 Films. The electro-
deposition of molybdenum sulfide onto poly-1 films was
performed following three different processes: (i) repeated
cyclic voltammetry scans of the polyl film modified electrodes
over the 0.1 to —1.0 V potential range in a 10 mM aqueous
solution of (NH,),MoS, containing 0.1 M NaClO, (pH 6.6);
(ii) incorporation of MoS,*” anions by ion-exchange into poly1l
films upon soaking for 10 min in a 2 mM solution of
(Et,N),MoS, in CH;CN, followed by repeated CV scans over
the 0.1 to —1.2 V potential range in clean 0.1 M aqueous
NaClO, electrolyte (pH 6); (iii) same procedure as above, but
the incorporation by anion-exchange of MoS,*” into polyl
films was preformed by soaking the polyl film modified
electrodes into a 10 mM aqueous solution of (NH,),MoS,.

For comparative studies, MoS, films were coated onto naked
carbon and ITO electrodes by repeated CV scans (typically 25
cycles) over the 0.1 to —1.0 V potential range in a 10 mM
aqueous solution of (NH,),MoS, containing 0.1 M NaClO,
(pH 6.6).

2.4. Atomic Force Microscopy Experiments. Samples
for atomic force microscopy (AFM) measurements were
prepared by electrodeposition of MoS, on polyl films-coated
ITO-coated glass electrodes (1 cm?®). Electropolymerization of
monomer 1 in acetonitrile electrolyte was performed at a
controlled oxidation potential of 1.1 V vs AglAg" 107> M, (I'y,
=2.17 X 107® mol cm™2). MoS, was then electrodeposited onto
polyl films, by incorporation of MoS,>” 10 mM in CH;CN,
followed by repeated cyclic voltammetry scans in clean 0.1 M
NaClO, (pH 6). For comparative studies MoS, was deposited
onto a naked ITO electrode by cycling in 10 mM aqueous
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solution of (NH,),MoS, containing 0.1 M NaClO, (pH 6.6).
AFM measurements were performed with a PicoPlus instru-
ment (Molecular Imaging) equipped with a PicoScan controller
and an AC-mode control box. The topography images were
recorded with different scanning ranges and a tapping mode
probe was used for imaging. AFM cantilevers with an aluminum
coating (BudgetSensors Tap1SOAI-G) with a nominal spring
constant of S N m™" were used. The measurement frequency
was set to 15% below the resonance frequency (about 150
kHz). Images were treated using Gwyddion program.

2.5. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) images of modified carbon foam electrodes
were obtained using a Zeiss FEG-SEM microscope equipped
with a Bruker AXS X-ray analyzer (EDX) and a silicon drift
detector (SDDj; 30 mm? of active surface); data were treated
with the QUANTA software.

2.6. Analysis of Hydrogen Production. The amount of
hydrogen evolved was quantified from an analysis of the gas
mixture in the headspace of the electrochemical cell (sampling
of 100 uL of gas) by gas chromatography (PerkinElmer
Autosystem XL Gas Chromatograph equipped with a 5 A
molecular sieve column (oven temperature = 303 K) and a
thermal conductivity detector (TCD), using argon as carrier
gas. Prior to each experiment, GC/TCD calibration was carried
out with two samples of the reference gas (1% and 5% H, in
N,).

The number of moles (ny,) and the volume (Vi) of

hydrogen produced was calculated according to eqs 1 and 2,
respectively.

detected peak area
ny. (mol) = X 0.01
: calibration peak area
headspace volume [L]
24.5 [Lmol '] (1)
detected peak area
Vi, (L) = X 0.01

calibration peak area
X headspace volume [L] (2)

where 0.01 is the reference percentage of H, in N,
(corresponding to 1% of H, in N,) which is linked to the
calibration peak area, 24.5 L mol™ is the molar volume of an
ideal gas at a temperature of 298.15 K and pressure of 101325
Pa. For all experiments, the overpressure in the cell (headspace
volume 175 mL) due to the hydrogen produced was regarded
as negligible, since the total amount of hydrogen produced did
not exceed 15 mL. The turnover number related to the catalyst
(TON) was calculated according to eq 3

nH2

Ncat (3)

TON =

where ny, is the number of moles of hydrogen produced and

ficae 18 the number of moles of catalyst in the composite film.
We consider that one mole of catalyst gives 1 mol of H,.

B RESULTS AND DISCUSSION

3.1. Electrosynthesis of Poly(Pyrrole-alkylammo-
nium)-molybdenum Sulfide Nanocomposite Electrode
Materials. It is now well-established that amorphous
molybdenum sulfide films can be deposited under various
electrochemical conditions’ from aqueous solution of ammo-

nium tetrathiomolybdate, onto carbon, platinum, or conducting
oxide-coated glass electrodes.”****®*® In particular, thin films
of MoS, are readily cathodically electrodeposited from MoS,*~
aqueous solutions”***” (see for example Figure SIA in
Supporting Information). These amorphous materials have
been shown to be efficient hydrogen evolution electrocatalysts
in acidic aqueous electrolytes™”® (see Figure S1B in Supporting
Information). With a view to developing structured, active and
stable catalytic cathodes for HER, we have studied the synthesis
of MoS,-polymer composite electrode materials. As pointed out
in the introduction, we used the general strategy already
described by our group for the preparation of composite
electrode materials, based on the electroprecipitation of catalyst
particles into functionalized polypyrrole thin films coated onto
carbon electrodes.””*

First, we have studied the electroprecipitation of MoS, into
poly(pyrrole-alkylammonium) thin films, simply by scanning Cl
polyl film modified electrodes over the 0.1 to —1.0 V potential
range in a (NH,),MoS, aqueous solution. The CV features
(Figure 1A) are similar to those observed in the same
experimental conditions at a naked carbon electrode (see
Figure S1A in Supporting Information). This is consistent with
the electroprecipitation of molybdenum sulfide into the
polyammonium film, although the amount of deposited MoS,
is obviously lower than that deposited on a naked carbon in the
same experimental conditions, as evidenced from the
significantly smaller redox wave observed for the composite
film modified electrode. However, the polarization curve
recorded in an acidic aqueous electrolyte (Figure 1C, curve
a) shows that the modified electrode synthesized in this way
displays a high catalytic activity for hydrogen evolution, similar
to that obtained with a CIMoS, modified electrode (Supporting
Information Figure S1B, curve a), thereby confirming the
effective synthesis of a polyl-MoS, catalytic electrode material.

Nevertheless, we found this strategy to synthesize polymer-
MoS, composite films poorly reproducible, because of the fast
degradation of the deposition bath during the electrodeposition
of molybdenum sulfide due to a stron§ precipitation in the
electrolyte of sulfur and sulfide species.””’

Thus, we designed a clean, reproducible and less material-
consuming strategy for the electrosynthesis of molybdenum
sulfide-based composite materials, taking advantage of the
excellent ion-exchange properties of the cationic polyl films,
and of the well-behaved redox activity of MoS,*” in organic
electrolytes. This strategy is summarized in Scheme 2.

The tetrathiomolybdate anion is characterized by a reversible,
one-electron reduction wave in organic electrolytes40’41 (Eyp =
—2.69 V vs AglAg* 107 M for the Mo"'S,>"/Mo"S,>” redox
couple in acetonitrile +0.1 M TBAP; Figure 2A, curve a; see
also Figure S2 in Supporting Information). Immersion of Cl
poly-1 modified electrodes in the solution of (Et,N),MoS, in
acetonitrile leads to the binding of the tetrathiomoybdate
dianion in the polymer matrix by anion exchange with CIO,".
The incorporation of intact MoS,”” in the poly(pyrrole-
alkylammonium) film was established by cyclic voltammetry.
Cyclic voltammograms recorded on Clpoly-1 electrodes in 2
mM (Et,N),MoS, in CH;CN show two reversible redox peak
systems at about —2.5 and —2.7 V (Figure 2A, curve b). The
redox potential for the last wave lies not far away from that
observed for MoS,>” in homogeneous solution at a bare carbon
electrode. This wave disappears if the modified electrode is
thoroughly rinsed and transferred to clean acetonitrile +0.1 M
TBAP electrolyte (Figure 2B). The voltammogram then shows
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Figure 1. (A) Electroreductive precipitation of MoS, into a
poly(pyrrole-alkylammonium) film by repeated cyclic voltammetry
(CV) scans (25 cycles; scan rate S0 mV s™') at a Clpolyl modified
electrode (3 mm diameter; Ty, = 8 X 107 mol cm™) in a 10 mM
aqueous solution of (NH,),MoS, containing 0.1 M NaClO,, pH 6.6.
(B) Repeated CV scans (25 cycles; scan rate SO0 mV s™') in 0.1 M
aqueous NaClO, (pH 6), recorded at a Clpolyl modified electrode (3
mm diameter; 'y, = 8 X 107 mol cm™) previously soaked for 10 min
in a 2 mM solution of (Et,N),MoS, in CH,CN. (C) Polarization
curves recorded in aqueous H,SO, (pH 0.3) with the Clpolyl-MoS,
modified electrodes prepared in A (curve a) and B (curve b); curve c is
recorded at a Clpolyl modified electrode without incorporation of
MoS,; scan rate 20 mV s,

a single wave (E, , = —2.50 V vs. AglAg" 107> M) characteristic
of the tetrathiomolybdate anion entrapped in the polymer film.
The peaks currents are significantly higher than those recorded
at a bare carbon electrode (Figure 2A, curve a), which
demonstrates that MoS,>” species are concentrated and
retained by poly-1, presumably by electrostatic binding.

The anion-exchange and binding properties of poly-1 films
have already been largely evidenced using various anionic redox
probes, such as ferrocyanide®® or iron—sulfur clusters.*” The
binding of the tetrathiomolybdate in the polyammonium matrix
considerably perturbs its reduction potential. The half-wave
potential for the electrostatically bound Mo"'S,*”/Mo"S,*~

redox couple (—2.50 V) is about 190 mV less negative than
that measured for the free anion. The perturbation of the redox
potential probably owes its origin to the electrostatic
interaction of the tetrathiomolybdate anions with the cationic
alkylammonium groups of the polymer film. Such behavior has
already been observed for other redox anions bound to poly-1
film modified electrodes.>***

The incorporation ratio of MoS,>” in poly-1 films has been
defined as twice the ratio I'y;,/T'y,, where I'y;, and I'y, are the
apparent surface coverages (mol cm™) in molybdate species
and ammonium units, respectively, and taking into account that
the dianionic tetrathiomolybdate must be bound to two
monocationic alkylammonium groups of the film. I'y, was
determined from the charge recorded under the polypyrrole
oxidation wave (Figure 2A, curve c), and Iy, was measured
from the charge under the MoS,* /MoS,>” reduction wave
after transfer of the modified electrode into a clean electrolyte
(Figure 2B). In our experimental conditions, the incorporation
ratio was in the 66% to 50% range in poly-1 films with I'y,
ranging from 5 X 107® to 3 X 107’ mol cm™>.

The modified electrodes were then subjected to repeated CV
scans (25 cycles; scan rate S0 mV s™*) over the 0.1 to —12 V
potential range in 0.1 M aqueous NaClO, electrolyte (pH 6),
to precipitate MoS, into the polymer matrix (see Figure 1B) by
reduction of the tetrathiomolybdate anions trapped in the
poly(pyrrole-alkylammonium) matrix. Polarization curves re-
corded in an acidic aqueous electrolyte have demonstrated the
high catalytic activity toward proton reduction of the modified
electrodes synthesized in this way (see for example Figure 1C,
curve b), even higher than that obtained with the cathodes
prepared by scanning Clpoly-1 film modified electrodes in an
aqueous (NH,),MoS, solution (Figure 1C, curve a). This
observation confirms the efficient synthesis of Clpoly-1-MoS,
modified electrodes using the anion exchange-electroprecipita-
tion technique. It should also be emphasized that the amount of
MoS, precipitated into the polymer films can be easily
estimated from the amount of MoS,>” incorporated by ion-
exchange in poly-1 films, previously determined from cyclic
voltammetry experiments performed in acetonitrile (see
above).

The incorporation of MoS,*” by anion exchange in poly-1
films was also performed using a 10 mM (NH,),MoS, aqueous
solution. In this case the amount of tetrathiomolybdate anions
effectively bound to the polyammonium matrix could also be
determined from CV experiments, after thorough rinsing and
transfer of the modified electrodes to clean acetonitrile +0.1 M
TBAP electrolyte. The incorporation from aqueous solution of
10 mM (NH,),MoS, in thin poly-1 films is very similar
(around 60%) to that obtained by using a solution of 2 mM
(NEt,),MoS, in acetonitrile. The precipitation of MoS, into
the polymer matrix by reduction of the tetrathiomolybdate
anions incorporated from aqueous solution, upon repeated CV
scans (see Figure S3A in Supporting Information) in acidic
aqueous electrolyte, led to the formation of cathodes that
displayed a catalytic activity for hydrogen evolution similar to
that obtained by perfoming the anion exchange in an organic
solution of tetrathiomolybdate (Figure S3B in Supporting
Information).

As for the electrosynthesis of pure amorphous molybdenum
sulfide films from aqueous solutions of ammonium tetrathio-
molybdate,”*** we have considered various electrochemical
conditions for the precipitation of MoS, from entrapped
MoS,*™ in poly-1 films, including potential cycling in the
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Scheme 2. General Strategy for the Electrosynthesis of Poly(Pyrrole-alkylammonium)-MoS, Composite Film Modified
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(i) Oxidative electropolymerization of monomer 1 (4 mM) in CH;CN containing 0.1 M TBAP; (ii) incorporation of MoS,* by ion-exchange into
polyl upon soaking in a 2 mM CH;CN solution of (Et,N),MoS,, or a 10 mM aqueous solution of (NH,),MoS,; (iii) electroprecipitation of MoS,
into poly-1 by repeated CV scans over the 0.1 to —1.2 V potential range in 0.1 M aqueous NaClO, electrolyte (pH 6).
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Figure 2. (A) CV curves recorded in CH;CN containing 2 mM
(Et,;N),MoS, and 0.1 M TBAP at a naked carbon disc (3 mm
diameter) electrode (curve a), and at a Clpoly-1 electrode (curve b) (3
mm diameter; Iy, = 9.5 X 107 mol cm™2); (curve ¢) CV curve for Cl
poly-1 electrode recorded in clean CH;CN + 0.1 M TBAP. (B) CV
curve for the same Clpoly-1 modified electrode soaked for 10 min in
the (Et,N),MoS, solution and transferred to clean CH;CN + 0.1 M
TBAP electrolyte (I'y, = 9.5 X 107 mol cm™2, Ty, = 3.2 X 107 mol
cm™2). Scan rate = 50 mV s~}

negative potential region, anodic electrolysis at 0.1 V, and
cathodic electrolysis at —1.0 V. It appeared that the composite
film prepared by potential cycling were the more active, as
evidenced from the polarization curves recorded in acidic
electrolyte (see Figure S4 in Supporting Information). This
method was thus chosen for the synthesis of catalytic cathodes
used for further study of HER at the analytical and preparative
scales.

3.2. Characterization of Poly(Pyrrole-alkylammo-
nium)-MoS, Composite Films. The effective deposition of
MoS, in poly-1 films by the ion exchange-electroreduction
process was also evidenced from UV-—vis characterizations
(Figure 3). The incorporation by ion-exchange of MoS,*”
anions is evidenced by the rise of a new absorption band at
475 nm (Figure 3, curve b) compared to the dry poly-1 film
(Figure 3, curve a). This is consistent with the visible spectrum
of MoS,”” in water, which is characterized by a strong
absorption band (A, = 467 nm, & = 12050; Figure 3, curve
d).® Precipitation of MoS, in the poly-l film following
electroreduction of the entrapped MoS,* anions is evidenced
by a significant increase of the absorption in the near UV and
visible regions, with no clear characteristic absorption onset
(Figure 3, curve c), as has been previously shown for
electrodeposited amorphous MoS$, films.”*>>*

AFM measurements in tapping mode were performed to
study and compare the morphologies of regular MoS, deposits
and composite films coated on indium tin oxide (ITO)
surfaces. Poly-1-MoS, composite films were synthesized using
the anion exchange (performed in acetonitrile solution)-
potential cycling process. Figure 4 shows topography images
of the various surfaces. AFM imaging of the surface of bare ITO
presented a homogeneous granular topology (Figure 4A) with
a root-mean square roughness (rm.s.) of 2.5 nm. After
modification of the ITO surface with a poly(pyrrole-
alkylammonium) film, the topography appeared granular,
typical of an electrodeposited poly-1 film,*® and the r.m.s.
value increased significantly to 10 nm (Figure 4B). The
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Figure 3. Absorption spectra of (a) a dry poly-1 film (I'y, = 6 X 107~
mol cm™) coated onto an ITO electrode; (b) the same film soaked for
10 min in a 10 mM aqueous solution of (NH,),MoS, and thoroughly
rinsed, then (c) repeatedly cycled in 0.1 M aqueous NaClO,
electrolyte (pH 6) over the 0.2 to —1.0 V potential range; (d)
absorption spectrum of 0.8 mM (NH,),MoS, in H,O.

deposition of MoS, into the poly-1 film modified electrode is
evidenced by the slight change in surface roughness, since the
r.m.s. roughness value increased only from 10 nm (Figure 4B)
to 16 nm (Figure 4C). The homogeneous dispersion of rather
small aggregates of MoS, particles on the polyl film is
confirmed by a section analysis of thesurface of the composite
(Figure 4G). In contrast the electrodeposition of MoS, onto
naked ITO gave rise to a larger change in topology (Figure
4D). This is reflected by the larger increase in the r.m.s.
roughness value up to 25 nm, consistent with the formation on
the surface of big aggregates of MoS, particles with an average
diameter of 60 nm (Figure 4H).

All these observations confirm that MoS, is deposited into
the polyl matrix, as especially demonstrated by the small
increase in the r.m.s value for the film. Moreover, as compared
to the coating of a regular film of MoS,, the electrodeposition
of MoS, into a poly(pyrrole-alkylammonium) film results in the
formation of a nanostructured composite, characterized by a
more homogeneous distribution of much smaller aggregates of
MoS, particles on its surface.

3.2. Electrocatalytic Reduction of Protons and Hydro-
gen Evolution at Poly(Pyrrole-alkylammonium)-MoS,
Composite Film Carbon Modified Electrodes. Tafel
Plots. Tafel plots for proton reduction (Figure S) have been
recorded in acidic (pH 0.3 and pH 1) electrolytes at carbon
disc electrodes modified with composite films, synthesized
under different experimental conditions, and compared to those
obtained with regular amorphous molybdenum sulfide electro-
deposits. Tafel slopes and exchange currents are summarized in
Table 1. Tafel plots recorded at Clpoly-1-MoS,, and CIMoS,
show that the composite film presented the same activity as the
amorphous MoS, film (see Figure 5). Composite and MoS,
film modified electrodes show a behavior compatible with the
Tafel equation, with an overpotential for proton reduction
varying from 80 to 130 mV at pH 0.3, and from 100 to 150 mV
at pH 1, in the 15 pA to 1.5 mA current range.

Tafel slopes for the different cathodes are in the 50—60 mV
dec™ range, and the exchange current densities varied from
1077 t0 2.3 X 1077 A cm™2 at pH 0.3, and from 4.5 X 107® to 12
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Figure 4. AFM images in tapping mode of (A) a naked ITO surface;
(B) ITO surface coated with a poly-1 film (', = 2 X 107 mol cm™2);
(C) surface shown in A, after deposition of MoS, in the polyl film,
using the ion exchange-electroreduction process in 10 mM
(EtyN),MoS, in CH;CN, followed by cycling in 0.1 M aqueous
NaClO, (Ty, = 2 X 1078 mol cm™; Tyos, = 1.2 X 1078 mol cm™2);
(D) ITO surface covered with a MoS, film by repeated CV scans (25
cycles) in a 10 mM solution aqueous solution of [(NH,),MoS,].
Panels E—H present section analysis of the surfaces shown in panels
A-D, respectively.

X 107 A cm™ at pH 1. The large exchange current densities
and relatively small Tafel slopes at the indicated overpotential
range demonstrate that the electron transfer rate in the different
films is relatively fast, which should be responsible for a high
activity of these catalytic electrode materials. Tafel slopes
suggest that under these experimental conditions hydrogen
evolution proceeds via a fast discharge reaction (Volmer step)
and a rate-determining ion + atom reaction (Heyrovsky step),*
as recently discussed for amor}ghous MoS, films'®** and
nanostructured MoS,, catalysts.""*

Proton Reduction and Hydrogen Evolution at the
Preparative Scale. The efficiency of the molybdenum sulfide-
based nanocomposite materials for bulk reduction of water at
macroscopic electrodes was evaluated using poly-1-MoS,
modified carbon foam (0.8 cm®) electrodes prepared by
different experimental conditions, and compared with the
electrocatalytic activity of carbon foam modified with regular
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35 amorphous MoS,. Large scale reduction of protons was

conducted at —0.3 V vs RHE, the amount of evolved hydrogen
—4.0 being measured by gas chromatography (see Experimental). In
45 all experiments H, was produced with quantitative faradaic

Z yields. Electrolyses were arbitrarily stopped after the passage of

< 504 a fixed charge of 50 to 250 C. The main results of a series of

> -5.5 electrolyses are listed in Table 2.

] ) . .

T so From a general point of view, the composite films presented
I a much higher catalytic activity and a better operational stability
6.5 than regular molybdenum sulfide films. The best results were

obtained with the cathodes synthesized by anion-exchange

701 | ; . . - ;
05 04 ~0.3 incorporation of MoS,” in 10 mM aqueous solution of
E vs. Ag|AgCI/ V (NH,),MoS,, followed by repeated CV scans over the 0.1 to

—1.2 V potential range in clean 0.1 M aqueous NaClO,
electrolyte (pH 6). The initial catalytic current increased with
the amount of deposited composite material, from 37 mA (3.3
umol of MoS, incorporated into 5.5 pgmol of polyl; entry 3) to

Figure 5. Tafel plots for proton reduction at Clpoly-1-MoS, (red
curves a and b; electrode synthesized as in Figure 1B; 'y, =9 X 107°
mol cm™% Tyesy = 5.4 X 1078 mol cm™) and CIMoS, (black curves ¢
and d; electrode synthesized as in Figure SIA with 25 cycles in 10 mM

aqueous solution of (NH,),MoS, containing 0.1 M NaClO,, recorded 66 mA (5.6 umol of Mo'sfc incorp orate(; into 9:4 pmol of polyl;
in aqueous H,SO, at pH 0.3 (solid curves a and c) and pH 1 (dashed entry 4). A lower activity was obtained with the cathodes
curves b and d); @ = 1000 rpm, v = § mV s\, synthesized using a 2 mM solution of (Et,N),MoS, in CH;CN

for the anion exchange step, which gave catalytic currents of 23
Table 1. Tafel Slopes and Exchange Currents” for the HER mA and 47 mA with composite films based on poly1 containing

Recorded at Composite Polyl-MoS, and Amorphous MoS, 5.0 pmol (entry 1) and 8.8 umol (entry 2) of ammonium
Film Modified Carbon Electrodes groups, respectively. Moreover, the composite materials
Tatel slope exchange cumrent prepe.lred via ion exchange by soaking the polyme_r film

electrode? pH (mV dec) (A %m™?) modlﬁ'ed electrodes in a 10 mM aqueous SOIuthI:l of
Clpoly LMoS.* 0.3 . L1 x 1077 tetra.t.hlomolyb.date have presented a .rather good operational
* ) < 81 x 10~ stability, as ev1denced. from current—time curves for HER on
Clpoly-1MoS,# 03 9 L8 x 10~ the Polyl-Mon. modified carbon foam electrodes (s.ee Figure
h ) e 45 % 107 SS in Supporting Information). For example, with these
Clpolyl-MoS,* 03 < 23 % 107 cathodes the catalytic currents decreased only by 3% and
* ) 56 72 % 10~ 14% (entry 3; see Figure SS, curve b), and 6% to 11% (entry 4;

CIMoS/ 03 50 L1 x 107 see Figure SS, curve c) after the consumption of 100 and 250
* 1 <0 12 % 107 C, respectively. Under the same experimental conditions, we

found that the electrodes synthesized with an anion exchange
step performed in acetonitrile were much less stable; the initial
catalytic currents decreasing by 22% (entry 1) and 15% (entry
2) after the consumption of 100 C, and up to 25% (entry 2)

“Aqueous H,SO, electrolyte. 3 mm diameter. “Synthesized using the
ion exchange (in CH3CN) potentlal cycling (0.1 M NaClO4, pH 6)
process; Iy, = 9 X 1078 mol em™; Typese = 54 X 1078 mol ecm™.

Synthesmed using the ion exchange (in HZO) potentlal cycling (0.1

M NaClO4, pH 6) process; Ty, = 8 X 10~ mol cm™% Dyoq, = § X after the consumption of 250 C (see Figure SS, curve a).

107% mol cm™ Synthesmed by 25 CV scans at a Clpolyl electrode The cathodes prepared by repeated cyclic voltammetry scans
(M, = L1 X 10~ mol cm~ %) in aqueous (NH,),MoS,. "Synthesized of the polymer modified electrodes in a 10 mM aqueous
by 25 CV scans at a naked C electrode in aqueous (NH,),MoS,. solution of (NH,),MoS, were characterized by a good catalytic

activity and a reasonable operational stability (see entry S, for

Table 2. Electrocatalytic H, Production at Composite Poly-1-MoS, and Amorphous MoS, Film Modified Carbon Electrodes®

entry cathode? poly-1 (umol)  MoS, (umol)®  charge consumed (C) electrolysis time (min) I; (mA)’ I (mAY TON* TOF
1 Clpoly-1-MoS,* 5.0 3.0 100 109 23 18 173 95
2 Clpoly-1-MoS,* 8.8 5.4 100 37 47 40
250 103 35 240 140
3 Clpoly-1-MoS,* 5.5 33 100 52 37 36
250 122 32 394 194
4 Clpoly-1-MoS,* 94 56 100 25 66 62
250 67 59 230 206
5 Clpoly-1-MoS,* 5.6 h 110 54 34 31 h h
250 170 24
6 CIMoS;” h 100 220 9 7 h h

“In H,SO, electrolyte, pH 0.3; electrolysis at —0.3 V vs RHE. £0.8 cm® of modified carbon foam (porosity 100 ppi). “Clpoly-1 electrode soaked in 2
mM (Et,N),MoS, in CH,CN, then repetitively cycled in 0.1 M NaClO, (pH 6). “Clpoly-1 electrode soaked in 10 mM aqueous (NH4)2MOS4, then
repetitively cycled in 0.1 M aqueous NaCIO,, (pH 6). “Clpoly-1 electrode directly cycled (25 scans) in 10 mM aqueous (NH,),MoS,.”Naked carbon
electrode cycled (25 scans) 1n 10 mM aqueous (NH,),MoS,. $Estimated amount of MoS, deposited, taking into account an incorporation ratio of
60% for MoS,>™ in poly-1. “Cannot be determined. ‘Initial current. /Final current. “The mol of H, to mol of MoS, ratio; H, was produced with
quantitative faradaic yields. “Turn over frequency per hour.
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Figure 6. SEM images for carbon foam (100 ppi) surfaces modified with (A) poly-1-MoS, composite and (D) regular amorphous MoS, films; the
electrodeposition of MoS,, on both naked and poly-1-modified (5.6 ymol of polymer on 0.8 cm® of carbon foam) electrodes was performed with 25
CV scans in a 10 mM aqueous solution of (NH,),MoS, containing 0.1 M NaClO,, pH 6.6; (G) enlargement of panel B; (B, E) elemental mapping
of Mo on panels A and D surfaces, respectively; (C, F) global EDX analysis of panels A and D surfaces, respectively; (H) image of a naked carbon

foam surface.

example). However, because of the numerous problems we
faced with the deposition process (see the discussion in section
3.1), the clean and less material consuming procedure based on
anion-exchange incorporation of MoS,*” anions into poly-1
films, followed by their transformation to MoS, upon repeated
CV scans into fresh aqueous electrolyte, obviously appears to
be the best method for the electrochemical synthesis of
polymer-molybdenum sulfide composite material for HER.

It should be emphasized that naked carbon foam electrodes
modified with amorphous MoS,, upon repeated CV scans in an
aqueous solution of (NH,),MoS, (see section2), have
presented a much lower activity than those modified with the
poly-1-MoS, composite. A series of experiments performed
with five carbon foamIMoS, electrodes have shown that the
initial catalytic currents recorded using the same experimental
conditions (pH 0.3, Eppi = =03 Vs RHE) were only in the
5—9 mA range, and that the operational stability of these
cathodes was even lower than that for the composite material.
A typical example is depicted in entry 6. This behavior strongly
contrasts with that observed for modified carbon disc (3 mm
diameter) microelectrodes, which presented similar catalytic
activity toward proton reduction when they were coated with
composite (see Figure 1C, for example) or regular MoS,
(Figure S1B in Supporting Information) films.

The lower catalytic activity of the carbon foam electrodes
modifieds with amorphous MoS, films cannot be due to a lower
amount of catalyst, because we have already observed that the
amount of MoS, deposited using the same experimental
conditions by repeated CV scans in an aqueous solution of
tetrathiomolybdate anions is significantly higher on naked
carbon than on a carbon surface modified by a poly-1 film (see

section 3.1). To try to understand the large difference in
catalytic performances of carbon foam electrodes modified with
amorphous molybdenum sulfide and polymer-molybdenum
sulfide materials, we have studied their morphology by scanning
electron microscopy (SEM). We chose to analyze cathodes that
have already been used for catalytic experiments, that is, the Cl
poly-1-MoS, and CIMoS, modified carbon foam electrodes,
whose performances are presented in entries S and 6 of Table
2, respectively. It should be noted that for both cathodes the
deposition of MoS, was performed in the same way, with 25
cyclic voltammetry scans in a 10 mM aqueous solution of
(NH,),MoS,. SEM images of these electrodes are shown in
Figures 6 and 7. EDX analyses were also performed to decipher
the composition and elemental mapping of the samples.
Comparison between the morphology of surfaces covered
with poly-1-MoS, composite (Figure 6A) and amorphous
MoS, (Figure 6D) clearly shows that the composite material is
more uniformly spread on the carbon network. In the case of
the amorphous MoS, deposit, one can observe the formation of
some packs of molybdenum sulfide, which may even block
some pores of the sponge (Figure 6G). The more
homogeneous distribution of molybdenum catalyst when
deposited in the form of a composite material is also revealed
by the elemental mapping of the surfaces modified with poly-1-
MoS, (Figure 6B) and with amorphous MoS,, (Figure 6E). This
observation is corroborated by the global EDX analysis of the
surfaces, which shows that the signals for the Mo and S
elements is significantly stronger, as compared to the signal of
carbon, for the surface covered with the composite material.
Further SEM studies also demonstrate that the electro-
chemical process allowed the effective deposition of catalytic
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Figure 7. Elemental mapping of Mo on cross sections of carbon foam
electrodes modified with (A) poly-1-MoS, composite and (C)
amorphous MoS,; (B, D) global EDX analysis of panels A and C
samples, respectively.

materials inside the bulk of the modified carbon foam, as
evidenced by the study of cross sections of the electrodes
(Figure 7). Elemental mapping of molybdenum (Figure 7A and
C) and EDX analysis of the elements (Figure 7B and D) within
the foam revealed that the catalyst deposited in the form of a
composite is more uniformly spread on the carbon network.

All of these observations suggest that the higher catalytic
efficiency of the cathodes synthesized by modification of carbon
foam with the poly-1-MoS, composite, as compared to those
based on electrodeposited amorphous molybdenum sulfide, is
due to a more homogeneous distribution and structuration of
the molybdenum catalyst onto and inside the porous carbon
network, leading to a higher catalytic surface area-to-volume
ratio.

4. CONCLUSION

In conclusion, we have demonstrated that a molybdenum
sulfide-polymer nanocomposite synthesized using a straightfor-
ward all-electrochemical strategy, by electroprecipitation of
MoS, into a poly(pyrrole-alkylammonium) matrix, is an
efficient nanostructured electrode material for electrocatalytic
proton reduction and the HER. Electroanalytical investigations
have demonstrated that the electron transfer rate in the
composite films is fast, which is responsible for a high activity of
this cathode material. Bulk electrocatalytic reduction of water at
carbon foam modified macroscopic electrodes revealed that the
composite films display high catalytic activity and a reasonable
operational stability, largely exceeding that of electrodeposited
amorphous molybdenum sulfide. The enhanced catalytic
performances of the composite electrode material can be
attributed to the better structuration and the more homoge-
neous distribution of the catalyst onto and inside the carbon
network, as shown by SEM characterizations. This important
finding is similar to that we previously demonstrated for the
electrocatalytic oxidation of water using a composite anode
elaborated by electrodeposition of iridium oxide nanoparticles
into of a poly(pyrrole-alkylammonium) matrix matrix.*>
Therefore, the former and present study reported here

demonstrate that this very simple strategy is ideal for making
efficient and stable composite electrode materials for water
splitting devices. We are currently extending this strategy for
the fabrication of composite electrode materials based on
functionalized polypyrrole matrices containing catalysts based
on earth-abundant metals. Our goal is to apply these new
electrode materials to the water splitting reaction, and also to
the redox activation of other small molecules, like the
electrocatalytic reduction of carbon dioxide for instance.
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