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ABSTRACT

Earth-abundant hydrogen evolution catalysts are essential for high-efficiency solar-driven water
splitting. Although a significant amount of studies have been dedicated to the development of
new catalytic materials, the microscopic assembly of these materials has not been widely
investigated. Here we describe an approach to control the 3-dimensional (3D) assembly of
amorphous molybdenum sulfide using polymer brushes as a template. To this end,
poly(dimethylaminoethyl methacrylate) brushes were grown from highly-oriented pyrolytic
graphite (HOPG). These cationic polymer films bind anionic MoS4* through an anion exchange
reaction. In a final oxidation step, the polymer-bound MoS4* is converted into the amorphous
MoSx catalyst. The flexibility of the assembly design allowed systematic optimization of the 3D
catalyst. The best system exhibited turnover frequencies up to 1.3 and 4.9 s™! at overpotentials of
200 and 250 mV, respectively. This turnover frequency stands out among various molybdenum
sulfide catalysts. The work demonstrates a novel strategy to control the assembly of HER

catalysts.



INTRODUCTION

Hydrogen is considered to be the energy carrier of the future.! One of the most promising
techniques for sustainable hydrogen production is water splitting. Water splitting consists of two
half reactions, namely the hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER). Electrocatalysts are employed to minimize the overpotential required to drive these
reactions. Noble-metal electrocatalysts, notably Pt and its alloys, exhibit the highest reported
activity for HER. However, due to the scarcity and high cost of Pt, large-scale implementation of
water electrolyzers employing this material is not feasible. The development of Earth-abundant
electrocatalysts for HER has become an active area of energy research. While many new classes
of catalysts with promising activities, such as metal chalcogenides, phosphides, carbides,
borides, nitrides have been reported,”> much less attention has been paid to the microscopic
assembly of the catalysts. Typically, the catalysts are simply casted from their suspensions onto
supporting electrodes. Potential issues from this method include, but are not limited to,
aggregation of nanoparticles and inhibition of individual active sites, low bulk conductivity, and
hindered mass transport. Because a significant current density is required to produce a sufficient
amount of hydrogen in HER, any practical device will consist of a catalyst layer of substantial
thickness. Thus, the optimization of the 3D assembly of HER catalysts becomes important.

MoSx-polymer composites have previously been utilized for a number of applications.”!® The
incorporation of MoS: within a polymer matrix has resulted in improved thermal, mechanical,
and tribological properties of the materials.!!"'> Addition of MoS: to conductive polymers such as
polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene leads to better supercapacitors.'?

Because MoSx has been reported as an archetypical non-precious HER catalyst,'#6, MoSx-



polymer hybrids have also been evaluated for HER.!"!” However, the performances of these
composites is still modest.

Herein, we describe an approach to use polymer brushes as a template to control the 3D
assembly of amorphous MoSx. Polymer brushes are thin (typically 10 -200 nm thick) films
consisting of chain end-surface tethered polymers. Polymer brush films are most frequently
prepared by surface-initiated controlled radical polymerization chemistries, which allow precise
control over polymer molecular weight (film thickness) and interchain distance (grafting
density). As they can be prepared with precise control over film thickness, grafting density and
can incorporate a range of chemical functional groups, polymer brush films are attractive
templates for the templated formation of thin metal and metal oxide (composite) films.?**}In this
report, we explore the use of polymer brushes to prepare a series of MoSx-polymer composites
on highly oriented pyrolytic graphite (HOPG) with variable heights, grafting densities, and site
densities, which allowed a systematic study of parameters influencing the HER activity. HOPG
is based on carbon which is abundant, and it is highly conductive and has a relatively flat
surface. Thus, HOPG is preferred over silicon, which is highly resistive, and gold, which is rare
and expensive. In terms of turnover frequency (TOF), a fundamental parameter in catalysis, our
best catalyst is superior to most previously reported nanostructured molybdenum sulfide
catalysts, with turnover frequencies of 1.3 and 4.9 s’ at overpotentials of 200 mV and 250 mV,

respectively. The study also reveals some of the challenges in this approach.

EXPERIMENTAL

Synthesis of (4-Nitrophenyl)diazonium tetrafluoroborate (4-NDT)



The diazonium salt was prepared in accordance with previous literature protocol.>* A solution
of 25 mmol NaNO; in 4 mL water was cooled down in an ice bath. 25 mmol of the
corresponding aniline, in this case 4-nitroaniline (3.4 g), was added to 10 mL water. 9 mL HBF4
was added to the aniline mixture and stirred vigorously. The reaction mixture turned brown after
addition of the acid. The mixture was kept in an ice bath and left stirring for 5 to 10 minutes.
Then the previously prepared sodium nitrite solution was added dropwise to the reaction mixture.
Fumes were emitted upon the addition and the reaction mixture turned from brown to a mocha
colour. The solution was left for 15 minutes. Meanwhile, some HBF4 is cooled down in the
meantime. Then, the reaction mixture was filtered. The filtered product was washed sequentially
with the filtrate, the cold HBF4 solution, ethanol and diethyl ether. The resulting (4-
nitrophenyl)diazonium tetrafluoroborate was obtained as a khaki coloured paste. The reaction
yield was 29% (1.1 g). The product was collected using a plastic spatula to reduce potential
explosive hazards from diazonium compounds. 1H NMR (D20, 400 MHz): & (ppm) 8.95-8.92
(m, 2H), 8.79-8.76 (m, 2H).

Electrografting of the diazonium salt onto HOPG support

The details of the electrolyte bath composition are given in previous literature reports.?> The
grafting solution consisted in 0.1 M of NBuyBF4 and about 5 mM of diazonium salt in 30 mL
acetonitrile (ACN). Depending on the grafting density desired, the 4-NDT and
benzenediazonium tetrafluoroborate (BDT) concentrations were varied. A grafting density of
100% required 5 mM of 4-NDT, while 50% grafting density required 2.5 mM of BDT and 2.5
mM of 4-NDT in ACN. A grafting density of 10% required 4.5 mM of BDT and 0.5 mM of 4-
NDT in ACN. The potentiostatic deposition was performed at a potential of -0.7 V vs. Ag/AgCl

for 6 minutes. Each HOPG sample was carefully washed with water and acetone after grafting



and dried with nitrogen gas. After each grafting, the electrolyte was renewed and both the

counter and the reference electrode were carefully rinsed with acetone and dried under nitrogen.

Preparation of poly(2-(methacryloyloxy)ethyl ammonium iodide) (PMETAI) brushes

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes were prepared according to
a previous literature procedure.?? Briefly, 15 mmol of DMAEMA (2.528 mL, 2.3583 g) and 0.3
mmol of the 2,2’-bipyridine ligand (0.0468 g) were mixed in deionized water (15 mL) and the
mixture subjected to three consecutive freeze-pump-thaw cycles. Copper bromide (0.0215 g,
0.15 mmol) was then added under nitrogen atmosphere. Subsequent degassing by two additional
cycles of freeze-pump-thaw was performed. All remaining solid was dissolved by continuous
stirring at room temperature for 15 minutes. The mixture was then cannula transferred into a
nitrogen-purged reaction vessel containing an HOPG plate with the attached ATRP initiator (for
multiple surface grafting, the plates were mounted onto a custom made PEEK holders). The
reaction was allowed to proceed at room temperature. The polymerization time was varied in
order to evaluate the influence of the molecular weight of the polymer brush films on HER
catalysis. On ZYA grade HOPG, polymerization times of 1, 5, 20, 40 and 60 minutes were used.
Once the brushes were prepared, the HOPG plates were washed successively for 5 min with
water, methanol and ethanol under nitrogen atmosphere. The prepared samples were then
immersed in a 0.1 M solution of ethylenediaminetetraacetic acid (EDTA, adjusted to pH 8 with
sodium hydroxide) for 1 hour. Final steps prior to quaternization included washing using water
and ethanol and drying the samples in a stream of nitrogen. The resulting PDMAEMA brushes
were placed within a PEEK holder into a glass reactor. The reactor was evacuated and backfilled

with nitrogen 3 times. The samples were then quaternized using a 10 vol.% solution of methyl



iodide in acetone for 16 hours. The resulting PMETALI brushes were rinsed twice with each of
the following solvent: acetone, ethanol, water and then again with ethanol. The quaternized

brushes were then dried using nitrogen.

HER precatalyst incorporation

The iodide counter-anion was replaced by dipping the PMETAI-brush coated HOPG into a 40
mM solution of (NH4)2MoS4 in dry dimethylformamide (DMF). Prior to submersion of the
HOPG plates, the dipping mixture was stirred for 1 hour. Then, the mixture was filtered using a
HPLC-syringe-filter made of a Nylon membrane with a pore size of 0.2 um. The HOPG plates
were placed separately in different vials. The filtrate was added to each vial and the HOPG plates
were left submersed for one hour. Then, the plates were removed from the solution and washed
carefully with water and acetone and dried under nitrogen. The as-prepared samples contained

MoS4%, which had replaced the iodide anions.

Physical characterization

XPS measurements were performed at the Molecular and Hybrid Materials Characterization
Centre at the Ecole Polytechnique Fédérale de Lausanne. The instrument used for surface
analysis of the HOPG ZYH electrodes was an Axis Ultra instrument from Kratos Analytical
equipped with a conventional hemispheric analyzer. The X-ray source employed was a
monochromatic Al K, source (1486.7 eV) source operating at 100 W and 10 mbar. The
instrument used for HOPG ZYA plates surface analysis was a PHIS000 VersaProbe II XPS
system by Physical Electronics (PHI) with a detection limit of 1 atomic percent. Analysis was

performed using a monochromatic Al K, X-ray source (1486.7 eV) of 24.8 W power with a



beam size of 100 um. The spherical capacitor analyser was set at 45° take-off angle with respect
to the sample surface. The pass energy was 46.95 eV yielding a full width at half maximum of
0.91 eV for the Ag 3d 5/2 peak. Curve fitting was performed using the PHI Multipak software.
For survey analysis the pass energy was 187.8 eV with 0.8 eV/step. For multiplex analysis the
pass energy was 46.9 eV with 0.2 eV/step or 23.9 eV with 0.1 eV/step. The diameter of the
analysed area was 10 um.

FTIR experiments were performed on a Vertex 80 from Bruker. The resolution was of 0.2 cm”
! The infrared spectra were recorded on a 4000-400 cm™ window using the attenuated total
reflectance (ATR) mode. A platinum ATR crystal was used. The scan velocity was 10 kHz. A

KBr beamsplitter was used.

Electrochemical measurements

Electrochemical measurements were recorded using a Gamry Instruments Reference 3000™
potentiostat. A traditional three-electrode configuration was used. For polarization and
electrolysis measurements, a platinum wire was used as the counter electrode and a double-
junction Ag/AgCl (KCl saturated) electrode was used as the reference electrode. Both the
counter and reference electrode were rinsed with distilled water and dried with compressed air
prior to measurements. The processed HOPG (home-made electrodes or plates) was used as
working electrode unless stated otherwise. Potentials were referenced to a reversible hydrogen
electrode by adding a value of (0.2 + 0.059xpH) V. All potentials were converted and referred to
the RHE unless stated otherwise. The current density was normalised over the geometric surface

area of the electrode. The value ju, used to obtain a dimensionless logarithm, corresponds to a



unit current density of 1 A cm™. The ohmic drop was corrected using the current interrupt

method.

RESULTS AND DISCUSSION

Figure 1 summarizes the synthetic strategy for the preparation of the MoSx-polymer
composites. First, (4-nitrophenyl)diazonium tetrafluoroborate was used to -electrograft
nitrobenzene onto the HOPG surface (Fig. 1, step 1). 22® Electrochemical reduction of the nitro
group resulted in surface-bound aniline (Fig. 1, step 2). Reaction of this amino-functionalized
surface with 2-bromo-2-methylpropionyl bromide (BiBB) (Fig. 1, step 3) followed by CuBr-
catalyzed surface-initiated atom transfer radical polymerization (SI-ATRP) of
dimethylaminoethyl methacrylate (DMAEMA) yielded a surface-attached polymer brush film
(Fig. 1, step 4). The as-obtained PDMAEMA brushes were subsequently quaternized by methyl
iodide to afford cationic PMETALI brushes (Fig. 1, step 5). This reaction was carried out using a
previously reported procedure, which has been shown to result in quantitative conversion of the
tertiary amine groups.”? Ion exchange of the iodide anion in PMETAI with MoS4* (Fig. 1, step
6), followed by oxidation resulted in an assembly containing MoS3 as HER precatalyst.'**” The
latter was converted to the active MoSy catalyst during HER,?”?® typically through 10 cathodic
polarization scans. Detailed procedures for each of the steps in Figure 1 are provided in the

Experimental Part and the Supporting Information.
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Figure 1. Synthetic procedure for the preparation of the MoSx-polymer brush assemblies. A
number is associated to each step of the process. For clarity, the number of anchoring molecules
is reduced from four to one after step 3; (1) electrografting of nitrobenzene, (2) reduction of the
nitro-anchored groups, (3) attachment of the ATRP initiator, (4) polymer brush growth, (5)
quaternization of the polymer brushes, (6) catalyst incorporation via anion-exchange, (7)

precatalyst formation, (8) HER catalysis.

Several HOPGs of different grades were used for the assembly. First HOPG ZYH plates were
used (Fig. S1). X-ray photoelectron spectroscopy (XPS) measurements (Fig. S2) confirmed the
formation of the desired assemblies. The wetting properties of the substrate at different stages of
fabrication were evaluated using water contact-angle measurements (Fig. S3). The catalytic
performance of the systems using HOPG ZYH substrates is summarized in Table S1. The
performance of the reference sample prepared using Pt as catalyst indicates that the polymer
network is not limiting the conductivity of the catalytic system for HER, probably because of the
limited height of the polymer. The data in Table SI indicate poor reproducibility of these

systems, as significant variance in activity was observed on similar samples. We suspect that the
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varying surface roughness of the HOPG ZYH substrates (Fig. S4) is the origin of this non-
reproducibility. To mitigate this problem, the highest commercial grade of HOPG, i.e., ZYA,
was then employed as support. ZYH and ZYA HOPG bear a similar chemical composition,
however, their mosaic spread, a measure of the parallelism of the crystalline grains in the
materials, is different. ZYA has a lower mosaic spread (0.4°) than ZYH (3.5°),%° and thus, has a
significantly smoother surface. The ZYA samples are essentially flat on the nanometer level
(Fig. S95).

AFM was used to monitor the evolution of the film thickness of PMETALI brushes grafted from
HOPG ZYA and PDMAEMA brushes grafted from Si as a function of polymerization time.
PDMAEMA brush films grafted from on Si samples were used as reference because the polymer
heights could be reliably measured by ellipsometry. On the other hand, although HOPG is flat at
a nanoscale, pronounced surface roughness can be observed at a micrometer scale (Fig. S6a),
making the measurements of polymer heights by AFM less accurate. Despite the uncertainty,
there is a visible correlation between polymerization time and brush film thickness for
experiments on both HOPG plates and Si wafers (Fig. S6b). It was therefore possible to tune the
length of the grafted polymer chains by varying time in the range of 5 to 60 minutes. We chose
20 minutes as an optimal polymerization time. On Si wafer the polymer growth started to slow
down after 20 min, while on HOPG ZYA longer polymerization time seemed to lead to
uncontrolled side reactions and non-reproducible polymer heights. Thus, for the following
experiments the maximum polymerization time was set to 20 minutes.

To verify successful preparation of MoSx-polymer assemblies, characterization of the samples
at different stages of the assembly was performed. Fig. 2 shows Fourier-transform infrared

(FTIR) spectra recorded at different stages of the fabrication process. Upon electrografting using
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(4-nitrophenyl)diazonium tetrafluoroborate, absorption peaks of the nitro groups were observed
at 1523 cm™ and 1350 cm™ in the infrared spectra (Fig. 2, red line).?° The bands at 1590 cm™! and
890 cm! were attributed to the HOPG support.>® After the growth of the polymer brush film
(Fig. 2, blue curve), the IR spectra of the samples were significantly modified and characteristic
features of the PDMAEMA were revealed. Notably, the peak at 1730 cm™ and the doublet

observed at 1155 cm’!

were attributed to the C=0 and C-O-C moieties, respectively.’!*> The
tertiary amine feature was present at 1400 cm™.3! The signals attributed to the alkane moieties
(CH3, CH>) of the brushes were found at 2950 cm™ and 1475 cm™ 332 After anion-exchange
(Fig. 2, green line), a new signal at 490 cm™ is observed and is attributed to the Mo-S bond
stretching vibration.>> The HER catalysis converts the precatalyst MoSs, to MoSx. This
conversion was reflected by the observation of new IR signals. The broad peak at 1650 cm™ was
attributed to MoSx.>* The slight shift of this peak compared to that of MoS; at 1630 cm! is
consistent with the amorphous nature of our MoSx catalyst (Fig. 2, orange curve). Overall the

FTIR spectra indicate the successful preparation of the MoSx-polymer composites.
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Figure 2. FTIR spectra of the MoSx/polymer brush composite at different stages of fabrication.

The corresponding chemical structure is drawn for reference. The circled features on the spectra
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refer to the circled chemical moiety on the corresponding chemical structure. The “R” on the
chemical structures is used to designate the covalent link between the polymer brush and the
HOPG substrate, fabricated by the electrografting species and the ATRP initiator attachment.
The features from 1900 to 2300 cm™ are attributed to the oxidation of the support material, water

and CO» traces.>

The successful preparation of the polymer composite films was also confirmed by XPS
measurements, which were carried out at the different steps in the fabrication process (Fig. S7).
N 1s high resolution XPS spectra were obtained for the first stages of brush-assembly
preparation (Fig. 1, step 1-4). The main binding energies feature observed successively at 406. 1
eV (Fig. S7b), 399.7 eV (Fig. S7e), 399.9 eV (Fig. S7h), and 399.8 eV (Fig. S71), correspond
respectively to the nitro, amino, amide, and tertiary amine moieties. The presence of these
specific features indicates the successful fabrication of the brush-assembly. Characteristic C 1s
signals of PDMAEMA were also observed (Fig. S7m). The binding energies at 289.3, 286.9, and
285.3 eV, correspond respectively to the C-C=0, C=0, and C-O-C=0 moieties of PDMAEMA.
The O 1s features observed at 533.5 and 531 eV correspond to the O-C=0 and O-C signals of the
PDMAEMA brush (Fig. S7n). Deconvolution analysis of the XPS survey, high resolution
spectra, and additional discussion is provided in the ESI. Fig. 3a and b show Mo 3d and S 2p
deconvoluted XPS signals of the composite after catalyst incorporation (Fig. 1, step 6), while
Fig. 3c and d present results for a composite sample after HER catalysis. After incorporation of
the catalyst, the XPS signals indicate the presence of MoS4>" (230.9 eV), MoO3 (232.8 eV), and
molybdenum oxysulfide (231.8 eV).?” The latter two are surface-bound impurities formed when
the samples were exposed to air prior to XPS analysis; they are not expected to be present under

catalytic conditions. For the catalyst after HER catalysis, the expected bridging S»*" and the
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terminal S* associated with MoSx are observed.?’ In addition, the S 2p XPS spectra reveals
signals attributed to H>S and H2S04.%63® H,SO4 originates from the electrolyte. It has been
reported that ammonium tetrathiomolybdate can generate H>S under mild conditions.** The H»,S
might remain in the composite, either being adsorbed by the polymer, or being dissolved in the
electrolyte and trapped by the polymer. In addition, in-situ generation of H>S via decomposition

of the sample in the XPS experiments is possible.
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Figure 3. (a - ¢c) Mo 3d high resolution XPS spectra for the composite sample after (a) catalyst
incorporation and after (c) hydrogen evolution reaction. (b - d) S 2p high resolution XPS spectra
for the composite sample after (b) catalyst incorporation and after (d) HER. The deconvolution
follows a simple color code: the experimental data correspond to the black dots, the fitting
envelope is the red line. Each coloured curve corresponds to a specific chemical moiety. Due to
the degeneracy nature of the orbitals in S 2p and Mo 3d, each moiety possesses a doublet of
signals. S 2s singlets are within the binding energy window of Mo 3d (right-hand side of the grey
dashed line). The S 2s peak was deconvoluted using a curve for each moiety identified in the S

2p peaks deconvolution.
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TEM images and corresponding elemental mapping information confirmed the successful
incorporation of the catalyst after step 7 (Fig. 4). Focused-ion beam (FIB) was necessary to
prepare the samples for imaging. The sample preparation process included the deposition of an
amorphous carbon layer, to protect the composite from the milling step of the FIB process. To
ensure a clear distinction from the carbon substrate and the protective carbon layer, a longer
polymerization time, 40 minutes, was employed for the sample fabrication. Fig. 4a shows the
cross-section TEM image of the sample, where the zones of HOPG, polymer layer, and
protective carbon layer are visible. A higher resolution image is shown in Fig. 4b,. The
corresponding elemental mapping images (Fig. 4c and d) confirm the presence of molybdenum
sulfide within the polymer network. As expected, C signals have a lower intensity in the polymer
layer than in the HOPG substrate and the protective carbon layer. Molybdenum is

homogeneously distributed in the polymer layer.
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Figure 4. TEM and EDX images of the MoSx-polymer composite on HOPG ZYA. The sample
was prepared using focused-ion beam (FIB) to obtain a thin lamella sample that is measurable
under TEM. (a) Overall cross section picture of the assembly (scale bar 200 nm). (b) Cross
section image which served for EDX elemental mapping measurements. The dashed lines
separate different regions of the sample. From bottom to top: substrate (HOPG) layer; polymer
brushes with homogeneous incorporation of MoSx; protective amorphous carbon layer (¢) C and
Mo elemental mapping. The brushes are sandwiched between the two carbon layers. (d) Mo

elemental mapping. The polymer height is about ca. 150 nm.

The hydrogen evolving properties of the MoSx-polymer composite films were tested using
linear sweep voltammetry (LSV) in 1 M H2SO4. The samples were carefully insulated so that
only a specific surface area of one HOPG face was exposed to the acidic media (Fig. S8). Fig. 5
shows representative LSV curves of the MoSx-polymer composites made with polymerization
time of 1, 5, and 20 minutes. The samples prepared with 20 minutes of polymerization time
exhibited the highest net activity. An overpotential of 344 mV was required to generate a current
density of 0.5 mA cm™. The relatively small current density achieved by the catalytic systems is
largely due to a very small catalyst loading (Table S2). The intrinsic activity of the catalyst,
however, can be described by turnover frequency (TOF). The loadings of MoSx in these systems
were measured using electrochemistry (ESI). Based on these data, the TOF at n = 250 mV was
calculated (Fig 2, inset). It is noted that the TOFs of these composites are quite high, and are one

order of magnitude higher than a previously reported MoSx-polymer composite system. '’
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Figure 5. LSV scans (of MoSx-loaded polymer brush films prepared using different
polymerization times,. The assemblies underwent 10 consecutive LSV scans from 0.1 V to -0.4
V vs. RHE in 1 M H>SO4 to convert the precatalyst MoS3 to the catalytic active species MoSx.
The scans displayed correspond to the 11th LSV measurement performed on the assemblies.
Conditions: scan rate 5 mV s, IR drop corrected. The catalyst loading for the polymer
assemblies prepared at 1, 5, and 20 minutes polymerization times were 0.10, 0.18, and 0.17 pg

cm, respectively. Inset: turnover frequencies at =250 mV.
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Figure 6. Schematic drawing of the method to vary the grafting density on HOPG. Parts 2-8 are

identical to the steps described in Fig. 1.

Tafel analysis was conducted for the LSV curves of the assemblies (Table S2). The Tafel
slopes are much higher than those of amorphous MoSx*”***3, which suggests hindered electron
and/or proton transport. The latter might originate from the hydrophobic nature of the polymer

brushes. Water contact-angle measurements on the composites at several fabrication stages
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support this hypothesis (Fig. S9). The bare HOPG substrate possesses a water-contact angle of
88.3°, indicative of a hydrophobic surface. Upon quaternization of the polymer brushes, a water-
contact angle of 19.7° is observed (Fig. S9c). The surface prior to catalyst incorporation is thus
hydrophilic. However, after catalyst incorporation and subsequent activation, the resulting
assembly has a water-contact angle of above 95°, indicative of a very hydrophobic surface.

In the preparation of the above assemblies, HOPG was electrografted with nitrobenzene in a
presumed 100% site density. As a consequence, the polymer brushes have a 100% grafting
density. To probe the influence of the grafting density, polymer brushes with 50% and 10%
grafting densities were also prepared. These samples were obtained by the introduction of non-
polymerization active (“dummy”) sites, i.e., benzene groups in the initial electrografting step.
The benzene groups cannot be functionalized by the ATRP precursor, preventing the growth of
polymer brushes from these sites. (Fig. 6). When polymer brush films are grown at identical
polymerization times (~ molecular weights), the lower surface concentration of polymerization
initiators on the 10% and 50% grafting density surfaces leads to an increased average interchain
distance and thus a more collapsed polymer chain conformation and small film thickness.?’ Fig.
7 compares the LSV curves of three MoSx-polymer assemblies, all made in 20 minutes but with
different grafting densities. Table S3 and Fig. S10 describe further electrocatalytic data of
additional samples. The overpotential required to generate a current density of 0.5 mA cm™ for
the composites prepared at 100%, 50%, and 10% grafting densities are 344, 254, and 211 mV,
respectively. Thus, the catalytic performance is significantly improved upon reduction of the
grafting density. Several factors contribute to the higher activity at reduced grafting density: (1) a
higher catalyst loading (Table S3); (2) higher intrinsic activity (TOF) due to more accessible

active sites (see below). (3) Additionally, mass transport might be more facile on samples with a
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lower grafting density. The stability of the best catalyst was tested in a potentiostatic electrolysis
for 10 hours. After an activation period (about 1 h), the current density remained largely stable

(Fig. 7b). This result indicates a good stability of the activity of our catalyst.
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Figure 7. (a) LSV scans of MoSx-coated polymer brush assemblies, prepared using 20 minutes
of polymerization time and different grafting densities, in I M H2SO4. The assemblies underwent
10 consecutive LSV scans from 0.1 V to -0.4 V vs. RHE in 1 M H2SO4 to convert the precatalyst
MoS3 to the catalytic active species MoSx. The scans displayed correspond to the 11th LSV
measurement performed on the assemblies. Conditions: scan rate 1 mV s, IR drop corrected.
The catalyst loadings for the polymer assemblies prepared at 100%, 50%, and 10% grafting
density were respectively 0.17, 0.12, and 0.35 pg cm™. (b) Potentiostatic electrolysis over 10
hours. The tested sample (catalyst loading of 0.35 ug cm™) was prepared under 10% grafting

density and 20 minutes of polymerization time.
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Figure 8. TOFs of the MoSx polymer brush composites at different polymerization times and
grafting densities. (a) TOFs at n =200 mV; (b) TOFs at n =250 mV. The averaged values of 3-4

samples in the same batch are displayed; error bars refer to standard deviation.

Fig. 8 shows the TOFs at =200 and 250 mV for the various samples prepared in this study.
The figure shows that grafting density has a strong influence in TOF, while polymerization time
(.i.e. polymer chain length) has only a modest influence. Despite different catalytic loadings
(Table S3) of the samples prepared with identical polymerization time and grafting density, the
activity in terms of TOF is similar. The most active catalyst is the sample with 10% grafting
density and generated by 20 minutes polymerization of DMAEMA. TOFs of 1.3 and 4.9 s at n
=200 and 250 mV were obtained. Fig. S11 shows that the activity of this catalyst is much higher
than the catalyst directly deposited on HOPG. As mentioned above, the higher TOFs for the
samples with lower grafting densities might be due to more accessible reaction sites. This may be
due to the reduced steric hindrance as well as the smaller film thicknesses of the polymer
composite films prepared from the lower grafting densities brushes.

The TOF values of the different catalysts are compared to some state-of-the-art molybdenum
sulfide catalysts (Fig. 9).%27#% Additional catalytic parameters including mass and specific

activity, as well as TOFs, of the different catalytic systems are compared in Tables S4-S5.

20



TOF @ ;=200 mV

TOF @ =250 mV

Q (e}
Yol Bg By M X, %,
o G T PO e Rs g
% S : Yy 2 o 0. %,
(o) o, % 1, Tx 0
5 Sy o& N j//}
@o, @/& pe) O/Q

Figure 9. Comparison of TOFs of various state-f-the-art molybdenum sulphide catalysts. The
electrodeposited MoS»+x catalyst was previously developed by our group.'® Jaramillo et al.
developed the tetrathiomolybdate clusters [Mo3S13]*",* the core-shell MoO3/MoS; nanowires,*’
and the double gyroid (DG) Mo$S: catalysts.*® The MoS2 RGO corresponds to molybdenum
sulfide nanoparticles grown on reduced graphene oxide sheets suspended in solution.*” The

MoSx polypyrrole composite correspond to electrodeposited molybdenum sulfide onto a

poly(pyrrole-alkylammonium) matrix.'?

It can be seen that the best MoSx-polymer brush composite has higher TOFs than many MoS»
nanoparticle catalysts. Its TOF is similar to that of [Mo3S13]* clusters absorbed on HOPG which
are rich in active edge sites, suggesting an optimal 3D assembly. Interestingly, the
electrodeposited MoS»+x film has also the highest activity among all these molybdenum sulfide
catalysts, which serves as a fortuitous example of optimal random assembly.

Despite their high TOFs, the MoSx-polymer brush composites have modest current densities at

low overpotentials, which is due to low catalyst loadings. The maximum loadings of the catalyst
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in the polymer brushes (it is assumed that the molecular weight (Mw) of MoS catalyst is similar
to MoSy, i.e. 160.1 g/mol) can be estimated according to this formula: mass loading =
Mw(MoS>)*hd/(2MwmEeTal)® where h is dry PMETAI brush thickness, d is polymer density of
lg/em?, and Mwmetar = 299.1 g/mol. Thus, the maximum loadings are 1.04 ug cm™ for 5 min

2 for 20 min

polymerization time (assuming 38.8 nm brush height) and 2.14 pg cm-
polymerization time (assuming 80 nm brush height). Nevertheless, the measured actual catalyst
loadings are typically lower and for highest film thicknesses they are as low as 10% of maximum
values. We hypothesize that the entry of the catalyst in the polymer brush film is hindered due to

the sterics of the polymer chains. This steric hindrance is reduced upon decreasing both film

thickness and the grafting density, although the maximum loading is decreased as well.

CONCLUSIONS

In summary, a multiple-step synthetic protocol to prepare polymer brush-templated amorphous
molybdenum sulfide catalysts has been successfully developed. The polymer brushes direct the
3D assembly of the MoSx catalyst. Systematic investigations have led to an optimal catalyst
template which is prepared by 20 minutes of polymerization of DMAEMA from ZYA HOPG
substrate with 10% grafting density of the ATRP initiator. This catalyst shows turnover
frequencies of 1.3 and 4.9 s at 1 =200 and 250 mV in 1 M H>SOs, which is among the highest
reported for molybdenum sulfide catalysts. On the other hand, the geometrically averaged
current densities at low overpotentials are comparatively small due to a very small loading of

catalysts. How to significantly increase the catalyst loading in this system is the next challenge.
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The work demonstrates a novel approach for the 3D assembly of HER catalysts, revealing its

advantages and current limitation.
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