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Abstract

Molybdenum sulfides have emerged as promising, low cost alternatives to platinum for catalysis of the electrochemical
hydrogen evolution reaction (HER). A wide variety of sulfides already achieve impressive catalysis, but further develop-
ment could be enabled by an understanding of the relative activities of different sulfur sites. To contribute towards a
better understanding, the small molecule dimer [MoZOZSB]Zf, which is rich in terminal and unsaturated sulfur, has been
investigated for HER. Homogeneous catalysis has been attempted in acidified DMF but is precluded by electrodeposition.
The resulting deposit ultimately proves to be an active heterogeneous HER catalyst in aqueous acid and is compared to
dropcasts of the molecular dimer which are also HER catalysts. XPS elucidates the end structures of the electrodeposits
and dropcasts showing a shift away from molecular features in both cases. Investigation of HER performance reveals
that the activity of both dimer-based heterogeneous catalysts lags behind that of other reported molybdenum sulfides.
However, detailed performance comparisons allow for consideration of key design parameters. Density functional theory
calculations are presented for the reduced molecular dimer as well as possible molecular catalytic pathways. These give
insight into the cathodic structural transformations of the dimer as well as the observation of heterogeneous but not
homogeneous catalysis.
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1 Introduction

Efficient electrochemical reduction of protons to molecu-
lar hydrogen is critical for realization of more sustainable
energy practices. The process is a required half reaction for
conversion of solar energy into useful hydrogen fuel via
water splitting devices [1-3]. Moreover, when driven by
renewable electricity, the electrochemical hydrogen evolu-
tion reaction (HER) can supply hydrogen for fertilizer, pet-
rochemical, and other industries [4, 5], thereby serving as
a clean, carbon-free alternative to steam reforming [6, 7].
However, for electrochemical HER to be efficient enough
for large scale or solar-driven applications, highly active
catalysts are needed to lower its activation energy barrier
and to facilitate the kinetics [1-3]. Platinum has tradition-
ally been the best HER catalyst, but cheaper, more earth
abundant catalysts are needed to ensure scalability and
economic viability [8].

Among cheap alternatives to platinum, molybdenum
sulfide materials have been pursued intensely [9, 10]. Inter-
est in these materials began in 2005 when Hinnemann
et al. determined that the triangular edges of bulk MoS,
where Mo binds to terminal S,>~ (Fig. 1) are energetically
similar to the active sites in hydrogen-evolving enzymes
[11]. In crystalline MoS, though, only the limited edge sites
are active while the bulk basal planes are inert, leading to
poor activity per gram or unit area [12]. Recent efforts have
made tremendous progress in building from bulk MoS,
towards more practical HER catalysts through two major
approaches: (1) enhancing the activity of each available
catalytic site and (2) creating a higher density of active
sites.

To pursue the first approach involving enhanced site
activity, metal dopants have been used to optimize AG
for hydrogen adsorption at molybdenum sulfide edges
[13, 14]. Moreover, proton accessibility and electrical con-
ductivity to those edges have been improved by forming
ultrathin layers [15-18] and composites with conductive
materials [19-23], respectively. In terms of the second
approach regarding site density, work has largely centered
on replacing typically sheet-like and crystalline MoS, with
new morphologies. High surface area constructs, such as
highly dispersed nanoparticles [24, 25] and porous net-
works [26-29], maximize the edge to bulk ratio in order
to obtain substantial HER currents. Amorphous MoS,
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morphologies offer a large numbers of defects as com-
pared to crystalline MoS,, thereby creating more active
sulfur moieties [30]. Strong performance can also be
obtained with small molecule complexes [31-33] or clus-
ters [34, 35], enabling precise engineering of the numbers
and types of sulfur ligands per molybdenum center.

Of course, in any approach to improving catalysis,
knowledge of the true nature of the active site is criti-
cal for informed material design. Computations [36] and
spectroscopy [37] both point to sulfur as the site of pro-
ton binding in molybdenum sulfides, and as noted earlier,
terminal S, has already been identified as active in bulk
MoS, [12]." Yet, with the advent of new amorphous depos-
its and clusters having many forms of sulfur (Fig. 1), some
questions have emerged regarding which sulfur provides
the highest activity. In-situ x-ray absorption spectroscopy
has been used by Yano and co-workers to implicate termi-
nal S,% as active in amorphous MoS, [40]. In-situ Raman
studies on the same material alternatively indicate that
terminal groups diminish during HER leaving unsaturated
S~ and bridging S,?" as the likely active sites [37]. Li and
co-workers, meanwhile, have attributed the outstanding
performance of their Mo5S,; and MoS,/pyrrole deposits to
an overabundance of sulfur, especially bridging S,>~ and
apical S*~, moieties marked by relatively high XPS binding
energies [23, 41, 42].

In light of this ongoing discussion, we became
interested in the anionic molybdenum dimer,
[M0,0,S¢1*™ (Fig. 1b), as a possible HER catalyst. This dimer
has only terminal and unsaturated sulfur motifs possibly
allowing further commentary on their HER performance
in isolation from other sulfur types. Moreover, the dimer
is rich in sulfur having the active sites of crystalline MoS,
without the inactive basal plane, and this may allow a high
activity (i.e. high turn-over frequency) per molybdenum
center. The dimer has been previously reported mainly as
a synthetic precursor for organo-molybdenum complexes
[43, 44]. Here, it is reported as a precursor for an electro-
deposited MoS, material and as an effective dropcast HER
catalyst. DFT calculations evaluate possible HER reaction
pathways for the molecular dimer, thereby giving insight
into morphology changes observed during HER as well as
the observance of heterogeneous catalysis by dimer prod-
ucts, but not homogeneous catalysis by the dimer itself.

! For more information on the nature of the active MoS, edges see:
[38,39].



SN Applied Sciences (2020) 2:889 | https://doi.org/10.1007/542452-020-2706-3

Research Article

Fig. 1 a Sulfur motifs found A
in molybdenum sulfide HER
electrocatalyst materials.

Low Binding Sulfur

High Binding Sulfur

Motifs are grouped accord- Mo S
ing to their relative electron S\—/S s | S/ \
binding energy observed in P S ~
XPS. b Structure of [M0,0,S4]* Mo Mo Mo MO/ \MO Mo Mo
dimer with unsaturated sulfur . . o
in green and terminal sulfur Terminal Unsaturated Apical Bridging
in blue
B
o (0 | 2-
v . |lv

2 [N(CH,CH3),4]

2 Results and discussion
2.1 Electrochemistry

The anionic dimer [M0,0,S]>~ was readily synthesized
from heptamolybdate via a room temperature, aerobic
reaction described by Coucouvanis et al. [44]. Homoge-
neous electrochemistry of the dimer in DMF solution has
been previously probed in a narrow potential window
revealing two reductions [45]. Further work here though
suggests that these reductions actually belong to an oxi-
dized impurity as they are minor in comparison to pro-
nounced processes observed at more extended potentials
(Figure S1). The pronounced redox processes include two
highly cathodic reductions (-2.39 V, —2.67 V vs Fc/Fc?)
which are diffusion controlled and irreversible over a wide
range of scan rates. Also included are two overlapping,
irreversible oxidations (0.09 V, 0.21 V vs Fc/Fc*) possibly
representing the V/VI redox couple [46)? for each of the
dimer’s two similar molybdenum(V) centers. All observed
redox processes cycle reproducibly without leaving any
visible deposit on the electrode.

2.2 Electrodeposition

Beyond basic electrochemistry, we were interested in
exploring the Mo dimer’s homogeneous HER catalysis. We
have previously observed stable catalysis by organome-
tallic molybdenum-sulfide complexes in acidified organic
solution [32, 33], but at the same time, we have been
limited by instability in our efforts to use molybdenum

2 This assignment is based on the common observation of a facile
V/VI redox couple for Mo in enzyme centers as in Ref [46].
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Fig.2 Homogeneous redox chemistry of [M0,0,551>~ dimer (2 mM)
in 0.1 M TBAPF./DMF and successive cycles after addition of 3.8
equivalents of TFA. Voltammetry was conducted under argon at
50 mV/s with a glassy carbon working electrode (0.071 cm?), plati-
num counter electrode, and Ag/AgNO; reference

cubanes as homogeneous catalysts for water-reducing
photocathodes [47]. Here, addition of trifluoroacetic acid
(TFA) as a proton source to the Mo dimer in DMF does not
produce the anodic shifting and current amplification of
an existing reduction which often marks homogeneous
electrochemical catalysis. Instead, original reductions
remain intact while a new reduction appears at signifi-
cantly more anodic potentials (—1.79 V vs Fc/Fc*, Fig. 2).
With successive scanning, this signal constantly shifts ulti-
mately proving to arise from a proton-assisted deposition
which leaves a visible coating on the electrode. Protons are
clearly critical to the deposition, but any involvement of a
ground state complex between protons and Mo dimer can
be ruled out as UV-vis spectroscopy shows that the spec-
tral signal of the dimer in DMF is not significantly altered
by introduction of acid (Figure S2).

Deposition from the Mo dimer is accompanied by the
growth of another cathodic process at still more positive
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Fig.3 XPS results in the Mo 3d (left), S 2p (middle), and O 1 s (right)
regions for an electrodeposit formed from [Mo,0,S,1* dimer.
The deposit was formed on FTO from 3 mM dimer in DMF with 18

potentials near —1.4V versus Fc/Fc*. Probing the deposit
itself in fresh DMF with and without acid (Figure S3) allows
for assignment of this process as proton reduction by the
deposit. Thus, while the Mo dimer is not a homogene-
ous HER catalyst like organometallic Mo complexes, it is
perhaps not surprisingly a precursor for a heterogeneous
catalyst as are similar MoS,?~ and Mo,S,5%" inorganic ani-
ons [41,42].

Bulk electrolysis of Mo dimer at the deposition potential
with excess TFA (18 equivalents) enables growth of uni-
form films on both glassy carbon and fluorine-doped tin
oxide (FTO) substrates (Figure S4). On FTO, molybdenum
loading determined by atomic emission spectroscopy
increases at a rate of 29 nmol Mo per coulomb = 10%. The
typical deposition charge used here was 3.8-4.5 C/cm?,
giving films with a Mo loading in the range 110-131 nmol
Mo/cm? and thickness of ~0.34 mm/cm? based on
profilometry.

To probe the nature of the deposited materials, XPS
characterization was employed and critical spectral regions
are shown in Fig. 3. The Mo region contains no signal for
molybdenum in the +5 oxidation state (3d;,=234.1 eV
and 3d;,,=230.9 eV) observed for the small molecule
dimer in dropcastings (vide infra). Instead, a prominent
doublet appears at 232.87 eV (3d;,,)/229.72 eV (3d;,)
and is consistent with Mo(lV) found in crystalline MoS,
as well as amorphous electrodeposited MoS, [30, 37, 48].
One other doublet appears in the region at higher bind-
ing energies (235.44 eV/232.29 eV) and can be ascribed
to Mo(VI) in MoO;. This signal is commonly observed in
electrodeposited amorphous MoS, representing an air oxi-
dized surface layer [37, 48]. The sulfur region for the dimer
electrodeposit indicates two types of sulfur with doublets
at 163.10 (2p,,,)/161.91 (2p;,,) and 164.59 (2p,,,)/163.43
(2p3/5). The doublet at lower binding energies represents
terminal S,%” and unsaturated S*~ expected from the
dimer structure. The higher binding doublet is indicative
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equivalents of TFA using controlled potential coulometry at —1.9V
versus Fc/Fc*

of bridging and apical moieties which do not appear in
the dimer or crystalline MoS, but are pervasive in elec-
trodeposits including Mo;S;; [41, 42] and amorphous
MoS, or MoS; [37, 48]. The ratio of low to high binding
sulfur significantly favors the low binding terminal/unsatu-
rated moieties and is nearly identical to the ratio seen in
amorphous MoS, [48].

In fact, on the whole, the XPS for the deposit reported
here is very similar to that of amorphous MoS, formed by
Hu and co-workers from MoS,>” precursor via cathodic
electrolysis [48]. The material here is differentiated though
by a higher MoO; component indicated by a more signifi-
cant Mo(VI) signal as well as a substantial oxygen 1 s peak
at 530.64 eV [48, 49]° along with a relatively low Mo:S ratio
of 1:1.3. The inordinate amount of MoOj; contained in the
dimer deposit may not stem simply from air oxidation but
rather from the deposition process itself. High local con-
centration of OH™ at the electrode would support oxide
formation so the deposition process can be envisioned to
include hydrolysis of the dimer’s oxo to OH™ by TFA pro-
tons. Deposition likely also involves the same type of sulfur
rearrangement via HS™ expulsion which occurs in forma-
tion of the similar amorphous MoS, material [48].

Films deposited from Mo dimer were evaluated as het-
erogeneous HER catalysts in 0.484 M HCl. Both large sur-
face area films on FTO (0.38 cm?, Figure S5) and smaller
films on glassy carbon (0.071 cm?) were tested but the

3 The other signal observed in the O1s region for the dimer elec-
trodeposit (532.2 eV) is consistent with a weakly adsorbed oxy-
gen species such as surface moisture (ref [49]). Although this spe-
cies cannot be definitively assigned, its weak association makes
it unlikely to persist in the electrodeposit and effect HER once
exposed to the aqueous catalytic solution. A similar high energy
O1s signal can be seen for MoS, electrodeposited by Vrubel et al.
(ref [48]), but the oxygen region is often not discussed in work with
amorphous MoS, so its prevalence in other catalysts is unclear.
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Fig.4 Linear sweep voltammetry showing the performance of
a nafion-protected [Mo,0,5.]*" electrodeposit on glassy carbon
in 0.484 M HCl. a Consecutive cathodic sweeps (first=black, sec-
ond=gold dashed, fourth=blue) with the response of bare glassy
carbon (grey) shown as a control. The inset displays the Tafel plot

performance on glassy carbon was best and will be the
focus of discussion. Linear sweep voltammetry on the
glassy carbon films shows a strong catalytic response with
initial scans, while also showing a more anodic, low cur-
rent process likely due to the reduction of detected MoO;.
Subsequent scans lack this process indicating the dissolu-
tion of MoOs in the acidic electrolyte [37]. Scanning also
reveals a dramatic loss of catalytic activity accompanied by
visible detachment of the films from the electrode (Figure
S6). To combat this instability, a protective nafion coating
inspired by other MoS, reports [23, 41] has been applied
and enables more stable sweeping (Fig. 4a). Nafion-coated
deposits give a reproducible response with voltammo-
grams shifting no more than 9 mV between different films
(Figure S7). The average® Tafel slope is 40 mV/dec while a
current density of 10 mA/cm? is reached at an overpoten-
tial of 0.25 V. Headspace analysis during electrolysis at an
overpotential of 0.23 V reveals an average 98% faradaic
efficiency for H, generation. However, long-term electroly-
sis used in the efficiency measurements also reveals that
even with the nafion coating, the deposits are unstable
over time and lose 73-78% of their initial current density
within 60 min (Figure S8).

For the HER performance of the dimer deposit to be
compared with other molybdenum sulfides, relative load-
ing must be taken into account. The molybdenum content
measured for the deposit here is inflated by the presence
of significant, inactive MoO;, but for a pure phase, it would

* The Tafel slope is the average of measurements from 3 different
films while faradaic efficiency is an average from two trials each
with four time points.
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derived from the 2" sweep. b Comparison to a commercial plati-
num disk electrode. Overpotentials required to reach the bench-
mark 10 mA/cm? are indicated. All voltammetry was conducted
at 5 mV/s under nitrogen and the employed electrodeposit was
formed from DMF solution with 18 equivalents of TFA

translate to MoS, loading of 18 pg/cm? and this can be
used as an upper limit. Within the same loading regime
at 15 pg/cm?, amorphous MoS, gives a similar HER per-
formance with the same Tafel slope and an overpotential
of ~0.2V at 10 mA/cm? [30, 48]. This is in good agreement
with the structural similarities observed for the two types
of electrodeposits and indicates that using the deposition
conditions here with the [M0,0,5,1*~ precursor does not
provide a distinct advantage over the traditional use of
MoS,>” in water. When comparing the dimer deposit to
other prominent electrodeposited molybdenum sulfides,
it is slightly less active than Mo;S;; (n=0.20V at 10 mA/
cm?, Tafel slope =37 mV/dec) having a much higher con-
tent of sulfur, especially bridging S,>” [41]. At the same
time, the dimer deposit lags much more significantly
behind MoS,/pyrrole co-deposits which are enriched with
bridging sulfur and require less than a 60 mV overpotential
to reach 10 mA/cm? at a low Mo loading of 7.8 ug/cm?[23].

Notably, HER behavior reported for the dimer electrode-
posit may not represent optimal performance as the dep-
osition process involves a number of parameters which
can be tuned. Among these, concentration of added TFA
could be expected to affect deposit morphology by influ-
encing the rate of film growth as well as the competition
between HER and deposition. TFA concentration effects
have been briefly explored here by comparing films made
with 1 TFA equivalent per dimer to those discussed above
which were made with 18 TFA equivalents. Lowering the
TFA equivalents leads to lower deposition currents and a
lower Mo loading per unit charge. However, XPS shows
no significant change in deposit structure (Figure S9) and
HER performance remains similar. The 1-equivalent films
reach 10 mA/cm? at nearly the same overpotential (0.24V,
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Fig.5 HER catalysis in 0.484 M HCl by [Mo,0,S¢1*~ dropcasts on
glassy carbon (0.071 cm?). a Consecutive linear sweeps showing
cathodic activation of a dropcast having a loading of 138 nmol Mo/
cm?. The response of bare glassy carbon (grey) is shown as a con-
trol. b Linear sweeps showing the activated performance of drop-
casts having different Mo loadings. The grey dotted line denotes

Figure S10) as 18-equivalent films, while giving a slightly
less favorable Tafel slope (42.6 mV/dec) and faradaic effi-
ciency (95.6%) albeit at lower loading. Thus, acid concen-
tration cannot be used to enhance deposit properties;
however, the effects of other deposition parameters, such
as potential and solvent, remain unexplored.

2.3 Dropcasting

In addition to electrodeposition, simple dropcasting
has been explored as a means to form a heterogene-
ous catalyst from the small molecule dimer [M0,0,55]*".
Dropcasting was done on glassy carbon substrates
(0.071 cm?) using homogenized DMF suspensions with
dimer, nafion, and carbon powder for conductivity. In
HCl, the resulting dropcast films give a highly reproduc-
ible catalytic HER response summarized in Fig. 5. This
response improves dramatically during initial sweeps
indicating an activation process. Activated films show
the expected impacts of catalyst loading: Catalytic
response increases with loading before saturating and
then regressing at very high loadings which can cause
agglomeration and obstruction of active sites. The
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the 10 mA/cm? benchmark and the overpotential required to
achieve this marker is displayed for the best dropcast. ¢ Tafel plots
and resulting slopes for activated dropcasts of different Mo load-
ing. All linear sweep voltammetry was conducted under nitrogen at
5mV/s

maximum performance observed here corresponds
to a loading of 841 nmol Mo/cm? with a Tafel slope of
54 mV/dec and a 0.21V overpotential at 10 mA/cm?. For
comparison to the dimer electrodeposits above, a drop-
cast film was prepared at a similar loading of 138 nmol
Mo/cm?. This dropcast has a lower average faradaic effi-
ciency (87%) than the electrodeposit but reaches 10 mA/
cm? at nearly the same overpotential (0.24 V, Figure S11)
and has a similar Tafel slope of 43 mV/dec (Fig. 5¢).
Combined with the observed activation period, the
similarity of the dropcast’s performance to that of the
electrodeposit raises the question of whether the drop-
cast dimer simply transforms into the electrodeposit
structure during the reduction of HER. To address this,
XPS has been conducted with a dropcast film on FTO
support before and after extended catalysis (Fig. 6).
Before catalysis, the dropcast has all of the features
reported previously for the small molecule dimer
including signals for bound oxygen (531.36 eV), Mo(V)
(234.1/230.96 eV), and terminal/unsaturated sul-
fur (163.78/162.62 eV) [45]. Expected nafion signals
(536.1 eV and 169 eV) [50] are also observed along with
two extraneous signals which can be assigned as free
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Fig. 6 Comparison of XPS results in the Mo 3d (left) and S 2p (right) regions for a dropcast dimer film on FTO a before and b after extended

HER catalysis

sulfur (164.85/163.69 eV) from dimer synthesis [41, 42,
48] and Mo(VI) from the synthetic starting material or
MoO; byproduct.” XPS after catalysis reveals loss of
the free sulfur impurities as well as other significant
changes. The signal for Mo bound oxygen near 531.36 eV
becomes much less prevalent (see Figure S9B for dis-
cussion of O1s region). In the Mo region, some high
valent Mo similar to Mo(V) in the dimer is still observed
(233.6/230.23 eV), but the major signal appears at
232.2/228.96 eV and is consistent with Mo(IV) in crystal-
line MoS, and electrodeposited MoS, [37, 48]. Moreover,
although the sulfur region continues to show only termi-
nal and unsaturated sulfur, the sulfur binding energy has
shifted to lower values (163.22/161.94 eV) found in MoS,

5 MoO;, is known to form from the same synthetic conditions as
[M0,0,5517 with added acid (ref [51]) and thus could be a minor
byproduct of dimer synthesis where the molybdate starting mate-
rial causes a slightly acidic pH.

environments [48]. All of the observed XPS changes sug-
gest that during catalysis, the dropcast dimer transforms
from its discrete molecular form to a MoS, structure
most similar to crystalline MoS, lacking bridging or api-
cal sulfur. This transformation is further supported by the
Mo:S ratio in the final catalyst which is 1:2.

The shift from the dimer towards an MoS, structure
closely resembles a transformation observed by Jaramillo’s
group using dropcast nanoparticles also derived from hep-
tamolybdate starting material [51]. In accordance with this
similarity, the catalysts emerging from the two dropcasts
achieve comparable HER performance at high loadings.
Both ultimately adopt a MoS, architecture but dramatically
outperform the bulk material in terms of overpotential and
Tafel slope [9]. Thus, the approach of dropcasting these
discrete compounds proves to be a simple way of forming
dispersed MoS, with high exposure of active sites.

At the onset of this work, one of the motivations was
to further probe the relative activities of different sulfur
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motifs by comparing the dimer having only terminal and
unsaturated sulfur to materials which also include bridg-
ing or apical sulfur. In comparison to other dropcast mate-
rials, the dimer dropcast lags behind top performing clus-
ters including [Mo,S,,1*~ and [Mo,S,5]*” [34, 35]. However,
those clusters are believed to remain intact and maintain
a high Mo:S ratio during catalysis, so their performance is
influenced largely by the number of active sites and not
just by the types of sites. When comparing to amorphous
electrodeposits with a similar, low Mo:S ratio, turnover
frequency per Mo center is an important metric of activ-
ity. For the catalyst formed from the dimer dropcast, the
initial turnover frequency measured here is 0.2 s™' but this
value is a lower limit as it is calculated based on the total
dropcast amount of molybdenum rather than confirmed
surface accessible sites. Taking this into consideration, the
turnover of the dimer dropcast is within the same regime
as that of amorphous MoS, [10]. On the other hand, how-
ever, overpotential and Tafel slope are less favorable for
the dimer dropcast [30]. Bridging and apical sulfur in the
amorphous material may help to give it the edge over the
dropcast but the dissimilar nature of the two materials
means that effects from other factors like intrinsic conduc-
tivity cannot be ruled out. In the end, the dimer dropcast
can only further confirm that strong HER is possible based
on terminal/unsaturated sulfur, and catalyst design must
target high sulfur content.

2.4 Density functional theory (DFT) calculations

DFT calculations were performed on the molecular dimer
(Fig. 1b) in order to simulate its behavior in the presence
of protons and electrons. Although homogenous HER is
not observed for the molecular dimer, pathways for that
process were computed in an effort to explain structural
changes observed in the dimer during reduction and the
unfavorable nature of the molecular catalysis. All ground-
state geometry optimizations were performed with Gauss-
ian 16 [52]. Solvent effects were simulated in DMF with the
solvation model density method (SMD) with electrostat-
ics in terms of the integral-equation formalism polarizable
continuum model (IEF-PCM) [53-56]. The SMD solvation
model is the recommended choice by Gaussian 16 for the
change of free energy of solvation. Ground-state geometry
optimizations were carried out using the B3LYP [57-59]
density functional. The SDD energy consistent pseudo-
potential was used for the core electrons along with the
valence electrons of molybdenum [60] while the 6-31 +G*
[61-65] basis set was used for all other atoms. Optimized
stationary points were confirmed to be local minima
(all real vibrational frequencies) or transition states (one
imaginary vibrational frequency) on the potential energy
surface using vibrational frequency analysis, and each
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transition state was connected to its respective reactant
and product by intrinsic reaction coordinate (IRC) analyses
[66].

HER pathways were proposed for the molecular dimer
based on the calculated Gibbs free energy of all poten-
tial reactants, intermediates and products. A total of 10
pathways were investigated and are shown in full in the
supporting information. These pathways can be separated
into three categories based on the ordering of the two pro-
tonations and electron injections required for HER. Path-
ways 1 and 2 adhere to the following ordering of steps:
(1) protonation (2) electron injection (3) protonation (4)
electron injection. Pathways 3 through 6 follow the order:
(1) electron injection (2) protonation (3) protonation (4)
electron injection. Pathways 7 through 10 have the order:
(1) electron injection (2) protonation (3) electron injection
(4) protonation. To account for the stoichiometry changes
that occur as a result of protonation, N-protonated pyri-
dine was used as a proton source.

Experimental evidence suggests that protons do not
interact with the ground state dimer so electron injec-
tion should be the first step in any HER pathway; DFT is in
agreement with this by indicating that electron injection
is the most thermodynamically favorable first step. Path-
ways 1 and 2 explore the possibility of initial protonation
considering both the terminal S,%~ and S,>~ moieties as
protonation sites due to their involvement in the HOMO
and HOMO-1 orbitals (Fig. 7). However, at both moieties,
initial protonation is thermodynamically unfavorable (Fig-
ures S16-518), while initial electron injection (Paths 3-10)
is thermodynamically favorable by -68.5 kcal/mol.

Pathways with an initial electron injection step
(pathways 3-10) show that this step leads to an “open”
[Mo,0,Sg]*~ trianion species resulting from ring opening
of the dimer’s terminal 542‘ into an (57)(S;7) moiety (Fig. 7).
After electron injection, the studied pathways consider the
possibilities for subsequent proton interaction by focusing
on protonation at the (57)(S;7), unsaturated 522‘, and oxy-
gen moieties of the “open” [M0,0,(S,)(S,)(S)(S;)1*” species.
Although oxygen has been suggested to play an impor-
tant role in our previous DFT work with small molecule
MoS, mimics [36], any attempt to protonate the oxygen
atoms in this catalyst ultimately led to bound protons
having unfavorable orientations for subsequent H, gen-
eration. When considering sulfur protonation, all but one
pathway involves an uphill protonation step on the order
of ~ 14-20 kcal/mol. Pathway 7 is the only case where all
four steps of hydrogen binding to the small molecule
dimer are thermodynamically favorable (Figure $25) and
it shows formation of a [MOZOZ(SZ)(Sz)(S—H)(S3—H)]2‘ prod-
uct as seen in Scheme 1. The transformations seen for the
molecular dimer in pathway 7 indicate that the irreversible
nature of experimental reductions observed in DMF stems
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Fig.7 Comparison of the HOMO and HOMO-1 orbitals of the
“closed” [M0,0,551*~ species before reduction (left) and the “open”
[M0,0,S41*~ species (right) after electron injection. Suggests initial

from ring opening of the dimer’s terminal S,%". Further-
more, based on pathway 7, reduction in acid likely causes
transition to MoS, through protonation of the reduced
“open” dimer to form [Mozoz(Sz)(S2)(S—H)(S3—H)]2* which
then can allow for SH™ expulsion.

Exhaustive efforts to create a closed HER catalytic cycle
from pathway 7 have revealed that no transition state for
the HER reaction is accessible from the [Mo,0,(S,)(S,)(S-H)
(53—H)]2‘ species due to the strength of its S-H and S;-H
bonds. Closed cycles in which a HER transition state is
observed in the final product are obtained via pathways 2,
5,and 9 (Figures S29-530). However, as noted above, these
pathways involve at least one uphill protonation step.
Additionally, the production of molecular hydrogen may
result in a singlet or triplet [Mozoz(sz_)(Sz)(S)(S3)]2* species
and only the triplet is able to regenerate [M0,0,(S,)(S,)
(S)(S3)1* via electron injection (Figure S29-530). Pathway
9 shown in Scheme 2 represents the most likely path to
the possible generation of molecular hydrogen with a HER
transition state. However, the lack of HER in pathway 7
combined with the uphill protonation steps and the pecu-
liar conditions for catalyst regeneration in pathways 2, 5,

“open” trianion
W
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Energy/eV
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(3]
1
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| =
—H—
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protonation to occur on the (S7)(S;7) moiety after formation of the
“open” trianion species

and 9 indicate that the catalyst is not active as a molecule.
This is in agreement with the experimental observation
that all active catalysts derived from the dimer lose their
molecular features.

3 Conclusions

The small molecule dimer [Mo,0,5,1>" has been inves-
tigated as a possible gateway to HER catalyst materials
rich in saturated and terminal sulfur. This dimer shows
repeatable reductions in DMF, but in the presence of trif-
luoroacetic acid, it is not a stable homogeneous catalyst
and instead forms an electrodeposit. DFT suggests that
the reductive instability results from formation of an
“open” [Mo20258]3* trianion which then is protonated
in the presence of acid to give a [M0,0,(S,)(S,)(S-H)
(S;-H)I*~ (Scheme 1) or a [M0,0,(S,)(S,~H)(S-H)(S;)]*" spe-
cies (Scheme 2). Some computed reaction pathways sug-
gest the possibility of HER from the [M0,0,(S,)(S,—H)(S-H)
(53)]2‘ species, but no thermodynamically favorable transi-
tion state for HER could be accessed from the [M0,0,(S,)
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Scheme 1 Pathway 7 for HER catalysis with the corresponding
change in Gibbs free energy for each step shown (Figure S25). This
pathway follows the reaction path of electron injection (1), proto-

(52)(S—H)(S3—H)]2‘ reduction product, thus giving one pos-
sible explanation for the lack of homogeneous catalysis.
Electrodeposit from the dimer does however prove to be
a heterogeneous HER catalyst with high faradaic efficiency
in aqueous acid. The dimer electrodeposit does not main-
tain the type or high content of sulfur found in the origi-
nal dimer and instead is quite similar to electrodeposited
amorphous MoS,. Despite this similarity, the dimer depos-
its require more overpotential than the more optimized
amorphous MoS,. Initial efforts to tune the amount of acid
in the deposition solution did not improve performance,
but other deposition parameters could possibly be tuned
to realize a better catalyst.
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nation of the (57)(S;7) moiety (2), electron injection (3), and pro-
tonation of the (S-H)(S;7) moiety (4). No transition state for HER is
observed in the final [M0,0,(S,)(S,)(S-H)(S;-H)]*~ product

Beyond electrodeposition, the dimer [M0,0,S¢]*~ can
be converted to a heterogeneous HER catalyst via drop-
casting. The dropcast dimer converts away from its molec-
ular form during catalysis; it retains the exclusive terminal/
unsaturated character of its sulfur but loses its high S:Mo
ratio to adopt an end structure resembling crystalline
MoS,. HER activity is much higher though for the drop-
cast dimer than bulk MoS, showing that dropcasting the
dimer is a simple way of obtaining dispersed MoS, with
high exposure of active terminal/unsaturated sulfur. That
being said, the performance of the dropcast dimer can-
not match that of dropcast clusters which maintain a
higher sulfur content. This supports the current empha-
sis on sulfur enrichment in molybdenum sulfide design.
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Scheme 2 Pathway 9 for HER catalysis with the corresponding
change in Gibbs free energy for each step shown (Figure S27). This
pathway follows the reaction path of electron injection (1), proto-
nation of the opened (S7)(S;7) moiety (2), electron injection (3), and
protonation of the unsaturated (S,”) moiety (4). Transition state is

Meanwhile, the dropcast also cannot match performance
of amorphous MoS, which is not sulfur rich but does have
bridging and apical sulfur. Thus, development of a catalyst
which is particularly rich in terminal and unsaturated sulfur
remains an interesting target for clear comparison to the
top performing clusters and electrodeposits rich in bridg-
ing and apical sulfur.
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