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Abstract: Proton reduction is one of the most fundamental and
important reactions in nature. MoS, edges have been identified
as the active sites for hydrogen evolution reaction (HER)
electrocatalysis. Designing molecular mimics of MoS, edge
sites is an attractive strategy to understand the underlying
catalytic mechanism of different edge sites and improve their
activities. Herein we report a dimeric molecular analogue
[Mo,S,,J*~, as the smallest unit possessing both the terminal
and bridging disulfide ligands. Our electrochemical tests show
that [Mo,S,,*~ is a superior heterogeneous HER catalyst
under acidic conditions. Computations suggest that the bridg-
ing disulfide ligand of [Mo,S,J*~ exhibits a hydrogen adsorp-
tion free energy near zero (—0.05 eV). This work helps shed
light on the rational design of HER catalysts and biomimetics
of hydrogen-evolving enzymes.

H ydrogen has the highest energy density by weight among
all chemical fuels. In recent decades, this has sparked intense
research interest in generating hydrogen from water splitting.
According to the Sabatier principle, the crucial requirement
for an optimal hydrogen evolution reaction (HER) catalyst is
a moderate binding of H on the catalytic site, which is
reflected by near-zero Gibbs free energy for atomic hydrogen
adsorption (AG,q(H) ~0).' A state-of-the-art HER catalyst,
such as Pt(111), has a AG ,(H) of only —0.09 eV.”) Promising
advances in finding alternative HER catalysts to noble metals
have been made in recent years. One landmark example is
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molybdenum disulfide (MoS,). The seminal computational
and experimental studies have shown that the edge sites of the
MoS, planes have excellent catalytic activity for HER
(AG,4(H)=0.08 ¢V), while the (0001) basal planes are
inert.['™?

A promising approach is to directly design Mo-S based
molecules and clusters that vividly mimic the MoS, edge sites.
Besides maximizing the edge density, these molecular mimics
provide an attractive strategy to freely create, precisely probe,
and systematically investigate the various types of active sites.
The center of Figure 1 shows a single MoS, layer with sulfur-
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Figure 1. The relationship of the Mo-S based molecular HER catalysts
to the monolayer MoS, with sulfur-rich edges (center): the discrete
analogue [(PY5 Me,)MoS,]*" (top), the trimeric analogue [Mo;S]*
cluster (right), and our dimeric analogue [Mo,S;,]*" cluster (left).

rich edges. Different molecular mimics can potentially be
designed, depending on which way the MoS, sheet is
“cropped”. For example, a discrete analogue was reported
by integrating the single “Mo-S,” triangular functional unit
into a molecular catalyst for homogeneous HER.P! Polymeric
analogues are also possible when polynuclear Mo-S based
clusters are introduced. The cluster [Mo;S;;]*~ has been
reported to be an advanced heterogeneous HER catalyst very
recently,”! which we view as a trimer analogue. However,
compared with the numerous efforts in developing nano-
structured MoS,,”! there have been few catalytic studies of
MoS, molecular analogues.

Since the dimer is the smallest unit to possess both
terminal and bridging disulfide (S,) ligands, herein we
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conceptually designed a binuclear cluster [Mo,S;,]*~ in the
form of (NHy),[Mo,(S,)s]-2 H,O, by revisiting classical cluster
chemistry. The electrochemical tests show that [Mo,S;,]*" is
an advanced heterogeneous HER catalyst under acidic
conditions. The comparison of the overpotential and turnover
frequency proves the superiority of our [Mo,S,,]*~ among the
Mo-S based catalysts. The simulated thermoneutral H bind-
ing affinity ((AG,4(H) = —0.05 e V) is consistent with the high
HER catalytic activity.

(NH,),[Mo,(S,)s]-2H,O was synthesized and purified
based on a modified Miiller method.”! (NH,),[Mo,-
(S,)6]-2H,0 was prepared and separated as crystalline black
needles/rods with length varying from 10-100 um (Figure 2b
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Figure 2. Structure of (NH,),[Mo,(S,)e]-2H,O. a) Structure of a single
molecule, position determined by synchrotron-radiated single-crystal
XRD. b) Optical microscopic image of the black rods on a glass slide.
Inset: digital image of the bulk powder in the vial. c) The correspond-
ing (NH,)3[Mo,(S,)e]-2 H,0 crystal structure, viewed along the ¢ axis.

and Figure S2 in Supporting Information). Synchrotron-
radiated single-crystal X-ray diffraction (XRD) analysis
shows that (NH,),[Mo,(S,)¢]-2H,O crystallizes in the ortho-
rhombic space group Pnna with a=21.2927(11) A, b=
13.0408(7) A, ¢ =12.6064(7) A, and a multiplicity of 8 (unit
cell depicted in Figure 2¢). Figure 2a shows that each Mo
center is coordinated to four S, units, with two bridging S,
having a short average S—S bond length of 2.034(5) A, and
two terminal S, having a long average S—S bond length of
2.053(2) A. The details of the single-crystal data, bond angle,
and bond length are listed in Table S1-S3. The powder XRD
of the bulk sample (Figure S4) is also consistent with the
(NH,),[Mo0,(S,)s]2H,O phase, proving that our synthesis
produces a single-phase product.

The clusters were drop-casted on an electrode surface.
Figure S5 displays the X-ray photoelectron spectroscopy
(XPS) spectra of Mo3d and S2p region for the as-synthesized
crystalline powder sample and the deposited film on fluorine-
doped tin oxide (FTO) substrate by drop-casting fresh 1 mm
[Mo,S,]*~ dimethylformamide (DMF) solution (Figure S8 a).
The detailed analysis can be found in the Supporting
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Information. The spectra for the crystalline powder sample
and the deposited film are almost identical, which suggests
that the structure of the anionic cluster on the electrode
surface is unchanged.

The HER electrocatalytic activities were investigated in
0.5m H,SO, solution (Ar saturated) with a typical three-
electrode setup. The scan rate of all linear sweep voltammetry
(LSV) tests was SmVs™'. Submonolayer of catalyst was
loaded by the layer-by-layer self-assembly method on FTO
substrates with the help of a commonly used polycation
poly(diallyldimethylammonium chloride).” The amount for
sub-monolayer loading is 0.17 nmolcm 2, as determined by
inductively coupled plasma measurement. The FTO does not
shown any detectable transmittance change after one cycle of
catalyst loading, however the polarization curve (inset of
Figure 3a) clearly demonstrates the activity of the submono-
layer of catalyst. Higher amount of catalyst was loaded on the
glassy carbon (GC) electrode by drop-casting a homogeneous
ink consisting of fresh [Mo,S;,]*~ (termed “Mo2”) DMF
solution, carbon powder, and Nafion. The polarization curves
of Mo2 with various catalyst loading amount are displayed in
Figure 3a. The bare carbon powder on the GC electrode was
relatively inert to HER, with a negligible background current
and an overpotential over 600 mV. When Mo2 was present,
the polarization curve showed a low overpotential of 100~
150 mV, beyond which the current density rises very rapidly.
The cathodic current density enhances with the increasing
amount of catalyst loading at a given potential. The HER
electrocatalytic activity of Mo2 was compared with that of the
commercial bulk MoS, powder and the state-of-the-art
catalyst [Mo;S;;]*~ (termed “Mo3”, Figure S6) in Figure 3b.
Our performance of Mo3 resembles the earlier reported value
(10 nmolem™? is ca. 7.6 uygem2).! Furthermore, Figure 3b
clearly illustrates that the catalytic activity of Mo2 is superior
to that of Mo3 with equivalent mole of catalyst loading. The
bulk MoS, shows negligible H,-evolving activity.

Tafel plots can help to elucidate the electron-transfer
kinetics. Three possible elementary steps have been suggested
for HER in acidic solutions.®! The first step is an initial
discharge step (Volmer reaction) [Eq. (1)]:

H;O" +e” — Hyy + H,O (1)

followed by either an electrochemical desorption step (Heyr-
ovsky reaction) [Eq. (2)]

H,, + H;,0* + e~ — H, + H,0 2)

or a recombination step (Tafel reaction) [Eq. (3)]

Hads + Hads - HZ (3)

The HER reaction involves steps of either Equations (1)-
(2) or (1)—(3). Assuming the symmetric coefficient is 0.5, the
Tafel slope should be around 120, 40, or 30 mV dec™', if the
rate limiting step is Equation (1), (2), or (3), respectively.

The Tafel slope is 40 and 39 mVdec™' for our Mo3 and
Mo2 sample, respectively (Figure 3c). The result of Mo3
agrees with the literature.’! Beyond the linear region, the
current density deviates from the exponential relationship at
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Figure 3. Electrochemistry tests of the HER catalytic activity. a) Polarization curves with different [Mo,S,,]*~ catalyst loading. Inset: the
performance of sub-monolayer deposited cluster on FTO electrode. b) Polarization curves with [Mo,S;,]*", [M0;S5]*", and bulk MoS,. c) Tafel plots
of the polarization curves. d) Nyquist plots at the bias of —0.165 V. Inset: the exponential dependence of R with overpotential. ) Comparison of
the overpotential at 10 mAcm ™ for various Mo-S based catalysts. f) Polarization curves recorded before and after 100 and 1000 cycles of
accelerated stability scan. Inset: the J—t response in a chronoamperometry test. Except for the inset of Figure 1, all the other data were obtained

on GC electrode.

higher overpotentials, which might be due to the diffusion
limit or blocking of the catalytic site by generated hydrogen
bubbles. The Tafel slope of approximately 40 mV dec™
indicates that both clusters proceed via the Volmer-Heyr-
ovsky (Equation (1)—(2)) mechanism, and the electrochem-
ical desorption step (Heyrovsky reaction) is the rate limiting
step. Tafel slopes of the reported advanced alternative HER
catalysts are summarized in Table S4. Mo2 is among the types
of clusters with a small Tafel slope, which means that
significant enhancement of the catalytic current can be
obtained with only a moderate increase of the overpotential.
The only alternative HER catalyst with an apparently smaller
Tafel slope is the polypyrrole and MoS, copolymer film
(29 mVdec™).

Electrochemical impedance spectroscopy (EIS) was used
to probe the electrochemical and ionic process at the
electrode/electrolyte interface. We performed EIS under
different dc bias along the j—V curve. Representative Nyquist
plots (bias: —0.165 V) are presented in Figure 3d, and the
width of the semicircle indicates the total Faradic resistance of
the HER process."®"!” The Faradic resistances of Mo2
(10 nmolcm?) under different overpotentials (after iR cor-
rection) are displayed in the inset of Figure 3d. The Faradic
resistance drops exponentially as the overpotential increases,
and the slope is in excellent agreement with the Tafel slope.

For comparing the HER activity of different heteroge-
neous catalysts, Jaramillo et al. suggested the overpotential at
10 mA cm~ electrode as a crucial parameter for evaluation.”"
As displayed in Figure 3 e, Mo2 only requires an overpotential

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of 161 mV to reach a J of 10 mA cm 2, outperforming other
cluster-type catalysts, such as [Mo,S,]** (240 mV)!"'! and Mo3
(178 mV in this work and 174 mV in Ref. [4]), and most MoS,
or MoS; based materials.’*#!2 We also compare the turnover
frequency (TOF) of these catalysts at a 200 mV overpotential
(Table S5). The TOF is normalized to per Mo atom in the
catalyst based on the loading mass, because Mo is at least
100 times more expensive than S, and the accurate definition
and evaluation of the exact amount of the “active catalytic
site” is complicated for different reported results. Mo2 shows
a TOF of 327+0.15s" per Mo (from three independent
measurements) with the catalyst loading amount of
6.5 ugem 2, which is higher than most of the Mo-S based
catalysts with similar loading mass. The highest TOF so far is
obtained from MoS, nanoparticles on the precious metal
electrode Au(111),1>°Twhich is marginally higher than that of
Mo2.

Stability is also an important parameter for practical
applications. We applied an accelerated cyclic potential scan
from 0.2V to —0.25V at a scan rate of 100 mVs~'. Only
marginal activity loss was observed for Mo2 (10 nmolcm?)
modified glassy carbon (GC) electrode: the overpotential at
10 mA cm 2 increased by 1 and 13 mV for the scan after 100
and 1000 potential cycles, respectively (Figure 3f). This
stability is similar to that of [Mo;S;5]*", which witnessed an
increase by 13 mV in a similar stability test."™ A chronoam-
perometry (CA) test was performed on a rotating disk
electrode (RDE) with 20 nmolcm ™ of Mo2 at a bias of
—0.2' V. Even at a rotating speed of 2500 r.p.m, hydrogen
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bubbles kept accumulating in situ (Figure S8b) as a result of
the remarkable current, which blocked the electrode surface
and lead to the fluctuation of the current (bubble growing/
bursting). The overall trend shows a decent retention of the
performance. The chemical stability of the catalyst after 1 h
CA test on the FTO electrode was carefully investigated by
XPS (Figure S10) and Raman spectra (Figure S11). The
cyclability, and the similarity of the XPS and Raman spectra
of the electrode before and after the stability test demonstrate
that Mo2 is a stable HER catalyst in acidic solution.
Ngrskov and co-workers illustrated that the binding
affinity of H is an excellent descriptor of the HER activity
of materials.">" The origin of the excellent HER activity of
our catalyst is studied by density functional theory (DFT)
calculations. We systematically explored the adsorption of H
on various sites of Mo2. The catalytic paths through Mo-H or
S—-H intermediates have both been reported for Mo-S based
materials.>'*l Our Mo atom has a high coordination number
environment, making the Mo-H binding not preferable. The
preferred initial hydrogen binding position is suggested to be
a bridging S, (Figure 4a) with AG 4(H) of —0.05eV (com-
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Figure 4. a) Catalytic reaction pathways and energies of the HER on
Mo2 with two different reaction mechanisms (Volmer—Heyrovsky or
Volmer—Tafel reaction). b) Energetics of HER process on different
catalysts: Mo2, Mo3, MoS, nanoparticle and Pt.

pared to 0.02eV for terminal S,, see Figure S12a). Since
multiple H adsorption sites exist, we also examined the
possibility of the second (and further) H adsorption on Mo2.
We found that the adsorption of the second H will increase
the free energy of the system by at least 0.19eV (Fig-
ure S12b), which is much higher than the potential necessary
to desorb the first H atom through reaction: H-Mo2 + H" +
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e —Mo2+H, (AG=0.05¢V). Since the second (and fur-
ther) H adsorption is endothermic, we would expect only one
H adsorbed in the catalytic cycle at approximately 0 V versus
RHE. The preference of 1 H adsorption over 2 H adsorption is
revealed in the catalytic pathway shown in Figure 4a. This
observation also suggests that the Tafel step is not favored
compared with Heyrovsky reaction because the Tafel step
requires at least two adsorbed H. Even at more negative bias,
the Tafel step needs a large activation energy barrier of
0.91 eV, therefore the Volmer-Heyrovsky mechanism should
dominate, which is consistent with the experimental Tafel plot
(Figure 3c¢).

The free-energy changes during HER based on the
Volmer—Heyrovsky reaction are shown in the energy diagram
in Figure 4b. Mo2 shows a close-to-zero AG,,(H) of
—0.05¢eV, in comparison to Mo3 (calculated by us as
—0.08 eV), MoS, nanoparticles (0.08eV),? and Pt(111)
(—0.09 eV)."! Mo2 shows a smaller | AG 4 (H)| than Mo3,
which agrees well with the trend of the catalytic activity. The |
AG,4(H) | of Mo2 is smaller than other reported moderate
metallic catalysts'®! and the recently reported advanced
catalysts (—0.19eV for C;N,@NG and 040eV for
M03S4).[10b'15]

To summarize, the [Mo,S;,]*" cluster is reported as an
advanced heterogeneous HER electrocatalyst and the sim-
plest molecular model for the mimic and investigation of the
terminal and bridging S,. The crystal structure of the (NH,),-
[Mo,(S,)¢]2H,O microrod was well characterized by syn-
chrotron-radiated single-crystal XRD. The catalyst can be
loaded on GC and FTO electrodes by the drop-casting
method. The small Tafel slope of approximately 40 mV dec !
suggests that the HER process goes through the Volmer—
Heyrovsky mechanism, with the Heyrovsky reaction as the
rate limiting step. The comparison of the overpotential and
turnover frequency indicates the superiority of (NH,),[Mo,-
(S,)6]-2H,0 over most of the other Mo-S based catalysts. The
hydrogen adsorption energy is calculated to be only —0.05 eV
on the bridging S,, which is the best value among all the
reported non-metallic HER catalysts. These results indicate
that the [M0,S,,]*" cluster has promising HER applications in
the electrolysis and photoelectrolysis of water. Furthermore,
rich chemistry can be applied in the MoS, molecular mimics,
for the design and precise investigation of different types of
active sites. We think our study is helpful shedding light on the
rational design of HER catalysts and biomimetics of hydro-
gen-evolving enzymes.
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