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Investigating Catalyst-Support Interactions to Improve the Hydro-
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ABSTRACT: Molybdenum sulfides have been identified as promising materials for catalyzing the hydrogen evolution
reaction (HER) in acid, with active edge sites that exhibit some of the highest turnover frequencies among non-pre-
cious metal catalysts. The thiomolybdate [Mo03S13]?- nanocluster catalyst contains a structural motif that resembles
the active site of MoS: and has been reported to be among the most active forms of molybdenum sulfide. Herein, we
improve the activity of the [Mo3S13]?- catalysts through catalyst-support interactions. We synthesize [M03S13]?- on
gold, silver, glassy carbon, and copper supports to demonstrate the ability to tune the hydrogen binding energy of
[Mo3S13]?- using catalyst-support electronic interactions and optimize HER activity.

Hydrogen is an extremely important industrial chemical,
which is produced on a scale of 65 million metric tons per
year and used primarily for ammonia synthesis and hydro-
carbon upgrading.! 2 Currently, steam reforming of natural
gas, which produces CO:z as a byproduct, is the major pro-
cess used to generate hydrogen. However, more sustainable
methods, such as electrochemical and photoelectrochemi-
cal water splitting have the potential to substantially reduce
the greenhouse gas emissions associated with hydrogen
production.3-6

The hydrogen evolution reaction (2H* + 2e- = Hz) consti-
tutes half of the overall water splitting reaction. Catalysts
are required to reduce the overpotential to drive the HER in
water splitting devices and achieve high energetic efficien-
cies. Currently, Pt catalysts are the most active materials for

catalyzing HER, requiring the lowest overpotentials to run
at high reaction rates.” 8 However, Pt is an expensive pre-
cious metal and may suffer from scalability issues as the de-
mand for hydrogen increases.® A key challenge in building
scalable, cost effective, and efficient water splitting devices
is the development of non-precious catalyst formulations
that approach the activity of Pt.

Numerous studies have proposed non-precious metal alter-
natives to platinum, the most active of which are nickel-
based electrocatalysts such as Ni, NiMo and NiFe in basic
conditions,” 1% 11 and transition metal sulfides, phosphides,
selenides, borides, carbides, and nitrides, in acidic condi-
tions.® 1221 Molybdenum sulfide is one of the most active,
earth abundant catalysts with a turnover frequency (TOF),
that is the number of hydrogen molecules produced per ac-
tive site per second, amongst the highest reported



Figure 1. XPS spectra of [M03S13%7] clusters deposited on a Au support. a. Mo 3d spectrum shows peaks corresponding to Mo in 4+
oxidation state (blue) and S 2s (red). b. S 2p spectrum is deconvoluted into three sets of doublets corresponding to (1) terminal S22-
(red), (2) bridging and apical S22- and S?- (tan), and (3) polysulfide residue (purple)

for anon-precious material.?2-23 However, MoS: is highly an-
isotropic, with only its edge sites active for HER, necessitat-
ing the engineering of electrodes that expose a high density
of active edge sites or the designing of chemically or struc-
turally similar analogues to the MoS: edge. To date, highly
nanostructured MoSz,?> 2 amorphous MoSx,2% 26 different
MoS: crystal phases,?”-28 have all been used to create highly
efficient HER electrodes. Small molecules have also been
employed as highly active HER catalysts.2-31 One particular
example, thiomolybdate [Mos3S13%] contains a structural
motif that resembles the active site of MoS: and has been
reported to be among the most active forms of molybdenum
sulfide.?2 31

It has been shown that an optimal catalyst for HER requires
a differential hydrogen binding energy (AGu) of 0 eV,32 33
which is expected to lead to the highest rates of reaction.
Accordingly, MoS: and other pure and alloyed transition
metals and transition metal compounds have all been found
to have near-zero AGu.33-3¢ In order to tune the AGu of MoS:
catalysts to improve their already excellent intrinsic activ-
ity, multiple strategies including active site doping and in-
ducing strain have been previously employed.37-40 In this
study, we use catalyst-substrate electronic interactions,
which has been proposed through DFT calculations, as an
effective strategy for tuning the AGu of molybdenum sulfide
catalysts and thereby optimize their intrinsic activity.*!

Herein we demonstrate that HER activity can be improved
via interactions between a metal support and [Mo3S13]*
cluster catalysts. We deposited thin layers (approx. 1x1015
clusters cm-?) of thiomolybdate [Mo03S13]? nanoclusters on
gold, silver, copper, and glassy carbon supports and meas-
ured their HER activity. In this work, we show that the HER

activity of the [MosS13]% clusters changes as a function of the
support material. We provide insights into these effects by
means of density functional theory (DFT), in which we cal-
culate the change in the hydrogen binding energy for each
[MosS13]? catalyst as a function of support. Our experiments
and calculations explain the observed correlation of HER ac-
tivity for each catalyst-support system with the calculated
AGy, finding that [Mo03S13]%|Au was the most efficient elec-
trode. Broadly, we demonstrate catalyst-support interac-
tions as an important tool to improve the activity of HER
catalysts.

Synthesis of [MosS13]? clusters and electrode preparation

The catalyst precursor, (NH4)2Mo03S13-H20, was synthesized
following a previously reported procedure (see Supporting
Information).3t 42 X-ray diffraction, shown in Fig. S1, was
performed to confirm the correct [Mo3Si3]? crystal struc-
ture. The catalyst-support combinations were prepared by
sputtering 10 nm of Ti followed by 50 nm of Cu, Au or Ag
onto glassy carbon rotating disk electrodes. The [Mo3Si3]?
clusters were deposited onto the substrates by spray coat-
ing from a 1 mM methanol solution. The catalyst loading
was kept low (approx. 10> clusters cm-2) to ensure proxim-
ity of catalyst to the support which is necessary to observe
the full impact of support effects on catalysis.

Chemical characterization by X-ray Photoelectron Spectros-
copy

The chemical state of the [Mo3Si3]> clusters was investi-
gated using X-ray photoelectron spectroscopy (XPS) as
shown in Fig. 1. The molybdenum 3d region shows the pres-
ence of a doublet corresponding to Mo in a 4+



Figure 2. Characterization of the electrochemical activity of each catalyst-support system; [Mo3S13]2- on gold (blue), silver (yellow),
glassy carbon (black), and copper (red). a. Geometric activity of electrodes. b. Tafel analysis of polarization curves. c. Current density
of each electrode normalized to mass loading. Mass loadings were determined by ICP-MS and range from 1.6 x 1015 Mo atoms cm-2
to 3.6 x 1015 Mo atoms cm-2. d. TOF plot of the [M03S13]%- electrodes per Mo atom.

Chemical characterization by X-ray Photoelectron Spectros-
copy

oxidation state (Mo 3ds/2 = 229.5 eV, Mo 3ds/2= 232.6 eV).
A sulfur 2s peak is also present at 227.3 eV with a large full
width at half maximum (FWHM) indicating the presence of
sulfur in multiple oxidation states. The sulfur 2p region can
be deconvoluted into three distinct doublets corresponding
to (1) terminal Sz* sulfide ligands which are coordinated to
one molybdenum (162.2 eV, 163.4 eV), (2) bridging S22 sul-
fide ligands and the apical S?- ligand which are coordinated
to two or three molybdenums respectively (163.4 eV, 164.6
eV), and (3) residual polysulfide arising from the synthesis
of the clusters (164.3 eV, 165.5 eV). Quantification reveals a
ratio of ~ 7:6 when comparing the intensity of the bridging
and apical sulfur lines to the terminal sulfur line as ex-
pected. These results are consistent with previously re-
ported spectra for [Mo3S13]* and the XPS spectra look the
same for all as-deposited samples regardless of support.4*
45 Spectra taken after HER testing are available in Fig. S2 and
show that there is a loss of bridging and apical sulfurs com-
pared to terminal sulfurs. Fig. S3 shows an Auger Electron

Spectroscopy (AES) map of the catalyst distribution on the
electrode surface.

Hydrogen evolution activity

The electrodes were evaluated for HER activity using a
three-electrode rotating disk electrode (RDE) electrochem-
ical setup (conditions: Hz-purged, reversible hydrogen ref-
erence electrode (RHE), sweep rate 10 mV s-1, 1600 rpm).

A comparison of the geometric catalytic activity of the
[Mo3S13]? clusters supported on gold, silver, glassy carbon
(GC), and copper is shown in Fig. 2a. The onset for HER cur-
rent, defined here as the overpotential required to achieve
-0.1 mA cm?3?, is -0.15V, -0.18 V, -0.20 V, and -0.24 V for
[Mo3S13]? supported on Au, Ag, GC, and Cu respectively. The
HER activity of the bare supports can only account for a very
small fraction of the total geometric activity as shown in Fig.
S4. [Mo03S13]%|Au, which has the highest geometric catalytic
activity, also has the highest catalyst loading by a factor of
~2, as determined by inductively coupled plasma mass
spectrometry (ICP-MS). Catalyst loading for all electrodes is
reported in the supporting information. Though the cata-



lysts were deposited on all supports simultaneously, differ-
ences in support affinity for the molybdenum sulfide clus-
ters could account for variations in loading. In order to gain
insight into changes in mechanisms of catalysis as a func-
tion of loading, we performed a Tafel analysis.

Tafel plots of the polarization curves are provided in Fig. 2b.
The Tafel slope of a catalyst, which is reported in mV/dec-
ade, can help provide mechanistic insight into reaction
pathways.#0#? For instance, for an HER catalyst operating
under ideal conditions, it has been suggested that a tafel
slope of 40 mV/decade indicates that it follows a Volmer-
Heyrovsky HER mechanism*® while 60 mV/decade indi-
cates that a chemical rearrangement step limits catalytic ac-
tivity.4° The Tafel slopes for these [M03S13]% catalysts were
determined to be approximately 40-60 mV decade, values
which are commonly observed for molybdenum sulfide cat-
alysts.?? Interestingly, the Tafel slopes are different for each
electrode, indicating that the mechanism of catalysis or con-
ductivity may be changing as a function of support mate-
rial.50 The Tafel slope of the [M03S13]%|GC and [Mo03S13]%|Ag
are 45 mV/decade and 48 mV/decade, respectively, while
the Tafel slopes of the [Mo03S13]>|Au and [Mo3S13]?|Cu are
58 mV/decade and 66 mV decade, respectively. An average
of Tafel slopes of three replicates for each catalyst-support
system is presented in Table S2. Further investigation is
necessary to elucidate the specific mechanistic impacts of
the catalyst-support interactions.

In order to deconvolute the effects of support interactions
from catalyst loading and obtain a more intrinsic measure
of activity, we calculate a current density per Mo atom (Fig.
2c), by using ICP-MS to determine the number of Mo atoms
on the electrode (Table S1). The trend in geometric current
density is conserved after this normalization though the
magnitude of the activity difference between [Mo3Si3]%|Au
and [Mo3S13]%|Cu decreases. The activity differences among
the electrodes provide evidence for the effects of catalyst-
support interactions in enhancing HER activity. We note
though, that the cluster-normalized activity dependence is
a strong function of catalystloading. As shown in Fig. S5, the
magnitude of the substrate effects decreases with increas-
ing loading. While the sulfur atoms have been identified as
the active site of many molybdenum sulfide materials, the
low catalyst loadings here make it difficult to quantify sulfur
using ICP-MS due to overlap with Oz.

The normalized current density profiles can be expressed
as a turnover frequency (TOF) per Mo atom (details availa-
ble in supporting information), a common metric in the field
of molybdenum sulfide catalysis.?? The TOF of an HER cata-
lysts corresponds to the number Hz molecules produced per
second, and in this case, per Mo atom. Fig. 2d shows the TOF
per Mo atom for each electrode. At -200 mV vs. RHE, a po-
tential where the reported TOFs of all electrodes are influ-
enced only by catalytic activity and not by non-faradic cur-
rent or mass transport limitations, the TOFs of [M03S13]% on
Au, Ag, GC, and Cu supports respectively are 0.47,0.27,0.15,
0.045 Hz s per Mo atom. The approximately one order of
magnitude difference between the TOF of the Au and Cu
supported [MosSi13]% clusters is strong evidence of a cata-
lyst-support interaction that has a large effect on catalytic
activity.

Understanding trends in catalytic activity

Density functional theory (DFT) was employed to calculate
differential hydrogen absorption free energies (AGx) in or-
der to understand the role of support effects in tuning the
activity of [Mo3S13]% catalysts. AGu has previously been used
as a descriptor to successfully describe the HER activity
trends in a variety of systems including pure transition met-
als, transition metal sulfides, phosphides, and carbides.36.51-
53 The periodic computational unit-cells consisted of a sin-
gle MosS13 cluster on top of the fcc(111) surface or a single
graphene surface. The AGu was determined in the same way
as in previous studies.3® 4! The structures and further de-
tails about the computational methodology are provided in
the Supporting Information (Table S4).

Figure 3. Activity for the HER showing the average TOF from
Fig.2d atn =200 mV as a function of AGu. Each point represents
the average of three different samples and the error bars dis-
play the standard deviation. The AGu for each sample was cal-
culated using density functional theory. The plotted points
show a volcano type relationship with the [Mo3S13]2-|Au elec-
trode as the most active. The dashed lines are drawn as a guide
for the eyes.

Fig. 3 plots the TOF per Mo atom of all electrodes measured
at 200 mV overpotential versus the calculated AGu. The re-
sulting plot suggests a volcano-like trend in activity which
qualitatively resembles the HER activity volcano for pure
transition metals with the peak near AGs = 0 eV.5! The data
points presented on the plot correspond to an average of
three replicates for each electrode. Though more material
systems are required to confirm the presence of the volcano
relationship, the four points in Fig. 3 show that the activity
tends toward a maximum around AGu = 0 eV as shown by
the qualitatively drawn dashed lines. The reported activi-
ties are a conservative lower bound as they take into ac-
count all Mo atoms present on the electrode after electro-
chemical testing. Post electrochemical characterization XPS
analysis (Fig. S2) shows that there is likely some oxidation
of the clusters into MoOx. However, it is also possible that
the [Mo3S13]? catalysts oxidize upon air exposure after elec-
trochemical testing. Fig. S6 shows that the volcano trend
still holds even after correcting the TOF for the ratio of
MoSx:MoOx as determined by XPS. The [Mo03S13]?|Au elec-
trode is the most active followed by the [Mo3S13]?- on Ag, GC,
and Cu with average TOFs of 0.35, 0.21, 0.11, and 0.05 H: s
1 per Mo atom, respectively at 1 = 200 mV. These results



show that it is important to consider the choice of support
when testing novel materials for catalytic activity and that
engineering catalyst-support interactions can provide a po-
tential pathway for tuning the AGn of highly active catalysts
to further improve their activity.

Herein we have demonstrated the ability to tune the activ-
ity of highly active [MosS13]* cluster HER catalysts by
changing the electrode support material. We show that
combining theory and experiment to plot the supported cat-
alysts’ TOF versus the computed AGu gives a volcano plot
activity relationship which is qualitatively similar to other
HER volcano plots presented in the literature.

[t is important to note that catalyst-support effects only ap-
ply to the first few monolayers of a catalyst due to a rapidly
diminishing electronic influence as a function of distance
from the support. Moving forward it will be important to
leverage appropriate synthesis techniques to engineer elec-
trodes which pair optimal high surface area supports with
HER catalysts that benefit most from the catalyst-support
interactions.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Information on experimental methods regarding the
synthesis of [MosS13]?~ nanoclusters electrodes, elec-
trode preparation, electrochemical characterization,
and physical characterization are provided in the Sup-
porting Information. Periodic plane-wave DFT calcula-
tions with ultra-soft pseudopotentials were performed
using the Quantum ESPRESSO code.5* Further details
are provided in the Supporting Information.

ASSOCIATED CONTENT

Supporting information including experimental and computa-
tional methods, additional characterization, and explaination
of turnover frequency calculations is provided online. This ma-
terial is available free of charge via the Internet at
http://pubs.acs.org.
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