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ABSTRACT: The lack of catalysts that can selectively reduce protons to ™% **
produce hydrogen from water in the presence of oxygen and other
conventional inhibitors of hydrogen evolution reaction (HER) has been a
fundamental problem stalling the development of a practical hydrogen
economy. Ammonium tetrathiomolybdate (ATM), a common laboratory
reagent, spontaneously assembles on Au electrodes. Atomic force microscopy, § S
scanning electron microscopy, and X-ray photoelectron spectroscopy data >4
indicate formation of multiple layers of ATM which are stable over a wide pH )
range for days. These assemblies can produce hydrogen with very low onset 4 & 'S
potentials. It shows a turnover rate of 1.4 s™' and turnover number >5 X 10* in B
pH 7 at 180 mV overpotential. The pH dependence of the peak potential S
suggests that the generation of H, from water proceeds likely via a ligand based =
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proton coupled electron transfer process which precludes inhibition by O,.
The ATM functionalized Au electrodes are found to efficiently catalyze HER in
saline rich, CO saturated, and sulfide rich water sources with minimal inhibition of catalytic activity.

B INTRODUCTION

A H, based fuel economy is hailed as a probable alternative to
the conventional fossil fuel based economy."” The advantages
of using H, as an energy vector have been widely discussed and
need no further introduction.”* However a practical wide-scale
implementation of such a scheme is currently limited by the
stringent availability of cheap and efficient catalysts for
hydrogen evolution reaction (HER).> A cheap catalyst, by
definition, requires easy availability and affordable synthesis. An
efficient catalyst must have reasonable rates at low over-
potentials, significant durability, selectivity toward H" reduction
and retention of activity in water obtained from locally available
sources.”’ In this regard, efforts over the past few years have
seen several catalysts that possess a combination of these
properties but not all of them (Table 1). Several molybde-
8-16 S17-21 . 2223 o 112425
num, cobalt, iron, and nickel based catalysts
are reported to evolve H, from water at different pHs, and
some of them show reasonable rates and stabilities in
deoxygenated environments. While some of them have shown
limited stability under oxic conditions,***” it is important to
retain optimal activity and, as a best case scenario, be selective
toward reducing H* over O,, which is a much stronger oxidant
relative to H' present in untreated water. Almost all HER
catalysts use a low-valent metal center with an open
coordination site for H" binding. H", the oxidant, binds at
this site and gets reduced to H,. Logically this system, honed
for inner-sphere reduction of small molecules, falls prey to O,
easily because of its higher oxidation potential as well as
solubility in water. This limitation is not unique to these
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artificial catalysts, as hydrogenases (H,ase), the naturally
occurring enzyme responsible for H, production from water
shares the same weakness.”® > There are two ways to deal with
this problem. One way is to reduce O, as well as H" using the
catalyst as is the case for noble metal based electrodes. While
this may give the catalyst a larger lifetime (provided it catalyzes
4e”/4H" reduction of O, to H,O as partial reduction of O, to
0O, or H,0, leads to catalyst degradation), this reduces the
efficiency of the process, as much of the reducing equivalent (in
the form of cathodic current or photochemically generated
electrons) is lost in reducing O, ° The other, and the most
efficient option, is to reduce H* selectively in the presence of
O,. This is a daunting task if only a metal based H* reduction
pathway is considered.**> Hence none of the HER catalysts
reported this far, except that reported by Reisner’s group,’®
clearly demonstrate any selectivity for HER over the competing
oxygen reduction reaction (ORR). In several proposed
mechanisms, a protonated ligand acts as a proton source to a
metal hydride facilitating the formation of H,.'>**73¢ Apart
from such ligand assisted mechanisms, there has been
discussion on a possible ligand based mechanism.*® Here the
metal center does not need to bind a proton to reduce it to a
hydride and hence may provide a mechanism of avoiding ORR
by the metal as well. Thus far no system has experimentally
demonstrated this selectivity.
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Table 1. Kinetic Properties of Complexes and Materials That Catalyze HER in Water

catalyst pH onset potential (vs RHE)
16 MoS, 0 -0.12V
*7 Co—F,4 0.3 —028 V
2 BrC4H,-(CH,S), Fe, (CO)4 0.3 —028V
847 MoS, 0.3 —0.18V
*8 Co-tetraaza macrocycles 22 027V
19 [(PYSMe,)MoS,]*? 3.0 —047 V
*'GDL/MWCNT/Co 4.5 —035V
* [Mo,,DEMT]* 6.0 —029V
(NH,),[MoS,] 4.0-9.0 ~ =002V
26 [CoP]~ 7.0 —0.14V
? [(PY5SMe,)MoO]* 7.0 -0.52V
20 H,—CoCat 7.0 —0.05 V
12 Cu,MoS, 7.0 -0.13V
'8 Co-pentapyridine 7.0 —0.66 V

Faradaic yield

(FY in %) catalytic parameters
N, 0, TOEF (s7!) TON Neat” (mV)
~100 2 240
52 600 >107 680
>95 6000 >10% 480
0.3 200
81 23 550
~100 280 3.5 x 10° 828
97 22 5.5 x 10* 590
82 23 320
92 89 1.4 >5 x 10* 180
68 43 0.02 280
2.4 6.1 x 10° 980
~100 0.02 385
~100 1.1 x 10° 400
~100 0.3 5.5 % 10* 880

“Ne represents the overpotential at which the TON and TOF are evaluated vs RHE.
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Figure 1. (A) CV data of 1 mM ATM solution in pH 7 buffer using GC and Au as working electrodes under both oxic conditions (yellow and blue,
respectively) and anoxic conditions (green and red, respectively), using Ag/AgCl as reference (data have been adjusted to potential vs NHE) and Pt
wire as counter electrodes. (B) Plot of the charge consumed vs time elapsed during controlled potential electrolysis (CPE) experiments of 1 mM
ATM solution in pH 7 using Au as working electrode under oxic (green), anoxic (red) and CO saturated (blue) conditions using Ag/AgCl as
reference and Pt wire as the counter electrodes. The data obtained by bare Au in the absence of catalyst is shown in gray. Note that the working
electrode during electrolysis experiment was held at the peak potential (—0.55 V vs NHE) obtained from CV.

Recently, several studies have reported HER by neutral MoS,
and WS, material under acidic conditions.'%3"~>" Among them,
reports by Hu’s group on HER activity by amorphous MoS,
seems most efficient, showing an onset potential of about 150—
200 mV vs RHE.'**" They extensively studied the growth and
activation of these materials on Au and glassy carbon substrates
and reported current densities as high as 20 mA/cm? at an
overpotential of 170 mV with 200 ug/cm® loading.*!
Theoretical and experimental studies done by Chorkendorft’s
and Jaramillo’s group show that the edges of the triangular
MoS, nanocrystals are the likely active sites for HER.®***
Dai’s and Liu’s group demonstrated in their works that MoS,
grafted graphene surfaces show effective electrocatalytic HER at
even lower overpotentials.*>** Similar observations have been
reported by Huang’s group which established that MoS,/Au
and WS,/Au hybrids were more effective toward HER activity
than their undecorated counterparts.’® Recently, Li’s group
showed enhanced electrocatalytic HER activity from self-
assembled monodispersed MoS, nanoparticles on Au electro-
des with an onset potential of about 90 mV.** Ammonium
tetrathiomolybdate (ATM) is a cheap laboratory reagent which
is used for many common organic transformations and serves
as the precursor to all the neutral MoS, materials and Cu,MoS,,
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known to produce H, from acidic H,0.*'"'**** However,
HER activity of ATM itself is still unexplored.

In this report we show that ATM can reduce H,O to produce
H, in the presence of O,. ATM selectively catalyzes HER in
oxic environment (i.e, no ORR) when an Au surface is used as
the electrode. This is due to formation of ordered assembly of
ATM on Au surfaces. These ATM assemblies are stable and
produce H, from water over a wide range of pH near its
thermodynamic potential. The low overpotential of the catalyst
results in exchange current densities orders of magnitude higher
than any reported electrocatalyst and comparable to those
observed for noble metals. The catalytic process involves a
ligand based mechanism, and not a metal based mechanism
which makes this catalyst effective even in the presence of
toxins like CO,>"*® $>~/HS™, and so forth which inhibit HER
catalysis by noble metal electrodes, molecular complexes, as
well as the natural enzyme. The ligand based mechanism allows
uninhibited HER in water obtained from natural water bodies
including the Dead Sea.

B RESULTS AND DISCUSSION

Cyclic voltammetry (CV) of ATM using a glassy carbon
electrode (GC) shows two electrocatalytic processes, one at
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Figure 2. (A) AFM data of ATM modified Au electrodes; (B) FE-SEM image of a similar modified surface prepared from a 1 mM ATM solution;
(C) Height distribution profile of the self-assembled layers of ATM on Au electrode observed by AFM experiment; (D), (E), and (F) XPS data of
ATM modified Au electrode showing different regions along with their best fits showing the various components. (G) Vertical cross section of a
probable three-dimensional ATM assembly on an Au electrode where the MoS,>” anions are held by the NH," ions by electrostatic and hydrogen

bonding interactions.

—0.3 V and the other at —0.55 V, under oxic conditions and
only the lower potential process at —0.55 V under anoxic
conditions (Figure 1A). The process at —0.3 V is present even
in the absence of ATM in solution in aerated buffers and
represents O, reduction by a bare GC electrode. In the
presence of ATM in solution in addition to this O, reduction
process a lower potential process is present at —0.55 V (Figure
1A) and represents electrocatalytic H, evolution by ATM (vide
infra). However, when an Au working electrode is used (an Au
wire, an Au disc, an Au wafer or a standard 0.2 cm diameter
polished Au electrode), only the lower potential process is
observed both under oxic and anoxic conditions (Figure 1A).
Since electrochemical ORR can not proceed under anoxic
conditions, the process observed under both anoxic and oxic
conditions must reflect HER, that is, when an Au working
electrode is used ATM catalyzes HER selectively even in the
presence of O,.

Bulk electrolysis (BE) experiments conducted in a 1 mM
ATM solution at pH 7 using GCE show a much higher current
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under oxic conditions relative to the current obtained under
anoxic conditions (Supporting Information, Figure S1). This is
because under oxic conditions, both O, (4H"/4e”) and H*
(1H*/1e™) are reduced whereas under anoxic conditions only
H* is reduced. However, when an Au electrode is used, there is
no difference in the electrolysis current observed under oxic or
anoxic environments (Figure 1B). This suggests that the
selective HER reactivity of ATM in the presence of O, is
retained even during long-term electrolysis. Over a period of 10
h, using a 0.1925 cm” Au electrode, 4.26 C charge was delivered
and 0.44 + 0.02 mL of H, was evolved from a 1 mM solution of
ATM under oxic condition (Supporting Information, Figure
$2). Similar experiment under anoxic condition yielded 0.46 +
0.01 mL of H, while a charge of 4.32 C of charge was delivered
(Supporting Information, Figure S2). These results indicate
that the catalyst has a Faradaic yield (FY) of 89 + 2% under
oxic conditions and 92 + 1% under anoxic conditions for HER.
Note that the HER rate is slightly lower (showing a delayed
onset) under anoxic conditions relative to oxic conditions
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during BE experiments. This trend holds even when the BE
experiments are performed at different potentials (Supporting
Information, Figure S3) and may indicate some minor ORR
activity in the CPE time scale. The marginally lower FY
observed under oxic conditions may be due to this minor ORR
activity.

Hu et al. has recently shown that the HER activity is
unabated for amorphous MoS; on a rotating carbon disc
electrode even in presence of CO.*” DuBois et al. has reported
a molybdenum—sulfur dimer (Cp,Mo,S,) which is also
insensitive toward CO retaining 80% of its catalytic activity.>®
The HER catalyzed by ATM on Au proceeds normally,
showing about 85% activity, when the aqueous solution is
saturated with CO (vide infra), a common inhibitor of most
noble metal based HER catalysts. The reduction in HER
activity in all the above cases is due to reaction with CO as
proposed by DuBois.

Bare Au electrodes are known to catalyze ORR**~** in pH 7
buffer solutions. However, when immersed in aqueous ATM
solutions for more than 20 min, they do not exhibit ORR
(Supporting Information, Figure S4). Instead they exhibit only
HER activity in aqueous buffer solutions which do not contain
ATM (vide infra). Atomic force microscopy (AFM) and field
emission scanning electron microscopy (FE-SEM) images of
the electrodes obtained after immersion in the solution of ATM
indicate the formation of surfaces (average roughness 2 + 0.1
nm) which are 3.5—4 nm high on the electrode surfaces (Figure
2A, B, C and Supporting Information, Figure SS). Note that,
bare Au shows very different 2D and 3D topographic AFM
images as well as FE-SEM images (Supporting Information,
Figure S6 and S7). The formation of ATM modified surface is
evident from the bearing ratio and roughness values obtained
from the AFM analysis when compared to bare Au (Supporting
Information, Figure S6 and S8). Electrochemical shielding of
Au electrodes because of formation of these structures is
directly indicated by large peak separations of the cathodic and
anodic processes in a CV experiment of potassium ferricyanide
[K;Fe(CN)g] (Supporting Information, Figure $9).°° This
behavior is similar to the electrochemical shielding observed
because of the formation of self-assembled monolayer of thiols
and thioethers on Au electrodes.>® This electrochemical
shielding of the Au electrodes by the ATM layer inhibits direct
ORR by the Au electrode.

XPS data of Au electrode bearing layers of ATM (Figure 2D,
E, and F) show the Mo 3p;,, and 3p,/, peaks at 395.4 and
413.2 eV; Mo 3d;/, and Mo 3d;,, peaks at 232.5 and 229.7 eV;
N 1s peak at 400.0 eV; a major S species (I S) of S 2s, S 2p, 5,
and S 2p;, peaks at 225.8 eV, 163.0 eV, and 161.6 eV; a minor
S species (IL S) of S 2s, S 2p,/,, and S 2p;, peaks at 226.9 eV,
164.5 eV, and 162.3 eV; O 1s peak at 532.5 eV (Supporting
Information, Figure S10), respectively.”> The characteristic
peaks for Mo and N confirm the presence Mo"" and NH," in
the assembly.'”*”**5® The major S peak (both S, and S5p)
originates from a $*~ unit of a MoS,>~ anion.** Thus the XPS
data clearly indicate the presence of ATM units on the Au
surface along with water. In addition to this the energies of the
S,, and S, ionizations of the minor S species observed originate
from a S directly bound to the Au surface. This direct
interaction of S with Au is also confirmed by the slightly higher
value of 4f;, binding energy of Au (85.0 V) relative to bare Au
(84.0 eV)." Therefore, these data are consistent with the
formation of a multilayer of ATM attached to the Au surface via
a Mo—S—Au linkage. An approximate relative atom composi-
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tion of the Au bound S$*>~ and only Mo bound S*~ is obtained
from the intensities of the S,, peaks to be 1.7. Assuming that
two sulfides of a MoS,>™ anion bind to the Au, the above ratio
would indicate that there are 14 unbound sulfides in the 4 nm
high assembly, that is, 2 free sulfides from the bound MoS,*~
and 12 additional sulfides from three assembled MoS,>™ units.
The NH," ions (the only cation present in the deposition
solution) are necessary to neutralize the charge of the MoS,*~
anion and provide a three-dimensional hydrogen bonding
network. Similar organization (except the attachment to the Au
surface) is observed in the crystal structure of ATM.”” The
height of a MoS,*” unit hydrogen bonded to the counter
ammonium ion is ~1 nm in the crystal structure. Thus, the
ratio of the Au bound and only Mo bound S*~ (from XPS)
along with the height of the multilayer (4 nm from AFM,
Figure 2C) is consistent with the formation of 4 such layers. A
hypothetical model of ATM assembly on Au which is
consistent with the XPS data as well as the AFM data and is
based on the organization of the NH," and the MoS,*” ions in
ATM crystals can be proposed (a vertical cross section is
represented in Figure 2G). The presence of H,O in the
material (from XPS data) may facilitate the hydrogen bonding
network required to stabilize such a scaffold.

ATM modified Au electrodes are effective in producing H,
from water without the presence of dissolved ATM in solution.
The evolution of H, is confirmed via its in situ electrochemical
H, detection using either a Pt ring (in a RRDE setup; Figure 3,
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Figure 3. CV data of ATM modified Au electrode in air saturated pH
7 buffer obtained at a scan rate of 50 mV/s using Ag/AgCl as reference
(data have been adjusted to potential with respect to NHE) and Pt
wire as counter electrodes respectively. RRDE data is shown in the
inset showing the production of H, by Au (blue) and its detection by
Pt ring (red). The Pt ring current has been multiplied by S for better
presentation.

. 2325 . . . L
inset)***> or in a reverse scan in which the H, produced in situ

is detected via its electrochemical oxidation to H* catalyzed by
ATM (Figure 3). XPS data obtained before and after H,
production experiment show no change in the ATM layer
composition (Supporting Information, Figure S11). The plot of
the i, with scan rate is linear (Supporting Information, Figure
S12) indicating that the ATM adsorbed on the surface is
responsible for the catalysis.**** Anodic desorption experi-
ments® indicate that the coverage of the ATM layers on
modified electrodes is 1.34 X 10" molecules/cm? 3—4 times
more than the coverage of an Au surface with alkylthiol
monolayers. Considering the fact that a 0.1925 cm” electrode
bearing 1.34 X 10"® molecules/cm? ATM produces 0.44 + 0.02
mL of H, in 10 h, the turnover number (TON) and turnover
frequency (TOF) can be estimated to be >5 X 10* and 1.4 57",
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respectively. As the BE experiment was done in the presence of
1 mM ATM in solution, the TON estimated may be treated as
an upper limit because the production of H, by solvated ATM
can not be ruled out.®" Presence of 1 mM ATM in solution
does not produce significant change in the HER current when a
static Au electrode is used (Supporting Information, Figure
S13). Moreover these ATM modified Au electrodes show
dramatic shielding of charge transfer from the electrode to
dissolved species in solution as indicated by the splitting
between the anodic and cathodic waves in the CV data of
K;[Fe(CN)4] (Supporting Information, Figure S9). This
suggests that HER via charge transfer to the dissolved ATM
species in solution is likely to be minimal.

The Tafel plot (log li.,/ vs overpotential) indicates that the
exchange current density (Sexchange)) that is, the current density
at zero overpotential for ATM modified Au electrodes (Figure
4A) is 107** at pH 7. Note that the Eexchange Value calculated for
ATM is an average of the values obtained at various scan rates
(ranging from 50—2 mV/s) (Supporting Information, Figure
S14). This is comparable to those obtained for noble metals
like Pt (107*') and Pd (107*°) in 1 N acid (Figure 4B,
Supporting Information, Table S1).°* In addition to the high
€exchange at neutral pH, these ATM functionalized Au electrodes
are selective toward HER and do not show significant ORR
under oxic conditions. The &ecpunge of ATM on Au is
comparable to those known for noble metals like Pt and Pd.
Only a few HER catalysts reported earlier showed similar
energy efficient H, generation.'”®® Most Mo based catalyst
ShOW €cychange in the order of 107 to 1077, that is, 2—3 orders of
magnitute lower than ATM (Figure 4B and Supporting
Information, Table S1).**” The rate of HER catalysis by
ATM is 1.4 s™'. Given the concentration of the substrate, that
is, H', at pH 7 is 1077 M, the second order rate of HER can be
as high as ~10’ M s7L5* The large rate of HER is consistent
with the very high current densities obtained from the Tafel
plot.

The reactivity of ATM functionalized Au electrodes is very
different from the reactivity of neutral MoS, functionalized Au
and GC electrodes. These electrodes, generated from anodic
and cathodic deposition of MoS, from ATM solution
(Supporting Information, Figure S15), produce large H*
reduction currents below —0.2 V under anoxic conditions in
1 N H,SO, (Figure S, blue line). These results are consistent
with previous reports of Hu et al. and Jaramillo et al.'®*!
However, under oxic conditions, significant O, reduction
currents are observed (Figure S, red line) for modified Au

20 4 ——MoSx-Au-anoxic ——MaoSx-Au-oxic

Bare Au-anoxic ——Bare Au-oxic

I (mA/cm?)

0.2 0.1 0 0.1 -02  -03
E (V) vs. NHE

Figure S. Linear sweep voltammetry (LSV) data of MoS, modified Au
(111) surface in 1 N H,SO, solution under anoxic (blue) and oxic
(red) conditions using Ag/AgCl as reference (data have been adjusted
to NHE) and Pt wire as counter electrodes. Control with bare Au
electrode is given in the yellow (anoxic) and green (oxic) curves.

electrodes between 0.1 and —0.2 V. The same trend is observed
when a GC electrode is used, that is, HER under anoxic
(Supporting Information, Figure S14, green) and ORR and
HER under oxic conditions (Supporting Information, Figure
S16, orange). At this point it is difficult to cogitate if this O,
reduction activity on these electrodes is characteristic of the
neutral MoS, material or is due to exposed Au/GC electrode
surfaces which can also catalyze ORR. Notably, the ORR and
HER activity of the bare Au electrode under both oxic and
anoxic conditions were also obtained (Figure S), and significant
oxygen reduction current could be seen along with proton
reduction current.

These ATM functionalized Au surfaces can produce H, over
a large range of pH, and a plot of the potential (E) vs pH
indicates that maximum catalytic activity of H, generation is
almost always obtained at ~20—30 mV overpotential compared
to its thermodynamic potential in this entire range of pH
(Figure 6). The slope of this plot is 58 mV per pH unit (Figure
6) which suggests that the H, generation pathway proceeds via
a PCET mechanism.'”®~%" The plot of i, vs [H']
(Supporting Information, Figure S17) indicates that the
catalytic current does not vary considerably with [H*]. Both
the PCET behavior and the insensitivity of the catalytic current
to [H*] eliminate the involvement of any metal hydride species
in the catalytic cycle as H, evolution rate via a metal hydride
species almost invariably depends on [H*].'”?*%®~7° The data
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Figure 6. Plot of half peak potential, experimentally obtained from the
CV data on ATM modified Au surface at various pHs at a scan rate of
50 mV/s, vs respective pHs (green) and the theoretical thermody-
namic potential of H, production (red).

obtained at various scan rates indicate a Tafel slope of >120 mV
per decade (>120 mV/dec) rise in current (Figure 4A and
Supporting Information, Figure S14). A Tafel slope of >120
mV/dec is generally associated with a PCET mechanism and
not a metal hydride based mechanism which generally has Tafel
slope of <60 mV/dec.'>¢>7"7>

The electrochemical data presented here rather suits a ligand
based mechanism where reduction of tetrathiomolybdate in an
aqueous environment leads to the formation of [Mo"S,SH]*~
species which then reacts with another such species in solution
(in case of graphite electrode) or within the ATM multilayer
(Au electrode) evolving H, and regenerating [Mo"'S,]*~
(Figure 7). Ligands have been proposed to aid HER from
H,O0 in several molecular catalyst as well as the H,ase enzymes
itself.'>”® In all these cases the role of the protonated ligands
was to provide H' in the vicinity of a metal hydride
species.'”'**7%7 In this case the ligand may be more
intimately involved in the HER reaction as indicated in the
proposed mechanism (Figure 7). However additional direct
experimental evidence will be necessary to establish the
proposed ligand based mechanism.”® The pH dependence of

the E_, reveals a PCET mechanism is at play which is known to
facilitate HER catalysis. Recently, this has been demonstrated
by Nocera et al. using hangman Co-porphyrin.** In most of the
reported HER catalysts to date a metal center M"" gets
protonated to [MH]". This species, often proposed to have
an electronic configuration of M"2-H", is then protonated to
release H,. This general mechanism holds for H,ases as well.””
In the case of ATM the protonation on reduction is likely to
occur on the electron rich sulfide ligands and not on the Mo"
center. This is different from the pathway proposed for the
molybdenum based PYSMe, Mo'V=0 catalysts where Mo or
Mo' species produced at the cathode is proposed to bind a
proton and reduce it.” This is similar to the mechanism
proposed by Artero and Tran et al. for Cu,MoS,."> However,
the presence of Cu’ in the catalyst is likely to make it
vulnerable to inhibition by O,, CO, and H,S. The NH,* group
which is the counterion for the MoS,*” anion in the ATM
assembly is likely to provide an efficient proton transfer
pathway. These groups stay protonated at pH 7, and the
proposed self-assembly of ATM where these NH," groups are
in direct hydrogen bonding interaction with the -catalytic
MoS,>” units provides entropic advantages to the HER. In fact,
when this NH," counterion is replaced with NEt,* no HER
activity is observed (Supporting Information, Figure S18). This
clearly indicates that the NH," ions are indispensable for the
HER activity of the ATM functionalized Au surfaces. This ready
access to HY, the substrate, in ATM is not present in neutral
MoS, complexes or in M,MoS, (M = any monopositive metal
ion) which may explain higher overpotentials required to
catalyze HER in the later two cases.

To further illustrate the advantage of a ligand based H,
evolution reaction mechanism over a metal based HER
mechanism, H, evolution was performed in saline water
(obtained from the Dead Sea) and water poisoned with S*~/
HS™ and CO. S*/HS™ and CO inhibits most low-valent
transition metal based complexes and noble metals catalysts
that catalyze HER including the naturally occurring hydro-
genases. This is because S*/HS, being a soft ligand, and CO,
being a 7 acid ligand, have strong affinity for low-valent metal

A AN

Combination
reaction

Figure 7. Proposed mechanism for H, evolution reaction by ATM modified Au electrodes.
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Figure 8. (A) Plot of percentage of catalytic activity (obtained from catalytic current) observed during H, production by ATM modified Au
electrodes from various water sources with respect to that obtained from pH 7 buffer under oxic conditions. The values in pink represent the pHs of
the different water souces and that in gray represent the percentage of original catalytic activity. (B) Plot of the charge consumed vs time elapsed
during bulk electrolysis experiments of 1 mM ATM solution, using GCE as working electrode under anoxic conditions, in normal pH 7 buffer (blue),
1 mM Na,S solution in pH 7 buffer (green), 100 mM NaCl solution in pH 7 buffer (yellow) and CO saturated pH 7 buffer (red), respectively. Note
that the working electrode during electrolysis experiment was held at —0.55 V vs NHE.

sites which are generally the catalytically active species in HER
making them veritable competitors of the substrate, H*.**"®
However in the case of ATM, catalytic activity was retained
even in the presence of 1 mM Na,S and saturated CO in
solution (Figure 8). The lack of sensitivity to S*~ and CO is
likely because the Mo center in ATM is high-valent which is
why it does not bind CO as is the case for amorphous MoS;.*”
Note that although the catalyst retains most of its activity in the
presence of CO, it loses about 15% of its activity (Figure 8A)
which is may be because of reduction of CO as suggested by
Du Bois et al.*® Retention of activity in CO saturated buffer has
never been reported using a transition metal catalyst that uses a
metal center to reduce H' including the active sites of Hjases.
The catalytic activity is retained even in a solution of 1 mM
Na,S at pH 7 for the same reasons when most conventional
noble and transition metal electrode materials used for HER
(e.g, Pt, Pd, Fe, Ni, Cu, Co etc.) is inhibited by H,S. The
tolerance of the ATM catalyst to these common impurities is
not only limited to an Au electrode covered with ATM, HER
catalyzed in homogeneous solutions of ATM using common
glassy carbon electrodes is also tolerant toward these common
impurities (Supporting Information, Figure S19). Thus, not
surprisingly perhaps, the activity of this catalyst is retained
when water from different naturally available sources is used
(Figure 8A). None of these water samples were treated beyond
a simple filtration process to remove insoluble particulates.
Although water from these sources have variable amounts of
soluble impurities (the water obtained from the delta region of
the Ganges and Padma have silicates and are polluted with
industrial wastes) and pHs, the tolerance of ATM function-
alized Au towards a wide range of pH and toxins enables HER
to remain unabated in all of these environments.

H CONCLUSION

In summary, we report that ATM, a very cheap readily available
laboratory chemical, can catalyze HER from water without the
requirement of any additional transition metals. When an Au
electrode is used, ATM assemblies are formed where the sulfide
terminus of ATM binds the Au surface. Formation of such
assemblies precludes a competing cathodic ORR process on the
Au electrode, and this modified electrode only shows HER
reactivity of ATM. The HER process catalyzed by ATM is a
PCET process where the H' reduction is proposed to occur on
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the ligand. This allows retention of HER activity in water
containing known inhibitors of low-valent transition and noble
metals. The pH stability and resistance to inhibitors allow the
ATM to function in water obtained from several natural
sources. The second order rate constant of ~10” M™" s™! and
low overpotential results is exchange current densities
comparable to those obtained for very expensive noble metal
catalysts.

B EXPERIMENTAL SECTION

Materials. All reagents were of the highest grade commercially
available and were used without further purification. ATM
[(NH,),MoS,] was prepared from sodium molybdate pentahydrate
[Na,M0O,-2H,0] and tetraethylammonium tetrathiomolybdate
[(NEt,),MoS,] was prepared from ATM according to the reported
procedures.””  (Na,[Mo0Q,]-SH,0), potassium hexafluorophosphate
(KPF), and all buffers were purchased from Sigma-Aldrich. Disodium
hydrogen phosphate dihydrate (Na,HPO,-2H,0), potassium chloride
(KCl), conc. Hydrochloric acid (HC), liquor NH; (98%), and ethanol
were purchased from Merck. Sodium Sulphide nonahydrate (Na,S-
9H,0) was purchased from Rankem, India. Water used for self-
assembly and all electrochemical measurements was deionized with
Millipore Milli-Q purification system. Gold (Au) wafers were
purchased from Platypus Technologies (1000 A of Au on S0 A of
Ti adhesion layer on top of a Si(III) surface). Au discs for rotating ring
disc electrochemistry (RRDE) experiments were purchased from Pine
Instruments, U.S.A.

Synthesis of (NH,),MoS, (ATM). Na,Mo0O,-2H,0 was dissolved in
a 3:1 (by volume) mixture of conc. NH,OH and H,0. H,S (generated
by dropwise addition of 6 N HCI on pure Na,S-9H,0) was bubbled
through the ammoniacal solution until it was saturated at ambient
temperature. The reaction mixture was warmed to about 60 °C for 30
min maintaining a constant pressure of H,S. The mixture was then
cooled to 4 °C and kept for 30 min. Red crystals precipitated out
which were filtered and washed with cold water and ethanol. The
product was finally dried under vacuum and was taken for further
experiments.

Synthesis of (NEt,),MoS,. This complex was synthesized from 1:2
mixture of aqueous solution of ATM and tetraethylammonium
bromide according to the reported procedure.”’

Instrumentation. All electrochemical experiments were performed
using a CH Instruments (model CHI710D Electrochemical Analyzer).
Biopotentiostat, glassy carbon (GC), and gold (Au) working
electrodes, platinum counter electrode, Ag/AgCl/satd. KCl reference
electrodes, Teflon plate material evaluating cell (ALS Japan) were
purchased from CH Instruments. The rotating ring disk electro-
chemistry (RRDE) set up from Pine Research Instrumentation (E6
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series ChangeDisk tips with AFE6M rotor) was used to obtain the
RRDE data. AFM data were recorded in a Veeco dicp II (Model no:
AP-0100) instrument bearing a phosphate doped Si cantilever (1—10
ohm cm, thickness 3.5—4.5 ym, length 115—135 pm, width 30—40
um, resonance frequency 245—287 kHz, elasticity 20—80 N/m). The
surface morphology of the assembled layers were observed through a
field-emission scanning electron microscope (FE-SEM, JSM-6700F),
purchased from JEOL LTD, Japan. X-ray Photoelectron Spectroscopy
(XPS) data were collected using an instrument from Omicron
Nanotechnology GmbH, Germany (serial no. 0571).

Methods. Construction of Electrodes: Formation of Self-
Assembled Layer. Au wafers and discs were cleaned electrochemically
by sweeping several times between 1.5 V to —0.3 V in 0.5 M H,SO,.
Depositing solutions of 1 mM concentration were prepared by simply
dissolving ATM in nanopure water. Freshly cleaned Au wafers and
discs were rinsed with triple distilled water, purged with N, gas and
immersed in the solutions for self-assembly. During spectroscopic and
electrochemical measurements, the electrodes were rinsed with triple
distilled water followed by drying with N, gas.

Characterization of the Modified Surfaces. Atomic Force
Microscopy (AFM). Freshly cut Au wafers were taken for each AFM
analysis where ATM modified surfaces were made as described
previously. The surfaces were thoroughly rinsed with triple distilled
water before analysis. AFM data were obtained at room temperature in
a Veeco dicp II instrument bearing a phosphate doped Si cantilever
(1-10 ohm cm, thickness 3.5—4.5 pm, length 115—135 um, width
30—40 pm, resonance frequency 245—287 kHz, elasticity 20—80 N/
m).

Field Emission Scanning Electron Microscopy (FE-SEM). Samples
were prepared in a similar way as for AFM. The surfaces were dried at
room temperature and were then observed through FE-SEM applying
an accelerating voltage of S kV after the surfaces were platinum coated.
For all the FE-SEM experiments a working distance of 8 mm was used.

X-ray Photoelectron Spectroscopy (XPS). XPS was performed on
the ATM modified surfaces using Mg Ka radiation (1253.6 eV) for
excitation. High resolution scans, with a total energy resolution of
about 1.0 eV, were recorded with pass energy of 20 eV, step size of 0.2
eV. The base pressure of the chamber initially was 1 X 10™'° mbar and
during the experiment was ~3 X 107! mbar. Binding energy spectra
were calibrated by the Ag 3d/, peak at 368.2 eV. An error of +0.1 eV
was estimated for all the measured values.

Electrochemical Measurements. All CV, RRDE experiment, and
electrolysis experiments were done in pH 7 buffer (unless otherwise
mentioned) containing 100 mM Na,HPO,-2H,0 and 100 mM KPF
(supporting electrolyte) using Pt wire as the counter electrode and
Ag/AgCl as the reference electrode. All the potentials are adjusted to
NHE unless otherwise stated. Note that, using GCE instead of Pt wire
as a counter electrode showed no significant change in the observed
results (Supporting Information, Figure $20). During experiments
with natural water sources, waters were used directly after filtration
without any treatments. All electrochemical experiments were
performed under ambient conditions. During CV experiments on
surfaces the wafers are mounted on a Teflon plate material. During
RRDE experiments, an Au disc is mounted on a Pt ring assembly (Pine
Instrument, AFE6RIP). Bulk electrolysis experiments with ATM
modified Au discs were performed using a water jacketed electro-
chemical cell (Pine Instrument, RRPG138) and were rotated at an 100
rpm rate. An aqueous Ag/AgCl reference (Pine instruments,
RREF0021) and Pt counter (AFCTRS) electrodes are attached to
the cell through standard joints.

The active area of the Au electrode for wafers is 0.45 cm” and that
of Au discs are 0.1925 cm? For GC working electrodes, the area is
0.19 cm®

An argon-filled glovebox was used for anaerobic solution studies
with Au and GC working electrodes. The buffers were degassed
accordingly by several repetitions of freeze, pump, and thaw cycles.
The anaerobic studies with the RRDE setup were performed with a
water jacketed cell discussed earlier where both the counter and the
reference electrodes are attached to the cell with airtight joints. To
make the system anaerobic, the cell was purged with Ar gas for 1 h.

The reference electrode used was a commercially available aqueous
Ag/AgCl electrode, and the counter electrode used was a Pt wire in all
electrochemical measurements. The potentials were reported with
respect to NHE by adding 200 mV to the experimentally obtained
potential values. The onset potential values that are reported in Table
1 are with respect to RHE. The overpotential (7) and RHE corrected
values in V were calculated using the equation given below:

Overpotential = (applied potential(Eapp) - EPH) A%
where

Eyy = (—0.059 X pH) V

Erue = Expg + 0.059 X pH (in'V)

Detection of H,. H, is generally detected by head space gas
analysis by a gas chromatography (GC) fitted with appropriate
detector. Such facilities are not accessible to the authors. Fontecave et
al. reported an electrochemical method for detecting H, using
RRDE.” In an RRDE experiment a Pt-ring encircling the working Au
electrode (Figure 9) is held at a constant potential of 0.5 V. At this

Platinum Ring

Gold Disc

Figure 9. RRDE assembly showing the Au disc and Pt ring.

potential the Pt electrode oxidizes H,, generated at the working
electrode and radially diffused outward to the Pt electrode because of
the hydrodynamic current produced by the rotating shaft, back to H"
generating an oxidation current. Thus a reduction current is observed
in the working electrode, and an oxidation current is observed in the
Pt electrode. As a control experiment, in a standard three electrode
cell, a Pt working electrode was held at a constant potential of 0.5 V
and H, was introduced into the solution by gentle bubbling. The H, to
H current was immediately generated on the Pt electrode, and the
current persisted as long as the H, gas was bubbled (Supporting
Information, Figure S21). The current decayed as the H, gas bubbling
was stopped. This process could be repeated several times suggesting
that oxidation of H, back to H* on a Pt electrode is a reliable method
for detecting formation of H, electrochemically in situ. Thus H,
produced on the working electrodes was detected by oxidizing it back
to H* on the Pt ring in a RRDE setup. Note that the Pt ring electrode
held at 0.5 V can not reduce H" to H,, that is, none of the H,
produced can derive from Pt.

Coverage Calculation. Reductive desorption of Au surfaces fully
covered (mole fraction of deposition solution =1) with ATM was done
in the ethanolic solution of 0.5 mM KOH (saturated with Ar) in a Ar
glovebox using Ag/AgCl and Pt-wire as the reference and the counter
electrodes, respectively, and at 20 mV/s scan rate starting from —0.2 V
and ending at —1.2 V. The data clearly shows a cathodic peak at —0.85
V (vs Ag/AgCl) which is for reductive desorption of ATM. The
number of ATM molecules per cm* (I';) was calculated from the area
under the cathodic peak following the reported procedures.**!

Determination of TON and TOF.

TON = moles of H, produced per cm?/moles of catalyst per cm*

TOF(s™') = TON/time of bulk electrolysis
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Bulk Electrolysis and Determination of Faradaic Yield. The
bulk electrolysis experiments were performed in a water jacketed two
compartment electrochemical cell and the same shaft, used for RRDE
setup, fitted with ATM modified Au discs. The experiment was done
in air saturated pH 7 phosphate buffer at —0.8 V vs Ag/AgCl. The
rotating shaft bearing working electrode was rotated at 100 rpm speed
to disperse the H, formed during electrolysis. The gas formed was
made to flow through an outlet fitted with the cell and collected by an
inverted buret setup.”*”’ Similar experiments were performed having
the Pt counter electrodes in the same compartment, where the 2/3
volume of the total gas produced was taken as the amount of H, gas
produced and was further used to calculate the FY. These experiments
were repeated for 3 times, and the average FY was measured using the
following equation:

FY(%) = [100 X H, produced (mol) X 2 X 96496 (C mol )]

/charge passed during bulk electrolysis (C)

This equation gives 90% FY in neutral pH under aerobic condition
for our system which means that 90% of the total electrons are used
for the conversion of protons to hydrogen.
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