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Abstract: Hydride transfers are key to a number of economically and environmentally important
reactions, including Hx evolution and NADH regeneration. Therefore, the electrochemical
generation of reactive hydrides has the potential to drive the electrification of chemical reactions
to improve their sustainability for a green economy. Catalysts containing molybdenum (Mo) have
recently been recognized as amongst the most promising non-precious catalysts for H, evolution,
but the mechanism of Mo in conferring this activity remains debated. In this work, we use a
modified EPR setup to demonstrate the presence and catalytic role of a trapped Mo®*" hydride in
amorphous Mo sulfide (a-MoSy), one of the most active non-noble Hz evolution catalysts yet
reported. We further confirm that this hydride is active for the selective electrochemical
hydrogenation of the biologically important energy carrier NAD to its active NADH form and
therefore utilized for biocatalysis, and that this reactivity applies to other HER-active forms of Mo
sulfide. Our results represent the first direct experimental evidence of an immediate role for Mo in

heterogeneous H: evolution, placing a paramagnetic Mo center, as opposed to its partner atoms,



as an HER-active site with uniquely high activity for hydride formation and transfer. This
mechanistic finding also reveals that Mo sulfides have potential as economic electrocatalysts for

NADH regeneration in biocatalysis.

Introduction

The direct conversion of electricity to chemicals has profound implications for society, nowhere
more acutely than with regards to energy. By 2040, the Organization of Petroleum Exporting
Countries estimates that world oil demand for energy will reach 100.7 million barrels of oil per
day?, most of which must be replaced by carbon-neutral energy carriers and chemical intermediates
to avoid catastrophic environmental consequences. “Green” Hz generated from water electrolysis
powered by renewable energy is a strong candidate as an alternative energy vector and carbon-
neutral reducing agent, but its mass implementation requires the development of earth-abundant
catalysts for the Hz-evolution reaction (HER) and the O»-evolution reaction, both of which remain
dominated by precious metals>*. A successful zero-carbon transition would also require the
replacement of traditional high temperature chemical processes with cleaner alternatives that
function under facile conditions, such as via bio- or electrocatalysis®®. In the case of
electrocatalysis, expanding the scope of mechanistic understandings beyond electron transfers is

vital for the development of more complicated reactions.

For the HER, Mo-based catalysts, namely NiMo’™® and Mo sulfides'®*® (especially
amorphous Mo sulfide (a-MoSx))'**8, are amongst the best-performing non-precious catalysts
discovered so far'®, with potential for Pt-like activity’®?!. Yet despite the prevalence of Mo in
heterogeneous HER electrocatalysts, a direct role for Mo in the reaction (such as the formation of

a metal hydride) has remained experimentally unresolved'®?>24 In Mo sulfides, a thiol-like



mechanism is instead favored due to the strong hydrogen binding energy of metallic Mo which
should lead to poor HER activity (Fig. 1a)%°. However, the existence of HER-active single-atom
molecular Mo catalysts that are non-zero valent and sulfide-free?>2® demonstrates that chemically
reactive Hy intermediates can be formed on Mo active sites. The involvement of a metal hydride
intermediate in Mo-based catalysts would provide an explanation for the uniquely high activity for
HER in these systems as well as assist in the design of future catalysts for the HER and

electrochemical hydride transfers.

The transfer of energy through hydrides is of particular significance to the field of
biocatalysis, where one quarter of all known enzymes, known as oxidoreductases, are capable of
catalyzing electron and hydride transfers in the presence of hydride-bearing co-factors?’. The vast
majority of oxidoreductases (90%) rely on the biological energy carrier nicotinamide adenine
dinucleotide (NAD) and its reduced, hydrogenated form (NADH) or their phosphorylated forms
(NADP(H)) as co-factors?®. Selective, economical NAD(P)H regeneration remains a significant
barrier to the enzymatic preparation of complex organic molecules, as the prices of the reduced
forms are prohibitively expensive ($3,000 and $215,000 USD/mol, respectively, in 2011)°.
Electrochemical NAD(P)H regeneration has long been considered promising, but single electron
transfers often result in the formation of biologically inactive NAD dimers or 1,2- and 1,6-
dihydropyridine products?’. The ideal electrochemical catalyst for NAD(P)H regeneration would
therefore avoid single electron transfers and be capable of direct hydride transfer. Metals with
strong hydride formation energies such as Ti have been shown to minimize single electron

transfers®. Mo, like Ti, has a large metal hydride bond strength3!.
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Fig. 1. Schemes of (a) the classic MoS: edge site-based HER mechanism in contrast to (b) the
Mo3* hydride mechanism discussed in this study. (c) Plausible reaction mechanism of how Mo®*

hydride in a-MoSx catalyzes the HER and NADH regeneration mechanisms, and is subsequently

regenerated.



In this study, we demonstrate the specific reduction of NAD and its analogue N-methyl
nicotinamide (NMN), to their high-energy dihydropyridine derivatives using Mo sulfide catalysts,
demonstrating the hydride nature of the Mo-H bond and its ability to catalyze transfer
hydrogenation reactions using water as a hydride source. Our discovery was driven by the direct
observation via electron paramagnetic resonance (EPR) spectroscopy of a trapped Mo** hydride
in pre-catalytic a-MoSyx, confirming for the first time that Mo hydrides can form under HER
conditions in heterogeneous Mo electrocatalysts (Fig. 1b). Roles for both Mo®* and the hydride in
the HER using Mo sulfides have never been conclusively identified due to the metastability of
both states; their simultaneous existence has never even been proposed. Thus, the identification of
a Mo®" hydride species as an active site for electrochemical hydrogenation reactions in a-MoSx
thus serves as a “missing link” that unlocks important aspects in the understanding and design of

Mo-based heterogeneous electrocatalysts for the HER and beyond.

Results

The Mo®" hydride species was captured during the electrodeposition of a-MoSx from
MoS4* solutions during cyclic voltammetry (CV), in which MoSs is deposited at anodic potentials
and subsequently reduced to a-MoSx at cathodic potentials close to the onset of the HER*“. Inspired
by the recent use of EPR in examining battery electrode processes®>3*, we modified an EPR setup
to measure the oxidation states of paramagnetic species in complex electrocatalysts by combining
a standard Wilmad-LabGlass electrolytic EPR flat cell with homemade flat wire electrodes.
Catalyst is deposited on the flat wire so that it fits into the flat cell, resulting in minimal microwave
interactions with both electrolyte and metal. Consequently, signal from catalyst deposited on the

wire can be acquired (Extended Data Fig. 1). To prepare a sample suitable for EPR measurements,



a-MoSx was deposited on the flat Au electrode and loaded into the EPR flat cell filled with

tetrahydrofuran (THF). If the deposition was ended on the cathodic edge of the scan range, the

resulting catalyst exhibited an isotropic EPR spectrum as shown in Fig. 2a. The spectrum itself

was centered at 2.014, typical of the characteristic g-value?® for Mo®*, and had an average peak

separation of 31 G, making it dissimilar to sulfide-related paramagnetic states in MoS2**% that

have smaller peak separations (<10 G) and g-values at 2.002. The EPR signal of the electrodes

rapidly disappeared if the electrode was not immediately isolated under dry, O>-free conditions,

reflecting the metastability of Mo®*.,
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Fig. 2. EPR and electrochemical evidence for a Mo®* hydride in a-MoSx. (a) EPR spectra of a

trapped Mo** hydride. (b) Cyclic voltammogram of a-MoSx in 0.2 M BusN PF¢/THF. Inset, EPR

spectrum of a-MoSx reduced at —2.5 V vs. Ag/Ag". Signal at 2.002 arises from the reduction of the



electrolyte. (c) Correlation plot of Mo®" peak size in 0.2 M BusN PFs/THF vs. HER activity as
measured by n at =10 mA cm2in 0.05 M H2S04. (d) EPR spectra of anodically deposited a-MoSx

after deposition and after conditioning by voltammetric sweep to the HER potential.

Although the Mo®" EPR signal could be lost upon oxidation, it could also be partly restored
if a-MoSx was reduced in organic electrolyte (0.2 M BusN PFe/THF, Fig. 2b) within the cavity of
the EPR spectrometer, revealing the re-emergence of the Mo®" signal with a width of 15 G (inset).
The contrast in peak-to-peak width between the original signal and the reduced form in aprotic
electrolyte indicates the presence of hyperfine coupling between a spin-active nuclei and the Mo®*
center. As less than 1% of naturally occurring S has a nuclear spin®, the only other possible
candidate atom was H, revealing the presence of a hydride directly bound to Mo**. Further
confirmation of the bound hydride was modeled using EasySpin®/, where a hydride hyperfine
coupling constant of ~34.5 was fit to the peak, within range of previously reported Mo®* hydrides
(Extended Data Figure 2, Table 1). These EPR spectra therefore represent the first direct evidence
for the formation of a hydride associated with Mo** in a-MoSx. Only one major reduction peak
was observed during a cathodic sweep from open circuit potential, demonstrating that the resting
state of the catalyst was Mo**, in line with X-ray photoelectron studies'**. Coulometric
measurements of the reduction event revealed that it corresponded to 40% of the Mo present in the
a-MoSy catalyst as determined by inductively coupled plasma — optical emission spectroscopy
(ICP-OES), suggesting that 40% of Mo in a-MoSx can be converted to the Mo** state. In
comparison, the Mo hydride species in freshly deposited a-MoSx represented 2% of the total Mo
as determined by spin counting. Furthermore, by using a-MoSx electrodes with increasing
deposition amounts, the area of the peak as determined using coulometry was found to form a

linear correlation with the activity of the a-MoSx itself as measured by overpotential at =10 mA



cm2in 0.05 M H2SO4 (Fig. 2¢). This relationship between Mo** peak size and HER activity was
also found to be relevant to MoS, as HER-active MoS; prepared by autoclave synthesis (for MoSy)
was found to fit the trend (Extended Data Fig. 4)®. Alternately, epitaxially grown, single-crystal
(less defective) MoS; had no Mo®*" peak nor significant HER activity (Extended Data Fig. 8)%.
Therefore, the amount of reducible Mo®" correlates directly to the HER activity of a given Mo

sulfide electrode and can be used as a quantifiable benchmark for the HER activity of Mo sulfides.
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Fig. 3. Electrochemical and absorption characteristics of NMN reduction by a-MoSx. (a)
Voltammograms of a-MoSx and GC in 0.5 M K>COs with and without NMN. (b) Linear sweep
voltammograms of a-MoSy for the HER and NMN reduction. (c) UV-vis spectra of 5 mM NMN
solution being reduced over time in 0.5 M K2COs solution (pH 10) by a-MoSx electrode (—10 mA

cm™?). Inset, reduction of NMN by FTO. Dimer decomposition peak marked **.

The existence of an isotropic Mo®* hydride in a-MoSx provides valuable insights into the
structure of the catalyst. For example, Mo®" in anodically deposited Mo3S13 is coordinated by a
number of theoretically equivalent S atoms, but does not have an isotropic EPR signal (Fig. 2d),
reflecting the inequivalent positioning of S atoms around the Mo center®. In contrast, the isotropic
Mo3* spectrum correlates with the equivalent coordination of atoms (H and S) around the Mo
center. Since a-MoSx (at least initially) resembles MosS13 clusters??, the only possibility that could

explain the isotropic hydride signal is the presence of a hydride within a Mo3S11(H) cluster. The



loss of two S atoms — the apical S as well as one of the disulfide S — results in Mo being
equivalently coordinated by six atoms (five S and one H) while accounting for the presence of a
metal hydride. The transformation between MosSi3 and MosSi1(H) is labile, as the Mo®* EPR
signal in anodically-deposited MoSs; could be rapidly converted to the Mo®* hydride signal upon a

single linear potential sweep to the HER potential in aqueous electrolyte.

The role for a hydride intermediate during the HER on a-MoSx is not just of fundamental
interest; Mo hydrides have also been demonstrated as amongst effective non-noble metal
hydrogenation catalysts*!, suggesting that a-MoSx could be used in electrocatalytic transfer
hydrogenation reactions using water as a hydride source, particularly for the biocatalytically-
significant recycling of NADH. We therefore sought catalytic evidence for a metal hydride by
studying the reduction of N-methyl nicotinamide (NMN), an analogue of NAD, which is also
hydrogenated to a 1,4-dihydropyridine*>. However, NMN is more ideal for distinguishing
reduction mechanisms as its single-electron transfer products have distinct spectroscopic (NMR
and UV-vis) properties*>#4, unlike NAD*. Electrochemical reduction of NMN in electrolyte (0.5
M K2COg, pH 10, 5 mM NMN) by a-MoSx results in a 30 mV positive shift of the onset of catalysis
compared to the HER (Fig. 3a,b), which is reasonable given that NAD™" reduction to NADH has a
less cathodic electrode potential compared to the HER*. NMN reduction otherwise does not affect
the activity of the HER, as evidenced by the similarity in linear sweep voltammograms between
a-MoSx in NMN-containing and NMN-free electrolytes. In contrast, common electrode materials
such as glassy carbon (GC) reduce NMN in two sequential reduction processes corresponding to
the two different reduction mechanisms discussed above. Furthermore, the onset of the one-

electron reduction happens close to the HER onset for a-MoSx. Therefore, the mechanism of NMN



reduction (1,4-dihydropyridine or dimer followed by breakdown) can be used to determine the role

and presence of a metal hydride.

To distinguish the two reduction mechanisms for the reaction on a-MoSx, UV-visible
spectroscopy was used to analyze the NMN electrolyte before and after electrolysis using a-MoSx.
The 1,4-dihydropyridine absorbs strongly at 360 nm while the dimer and its decomposition
products have absorption peaks centered at both 360 and 298 nm“*3, The NMN electrolyte gradually
formed a peak at 360 nm when electrolyzed with a-MoSx at a current density of —10 mA cm= (g
= ~-450 mV) with no prominent features at 298 nm being observed (Fig. 3c). In comparison, a
fluorine-doped tin oxide (FTO) electrode electrolyzed at the same potential produced both a less
intense 360 nm peak as well as the 298 nm dimer decomposition product peak (inset). The 360 nm

peak was also less intense with electrolyte from FTO as compared to a-MoSx.

As a final confirmation that a-MoSx directly reduces NMN to the 1,4-dihydropyridine
derivative without proceeding through single-electron transfer, the electrochemical reduction was
additionally carried out in both the normal electrolyte as well as deuterated solution
(D20O/K2COs/adjusted to pH 10 using D2SO4) followed by nuclear magnetic resonance (NMR)
spectroscopy of the isolated product. Deuteration at C4 of NMN should lead to the formation of a
CDH motif (Fig. 4a), resulting in the appearance of a triplet peak at the given NMR shift. Indeed,
a triplet peak formed at 22.36 ppm in the *C NMR spectra that was replaced by a singlet peak in
the otherwise identical spectra of the product of the H,O reaction (Fig. 4b,c)*. A less intense triplet
was also observed at 49.93 ppm, suggesting that the CDH motif was formed at the C6 position as
well based on its similar position in 1,6-NADH*’. Deuterated species were found in the 2H-NMR
spectrum of the isolated product; however, the 3.11 ppm peak corresponding to a deuterated C4 in

the dihydropyridine structure was the most intense, confirming that the major hydrogenation



product was the 1,4-dihydropyridine (Fig. 4d). The deuterated species were also observed in peak
broadening between the *H-NMR spectra of the deuterated and non-deuterated products (Fig. 4e,f).
The direct formation of deuterated product without the dimerization side-reaction is confirmation
that the Mo hydride is chemically reactive. These results demonstrate that Mo hydride, and
specifically Mo®" hydride, is the intermediate to H, evolution and nicotinamide reduction in Mo
sulfides (Fig. 1c). Upon The evolution of H; evolution, Mo®" is oxidized to Mo** and ultimately

reduced to Mo®" upon reformation of the hydride.
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Fig. 4. Reduction of NMN to 1,4-dihydropyridine derivative. (a) Expected structure of a mixed
HD 1,4-dihydropyridine. (b,c) *C-NMR spectra of the isolated products when the reaction is

carried out in D20 and H,0, respectively. Highlighted insets in (b) are the triplet peaks. (d) 2H-



NMR spectrum of the products of the D,O reaction. (e,f) *H-NMR spectra of the products in the

D20 and H:0 reactions, respectively. A full spectrum is included in each inset.

Based on the ability of a-MoSx to specifically hydrogenate NMN to its dihydropyridine
derivative, the potential of a-MoSx for NADH regeneration was tested for the enzymatic
hydrogenation of benzaldehyde to benzyl alcohol using alcohol dehydrogenase (ADH) from
Saccharomyces cerevisiae (Fig. 5a). Selective regeneration of NADH without formation of the
inactive (NAD) dimer or inactive 1,2- and 1,6-dihydropyridine isoforms remains an important
challenge in the application of electrocatalysis to biocatalysis, often necessitating the use of
homogeneous, often noble metal-based mediators?’. The purity of NADH regenerated by a-MoSx
was examined using an ultrahigh performance liquid chromatography system coupled to an
orbitrap tribrid mass spectrometer (UHPLC-MS) in pH 9 electrolyte. After regeneration for 30 to
60 minutes at constant potential (—600 mV vs. RHE, average current ~7 mA), the quantities of
produced dimer were consistently marginal or undetectable (<0.1%, Fig. 5b, see Extended Data
for additional information), consistently reflecting the results of electrochemical NMN reduction
where no dimer products were observed to form. As NADH isomers can also be formed as a result
of electron transfer followed by protonation, NMR was used to confirm that no 1,2- or 1,6-NADH
isomers were present (Extended Data Fig. 21), especially as partial 1,6-dihydropyridine formation

had been observed with NMN (Fig. 4).

Since direct NADH regeneration proved promising, the utility of a-MoSx for direct
biocatalysis was tested using the synthesis of benzyl alcohol from benzaldehyde in the presence of
enzyme and tenfold excess of benzaldehyde (10 mM) to NAD (1 mM). After 3 hours, 78%
conversion was achieved, rising to 87% over 4 hours (Fig. 5¢). Therefore, over eight complete

turnovers of NAD/NADH by a-MoSx were carried out over the course of the reaction.



Simultaneously, NAD conversion to NADH increased as the reaction proceeded, reaching
quantitative reduction at 3 hours as determined by two enzymatic NADH quantitation assays
(Promega, Sigma-Aldrich), even as the rate of benzaldehyde conversion slowed. Naturally, NADH
is rapidly consumed during the early stages of the reaction, but the enzymatic conversion of
benzaldehyde appears to be the limiting step at later stages. As foam formation was observed as
the reaction progressed, we hypothesize that co-generated H, was responsible for denaturing the
enzyme over long time courses. As such the Faradaic efficiency for NADH formation fell as the
reaction proceeded (Extended Data Fig. 22). a-MoSx also had no activity for benzaldehyde
hydrogenation in the absence of enzyme or NAD, underlining its selectivity for the nicotinamide
system. This specificity is important as it would allow for a-MoSx to be used in any future
biocatalytic system without concerns that the catalyst could reduce other functional groups that
might be present, obviating the need for protecting groups. We also note that the high yield of
recycled 1,4-NADH as determined by enzymatic assay (in addition to confirmation of its purity
by NMR and commercial NADH assays) clearly demonstrates that the formation of the 1,6 product
from NMN (Figure 4) was avoided by the presence of a larger N1 substituent in NAD?, resulting
in greater steric hindrance at the C6 position than in NMN. The ability of a-MoSx to carry out site-
specific hydrogenation depending on the steric hindrance provided by the substrate provides a
significant contrast to Pt-based systems, where pyridine ring adsorption to the Pt surface results in

multiple site selectivity*.

To confirm that the HER and NAD reduction arise from a common origin and mechanism,
we tested the ability of other Mo sulfides to carry out NAD reduction in addition to previous
experiments for the HER. Hydrothermally-prepared MoS, demonstrated similar activity (76%

after 3 hours), but the epitaxially grown and continuously single-crystal (less defective) MoS; was



inactive (Fig. 5d). Since, like a-MoSy, hydrothermal MoS; is similarly rich in Mo®*"-generating
sites, and defect-free MoS; is low in such sites, we can therefore conclude that defective sites in
Mo sulfides where Mo® *-H is generated are the common active sites for both the HER and NAD
reduction. Such selective NAD reduction underlines the consistent and specific nature by which
Mo sulfide electrocatalysts under HER potentials engage in hydride (as opposed to electron)
transfer despite being held at more negative potentials than the NAD dimerization potential*®. For
comparison, GC and Ti catalysts that have been previously reported for specific and direct NADH
regeneration were compared to the tested Mo sulfides®®**°. However, both were poorly effective
under identical conditions, resulting in 4% (GC) and 7% (Ti) conversion of benzaldehyde to benzyl
alcohol, respectively, over the course of 3 hours. Furthermore, neither catalyst reached quantitative

NADH regeneration under the tested conditions, in contrast to the defective Mo sulfides.
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Fig. 5. (@) Conversion of benzaldehyde to benzyl alcohol by S. cerevisiae ADH using a-MoSy as

a catalyst for NAD reduction to NADH. Reaction conditions: 2 umol NAD, 20 umol benzaldehyde,



5.6 mg ADH, in 2 mL 0.1 M N-cyclohexyl-2-aminoethanesulfonic acid (CHES)/0.1 M K2SO4 (pH
9) electrolyte. In all cases, the Pt counter electrode was separated from the main compartment by
a Nafion membrane with 0.05 M H2SOs. (b) Ratio of NAD dimer to NADH formed during
electrolysis by holding at —600 mV as assayed by UHPLC-MS. To facilitate UHPLC, 0.1 M
ammonium acetate (pH 9) was used as the electrolyte. (c) Time course of NADH regeneration and
biocatalytic benzyl alcohol synthesis using a-MoSx in 0.1 M CHES/0.1 M K.SO4 (pH 9). (d)
NADH regeneration and biocatalytic benzyl alcohol synthesis after 3 hours using a-MoSy,
hydrothermal MoS; (h-MoS:), defect-free MoSa, Ti, and GC. NADH regeneration was carried out

as in (b), in the absence of enzyme and benzaldehyde.

Finally, we discuss the implications of Mo®" hydride formation for both the HER and NAD
regeneration. Traditionally, the primary thiol-based model?® considered that Mo sulfides evolve
H> through the recombination of two active hydrogen species (H*, hydrogen with a single electron)
on S atoms from thiol-like precursors. However, by demonstrating non-dimerization and high 1,4-
dihydropyridine yield for both NAD and NMN, it is clear that a hydride must be the intermediate
catalytic species. Furthermore, the loss of H* from a thiol would yield a thiyl radical that should
have in turn reacted with the reduced NMN to yield decomposition products, as is the case for
NADH?®L, We further demonstrate the viability of a hydride mechanism by testing the HER activity
of ultrathin (5 cycle, to minimize the possible contribution of bulk Mo sulfide) a-MoSx poisoned
by maleimide to inhibit thiol formation®?. Although x-ray photoelectron spectra (XPS) of the
poisoned surfaces suggested that one quarter of all S were poisoned (Extended Data Fig. 23, Table
2), poisoning had no significant effect on HER activity in either proton-rich or proton-poor
electrolytes, excluding significant catalytic contributions from thiols regardless of proton

concentration (Extended Data Fig. 24). It is possible that previous observations of thiols forming



during the HER®®* originate from proton accumulation at the cathode as a result of applied
potentials. Electronic effects from sulfur also cannot be excluded3* . Nonetheless, the selective
reduction of nicotinamide systems strongly suggests that the Mo®" hydride trapped and observed
in EPR is the primary reactive intermediate, thereby allowing Mo sulfides to avoid unwanted

dihydropyridine and dimer formation during nicotinamide reduction.

Conclusion

In conclusion, we have demonstrated that hydride-forming Mo sulfides are economical and
selective electrocatalysts for NADH regeneration, in addition to being effective HER catalysts, as
a result of the formation of Mo®* hydride active species at cathodic potentials in aqueous solutions.
The central role of the hydride species in carrying out both reactions as well as the specificity
endowed in nicotinamide reduction provides a convincing picture of the mechanism of reactivity
of these hydrides for both reactions. Considering the prevalence of Mo amongst effective non-
noble HER catalysts, this study justifies the further design and exploration of Mo-based HER
catalysts. Finally, the ability of Mo sulfide electrocatalysts to form and transfer hydrides in
exclusion of single electron transfers not only opens a cost-effective route for application in

biocatalysis, but points to a new strategy and paradigm for electrocatalyst design.
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