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Abstract 

Electrocatalytic hydrogenation (ECH) has been proposed as a route to sustainable organic 

hydrogenations, however development of low-cost and sustainable electrocatalyst materials for 

this reaction is still needed. Herein, we investigate thin film heterostructured electrodes 

consisting of MoS2 supported at N-doped carbon in the ECH of carbonylated organics. Carbon-

supported MoS2 is known to catalyse the hydrogen evolution reaction, however its potential to 

activate hydrogen towards organic hydrogenations is poorly understood. Electrodes were 

fabricated using a combination of sputter deposition, thermal treatments and CVD proximity 

growth, yielding thin film electrodes with well-defined geometry, morphology and N-

functionality type. MoS2/N-carbon films were characterized via microscopy, Raman and X-ray 

absorption spectroscopy. Electrochemical methods were used to establish the loading of 

electroactive Mo-centers and quantitatively assess their activity. The response of MoS2/N-

carbon as electrocatalyst in the ECH was first investigated via voltammetry and electrolysis 

using benzaldehyde as a diagnostic carbonylated compound. The turnover frequency (TOF) at 

Mo-centers was estimated to be ca. 600 h-1 in 20 mM solutions at -0.6 V vs RHE, with 97% 

selectivity towards the alcohol vs the electrodimerization product. Performances were then 

studied using furfural, a substrate of interest for ECH applications to the stabilization of bio-

oil. TOF of ca. 900 h-1 were obtained with 94% alcohol selectivity under the same conditions 

and, notably, no evidence of over-hydrogenation, a common problem in the ECH of furfural. 

These results suggest that MoS2/N-carbon materials hold potential to deliver competitive 

performances compared to precious metal electrocatalysts in the literature.  

 

Keywords: molybdenum disulfide, electrocatalytic hydrogenation, furfural, transition metal 

dichalcogenides, electrocatalysis  
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Introduction 

Electrocatalytic hydrogenation (ECH) is a promising alternative for lowering the carbon 

footprint of hydrogenations, that also holds potential to enable safer and decentralized synthesis 

of chemicals and fuels.1-5 Hydrogenation reactions are ubiquitous in industrial chemistry and 

play an important role in the synthesis of fine chemicals and hydrocarbon feedstocks,6, 7  as 

well as in proposed routes to upgrading of waste or by-product streams.8 Conventional 

hydrogenation is typically carried out under conditions of high temperature and high H2 

pressure in the presence of precious metal catalysts.7 While good selectivity and yields can be 

achieved, such reactions are energy intensive and require the use of scarce and/or expensive 

metals and high purity H2, which is typically sourced from fossil fuels. In the ECH, hydrogen 

is instead produced in situ, under ambient conditions via electroreduction of protons/water in 

aqueous electrolyte.9 Coupling the ECH to electricity from renewable energy can thus lower 

the energy input and carbon emissions associated with hydrogenations compared to 

conventional processes. This has prompted significant interest in exploring ECH routes for key 

hydrogenation reactions including the hemi-hydrogenation of ethyne,10 N2 hydrogenation to 

ammonia11-13 and, particularly, hydrorefining of bio-oil.3, 8  

In the case of this last reaction, ECH  has been proposed as an economically viable route to 

reducing carbonyl groups responsible for instability of pyrolysis oils, while increasing its 

energy density for fuel applications.4, 14 However, to realise the potential of ECH in this 

application, further development of low-cost electrocatalyst materials is still needed. As the 

ECH requires the generation of adsorbed hydrogen Hads at the catalyst via the Volmer step 

(H+ + e → Hads), metals with activity in the HER can be potentially good electrocatalysts for 

the ECH, as long as competition between these two processes can be controlled. Indeed, Pd, Pt 

and other Pt-group metals have been shown to display good activity in the ECH of carbonyl 

groups to alcohols.2, 15-22 However, their scarcity and cost, coupled to their susceptibility 
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towards poisoning make them less attractive in applications to biomass or waste streams. 

Copper-based electrocatalyst have been studied as lower cost alternatives, however copper 

tends to catalyse hydrogenation and C—C coupling14, 23-25 which can present challenges for 

selectivity and consequent separation costs. Carbonylated compounds, namely benzaldehyde 

and furfural are often used in the investigation of the ECH.17, 18, 20, 26-28 While benzaldehyde 

serves often as a diagnostic compound to characterise electrocatalysts, furfural is of interest in 

biomass valorisations, as its hydrogenation products can find application in several industrial 

processes.29, 30 

In this work we investigate the performance of MoS2/carbon heterostructured electrodes in the 

ECH of carbonyl compounds. MoS2 is a layered material that has been extensively studied as 

an electrocatalyst for the hydrogen evolution reaction (HER)31, 32 and CO2 reductions,33, 34 but 

that has received limited attention as a possible material for the ECH of organics.35 Recent 

work from our group36 reported on the synthesis of MoS2 nanoparticle thin films onto N-doped 

graphitized carbon electrodes via chemical vapour deposition (CVD) methods. The resulting 

MoS2/N-carbon heterostructured thin film electrodes were found to display high activity in the 

HER, while displaying a well-defined geometry and nanostructure that facilitates interpretation 

of their electrochemical response. Importantly, the presence and type of N-functionalities in 

the carbon support were found to modulate HER activity through substrate-MoS2 interactions. 

Herein, we use these materials to investigate potential applications of MoS2/N-carbon as an 

electrocatalyst for the ECH conversion of carbonyls to alcohols. To this end, benzaldehyde was 

first chosen as a diagnostic substrate and a surrogate for aromatic carbonyl compounds present 

in bio-oil. Scheme 1 shows chemical steps involved in the ECH of benzaldehyde, which is 

known to yield two possible products: benzyl alcohol and the dimerized product 

hydrobenzoin.14, 23, 25, 37  Therefore this reaction offers an opportunity to investigate drivers of 

selectivity as well as of activity. Further, the ECH of benzaldehyde has been studied using a 
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range of metal electrocatalysts thus enabling quantitative benchmarking of performance 

indicators, as discussed in this work.  

 

Scheme 1. Reaction pathways of the ECH of benzaldehyde. 

 

To the best of our knowledge there are no reports of the ECH of benzaldehyde using 

MoS2/carbon electrodes. MoS2 readily catalyses Hads activation and H2 evolution whereas 

graphitic carbons are poor at stabilizing Hads; on the other hand, benzaldehyde is expected to 

adsorb with similar binding strength at both of these materials.23 We therefore hypothesized 

that fabrication of MoS2/N-carbon composites might offer opportunities to regulate activity 

and selectivity in the ECH of carbonylated compounds, as suggested by few ECH studies using 

Pt-group metals.38 Further, we expanded the substrate scope to furfural, a compound of specific 

interest for biomass valorization via ECH.27, 39 Our results indicate that these materials can 

display high turnover frequency (TOF) values and good selectivity towards the alcohol product 

through potential control using carbonylated compounds of interest for both benchmarking and 

practical application purposes.  

 

Experimental 

Sulfuric acid (99.999%), MoO3 (Reagent Plus, >99.5%), isopropanol (HPLC, 99.9%), sulfur 

(Aldrich, 99.98%), acetophenone (Sigma Aldrich, Reagent Plus 99%), ethyl acetate (Sigma 
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Aldrich, HPLC Plus, 99.9 %), benzaldehyde (Reagent Plus ≥99%) and furfural (98%) were 

used as received. Glassy carbon (GC) plates (Sigradur, 2×1 cm2) were purchased from 

Hochtemperatur-Werkstoffe GmbH. Nitrogen (99.998%, OFN) and argon (99.998%, 

Pureshield) were purchased from BOC. Graphite targets (99.999%) were obtained from Kurt 

J. Lesker. 

GC was polished prior to deposition and/or characterization using previously published 

procedures:36 1200 grit sandpaper was used first, followed by alumina slurries of 1 and 0.3 µm  

size on nylon cloth pads (Buehler), and 0.3 and 0.05 µm size on Microcloth pads (Buehler); 

substrates were sonicated and rinsed between polishing steps. The final polishing step was 

carried out immediately before use to ensure a clean surface. Nitrogenated carbon films were 

synthesised as previously reported.40 Briefly, amorphous thin films were first deposited in a 

dc-magnetron sputtering chamber with <2 ×10-6 mbar base pressure, using a graphite target 

and 2% N2/Ar (by flow) at 50 sccm (1-2 ×10-2 mbar deposition pressure) for 40 min. These 

amorphous films were then graphitised at 900 °C under N2 flow in a tube furnace (Carbolite 

Gero) yielding nitrogenated graphitized films, referred to as anC:NG in this work. 

MoS2 films were grown via CVD following a previously reported method.36 50 µL/cm2 of a 1 

mg/mL MoO3 dispersion in isopropanol were drop-cast on a Si wafer to form a “seed” layer; 

substrates were placed face-down on the wafers, forming a microreactor in the volume between 

the seed and growth surfaces. This assembly was placed in a quartz tube furnace and heated to 

750 °C under Ar (125 sccm); sulfur powder was sublimed at 120 °C in an upstream secondary 

heating zone for 20 min. Vaporized MoO3 reacted with sulfur in the microreactor volume 

resulting in the deposition of MoS2 onto the growth substrate, namely SiO2, anC:NG films or 

GC, as specified in each case. Samples were cooled to room temperature under Ar flow.  
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Raman spectroscopy was carried out using a confocal scanning Raman system (Witec alpha 

300R) at 532 nm excitation; spectral analysis was performed using commercial software (Witec 

Project 5.1). X-ray diffraction (XRD) was carried out using a D2 Phaser diffractometer with 

LynxEye detector (Bruker) and a Cu Kα source. X-ray photoelectron spectroscopy (XPS) was 

carried out in an Omicron ESCA system with a XM1000MK II monochromated Al Kα X-ray 

source (1486.7 eV) and an EA 125 analyzer. Survey scans and high-resolution spectra were 

obtained with 50 and 15 eV pass energies, respectively. Best-fits were obtained with Gaussian-

Lorentzian peaks, after Shirley background correction, using CasaXPS software; energy values 

are referenced to the C 1s peak (284.8 eV). Elemental compositions were calculated from peak 

area ratios after correction for relative sensitivity factors. Transmission electron microscopy 

(TEM) was carried on a JEOL 2100 LaB TEM with 200 kV accelerating voltage. Samples for 

TEM were prepared by delaminating the MoS2/anC:NG films from a Si wafer using a razor 

blade; film sections were then transferred onto a gold grid (Ted Pella Inc., 200 mesh carbon 

film).  

Electrochemical voltammetry studies were carried out in a three-electrode cell using a graphite 

rod as counter electrode, modified GC disks as working electrodes and Ag/AgCl as reference 

electrode (IJ Cambria). 0.1 M H2SO4 was used as supporting electrolyte for all measurements 

unless otherwise noted; all solutions were prepared with 18.2 MΩ deionised water and purged 

with N2 for 20 min prior to any measurements. Electrolysis studies were carried out using a 

glass H-cell with anodic and cathodic compartments separated by a conductive membrane 

(Nafion, 0.002 in.). The anodic compartment contained the counter electrode and supporting 

electrolyte, while the cathodic compartment contained the working and reference electrodes in 

supporting electrolyte with added benzaldehyde. Potentiostatic electrolysis experiments were 

carried out by applying a defined potential for 30 min under stirring (500 rpm) at 25°C. Product 

analysis was carried out using a gas chromatography system (GC8860, Agilent) equipped with 
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a flame ionisation detector, capillary column (DB Wax, Agilent) and H2 as carrier gas. 2 mL 

of the electrolyte were taken and an internal standard of acetophenone added; organics were 

extracted with 2 mL of ethyl acetate and analysed at 2 mL/min flow using 1 µL of the organic 

phase for injection (split injection, 10:1). Figures of merit were calculated using the expressions 

summarized in Supporting Information. 

Results and Discussion 

Previous work from our group demonstrated the synthesis of MoS2 nanoparticle film electrodes 

supported onto graphitized nitrogenated carbon (anC:NG) using a procedure schematically 

illustrated in Figure 1a.36 Nitrogenated carbon thin films were first obtained via a two-step 

process, consisting of sputter deposition followed by thermal annealing under inert atmosphere. 

anC:NG films are approximately 65 nm thick, display a well graphitized matrix, N/C of 3.2 

at.% low roughness (Rq <1.5 nm), and a homogeneous structure and composition, as discussed 

in greater detail in our previous work.36, 40 The MoS2 nanoparticle film was grown onto anC:NG 

via proximity CVD as described in the experimental section.41 Figure 1b and 1c show optical 

and TEM microscopy images, respectively, of MoS2/anC:NG, fabricated on a GC plate support. 

The optical image shows regions of higher and lower MoS2 density, which appear as brighter 

and darker in optical contrast. TEM characterization indicates that MoS2 films are 

polycrystalline and consist of closely packed nanoparticles (53 ± 8 nm in size) supported onto 

the anC:NG underlayer. The layered structure of MoS2 is evident from images of selected 

crystallites, Figure S1, with observed spacing of 0.71 ± 0.01 nm, slightly larger than the 

literature value of 0.65 nm.42 d-spacings obtained from the selected area electron diffraction 

(SAED) pattern of MoS2/anC:NG, Figure S1 and Table S1, are consistent with the (1 0 0) and 

(1 0 1) reflections of 2H-MoS2 (PDF 37-1492). Reflections associated with (2 1 0) and (2 1 1) 

of MoO2 (PDF 32-0671) are also detectable as minor contributions. 
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Figure 1. (a) Scheme of synthetic steps involved in the fabrication of MoS2/anC:NG 

heterostructures. (b) Optical microscopy of MoS2 film grown on an-C:NG on a GC plate (×140 

magnification). (c) TEM image of MoS2/an-C:NG film showing both nanoparticles and the 

graphitized carbon support layer. (d) Representative Raman spectrum of MoS2/anC:NG film; 

spectral regions characteristic of MoS2 and carbon materials are highlighted in green and gray, 

respectively. (e) Details of the Raman spectrum in the MoS2 diagnostic region, from data in 

(d). (f) Optical image of MoS2/anC:NG in the area used for the Raman intensity mapping shown 

in (g); the intensity map was obtained by integrating peaks in the 350-450 cm-1 spectral region 

so that brighter areas indicate higher Raman scattering intensity from MoS2 nanoparticles. 

 

MoS2 growth was further confirmed via Raman spectroscopy/microscopy. A representative 

spectrum of MoS2/anC:NG electrodes is shown in Figure 1d: the MoS2 characteristic doublet 

arising from Mo and S displacements from the c axis is observed at ca. 385 and 413 cm-1,43 

while the D and G bands typical of graphitic carbons are also observed at ca. 1358 and 

1593 cm-1, respectively. The MoS2 spectrum, shown in greater detail in Figure 1e, is consistent 

with that of the 2H-MoS2 phase, as the peak manifold at rel. shift below 350 cm-1 and 
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characteristic of 1T’-MoS2 is absent,44 in agreement with results from TEM and XRD of the 

composite thin films, Figure S2. Spectra in Figure 1e also support that the nanoparticle film 

undergoes surface sulfidation, as only a weak contribution from the MoO3 peak at 285 cm-1 

can be detected while characteristic peaks of MoO2 at 363 and 495 cm-1 are not observed.45 A 

Raman map of the total intensity of the MoS2 signal (Figure 1f and 1g) indicated that MoS2 

covers the entire anC:NG surface but it is distributed with selected regions of higher 

concentration, as indicated by the intensity contrast.  

Composition of heterostructured films was first investigated via XPS. The survey spectrum, 

Figure 2a, shows peaks corresponding to C 1s (ca. 284 eV), O 1s (ca. 532 eV), N 1s (ca. 400 

eV), Mo 3p (ca. 390 eV), Mo 3d (ca. 230 eV) and S 2p (ca. 164 eV). Best-fits of the Mo 3d 

and S 2p regions in Figure 2b and 2c, respectively, indicate that spectra are consistent with 

Mo+4 and S-2 species contributing to the majority of the intensity, in agreement with previously 

reported results for this type of MoS2/anC:NG samples.36 Additional spectra in the C 1s and O 

1s region and a summary of results from best-fits are reported in Figure S3 and Table S1. 

Atomic composition values indicate that the Mo+4/C atomic %-ratio is ca. 38% and thus 

supports a high MoS2 coverage present at the anC:NG surface, in agreement with microscopy 

results in Figure 1. However, XPS does not provide information on the fraction of MoS2 that 

is electrochemically active and available for electrocatalysis. Therefore, the electrochemically 

active loading of MoS2 at CVD grown MoS2/anC:NG electrodes was obtained via voltammetry 

over a potential window where Mo undergoes electrooxidation. Figure 2d shows 

representative first and second voltametric cycles in 0.1 M H2SO4 at 2 mV/s of a MoS2/anC:NG 

electrode. The voltammograms show the presence of an irreversible anodic peak at ca. 0.5 V 

vs Ag/AgCl that is absent from the second cycle and has previously been attributed, as 

discussed by Bonde et al.,31 to the 11-electron process: 

MoS2 + 7 H2O →  MoO3 + SO4
2− + 1

2⁄ S2
2− + 14H+ + 11e−    (eq.1) 
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The total integrated charge associated with the peak was therefore used to obtain an estimate 

of the surface density of electrochemically active MoS2, yielding (5.2 ± 0.6)×10-9 mol/cm2 

(standard error on the mean, N = 34), equivalent to 0.8 µg/cm2. Taking into account that the 

areal density in MoS2 monolayers is 1.9×10-9 mol/cm2,46, 47 the experimentally determined 

coverage suggests that the electrochemically active specific surface area is ca. 2.5 times the 

geometric area of the electrode. Also, given the size of MoS2 crystallites observed via TEM, it 

is possible to conclude that only the molybdenum atoms located in the top-most layers of the 

crystallites are available to participate in electrochemical reactions. Finally, no anodic peaks 

were observed at ca. 0.25 V that could arise from surface MoO2;
48, 49 this indicates that residual 

MoO2 is electrochemically inactive and likely present only at the core of nanoparticles. 

 

Figure 2. (a) XPS survey spectrum for MoS2/anC:NG, high resolution spectra and best fits 

obtained for (b) Mo 3d and (c) S 2p spectra. (d) Characteristic CV of electrooxidation of MoS2 

in 0.1 M H2SO4 at 2 mV/s. 
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The performance of MoS2/anC:NG electrodes in the ECH of unsaturated organics was first 

investigated via voltammetry. Figure 3 shows linear sweep voltammograms obtained at 2 mV/s 

in 0.1 M H2SO4 is the absence and presence of 10 mM benzaldehyde (BZH); the response of 

anC:NG electrodes is also shown for comparison. In supporting electrolyte alone, the cathodic 

currents are associated with the hydrogen evolution reaction (HER); this reaction is, as 

expected, sluggish on anC:NG electrodes36, 50, 51 and requires large overpotentials albeit slightly 

lower than at a conventional GC electrode, as shown in Figure S4. On the other hand, 

MoS2/anC:NG show good activity in the HER as indicated by significant reduction of the 

overpotential needed to observe high cathodic current densities. In the presence of 

benzaldehyde, the cathodic current at MoS2/anC:NG is significantly suppressed, in agreement 

with the formation of an adsorbed organic layer that blocks HER-active sites, as previously 

reported for other electrode materials.20, 37, 52 At the bare anC:NG electrode, the HER 

suppression is less pronounced, while in the presence of benzaldehyde it is possible to observe 

a cathodic peak at ca. -0.7 V vs. RHE that is similar to the response obtained at a polished GC 

disk (Figure S4).  

 

Figure 3. Linear sweep voltammetry at a scan rate of 2 mV/s on anC:NG (grey) and 

MoS2/anC:NG (blue) in 0.1 M H2SO4 (dashed) and with added 10 mM benzaldehyde (solid). 
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Potentiostatic experiments followed by product analysis were carried out on MoS2/anC:NG 

electrodes to assess activity in the BZH hydrogenation. Figure 4a shows representative 

chronoamperograms obtained under stirring; the cathodic currents decay rapidly and stabilize 

within the first 10 min at values that progressively increase with increasing overpotential. An 

exception is the chronoamperogram obtained at -0.7 V vs. RHE which shows irregularities in 

the trace due to significant gas evolution at this applied potential. Product separation and 

quantitation at the catholyte were then used to calculate performance indicators; all reactions 

were carried out over 30 min with conversions remaining <5% so that constant reactant 

concentrations can be assumed in the reaction vessel. Figure 4b shows product rates for the 

alcohol and the dimerization product: the hydrogenation rate is low at -0.6 V but increases vs 

overpotential, with the preferred product being benzyl alcohol. The hydrogenation activity 

observed arises from the MoS2 phase, as the production rate at either GC or anC:NG is 

negligible (Figure S5) when compared to those in Figure 4b. Further, the MoS2 phase was 

found to be chemically stable under the electrolysis conditions, as shown by post-mortem 

Raman characterization (Figure S6). The production of hydrobenzoin is favoured only at 

potentials more cathodic than -0.6 V vs RHE. At -0.7 V vs RHE the production rate for the 

dimerization overtakes that of benzyl alcohol, as also evident from Figure 4c, which shows 

alcohol selectivity trends over the potential window explored. A similar decrease in alcohol 

selectivity can be observed at bare carbon surfaces at the most cathodic overpotentials tested, 

Figure S5. 

The faradaic efficiency of BZH hydrogenation, Figure 4d, was found to increase from <5% to 

ca. 12% at -0.7 V vs. RHE. These FE values are comparable to those reported by Huang et al.35 

for the hydrogenation of furfural (~11.5%) using MoS2 on carbon cloth at similar potentials 

(ca. -0.75 V vs RHE) under galvanostatic conditions. It is interesting however to note that the 

increase in FE is the result of increased alcohol production only at potentials ≥ - 0.6 V vs RHE, 



14 

 

while below this value the majority of the hydrogenation charge leads to hydrobenzoin 

production, as also indicated by the selectivity trends. The increased dimerization rates and FE, 

which go hand in hand with decreased selectivity towards benzyl alcohol, suggest potential-

dependent changes in the hydrogenation mechanism. Finally, we note that the relatively low 

values of FE observed are consistent with the high activity of MoS2 as an HER electrocatalyst; 

indeed, the mole balance for all reactions was ca. 100% (Figure S7) thus supporting that the 

balance of the total charge resulted in hydrogen evolution rather than side electrochemical 

reactions of BZH. 

To compare the performance of MoS2/an-C:NG electrocatalysts against others in the literature 

it is possible to normalize the total hydrogenation rates, in Figure 4e, to the surface loading of 

MoS2 obtained from electrooxidation, thus yielding estimates of TOF values. This approach is 

further supported by control experiments in Figure S5 that showed that contributions to the 

hydrogenation currents from carbon sites in the support are negligible and that MoS2 sites can 

be assumed to be solely responsible for the ECH activity. Figure 4f shows trends of TOF vs 

applied potential; the figure shows an expanded region at low overpotential for clarity, while 

the full range of the TOF axis is shown in Figure S8. It is evident that TOF values undergo a 

step change between -0.6 and -0.7 V vs RHE leading to a ten-fold increase that supports a 

change in reaction pathway. 
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Figure 4. Results of 30 min electrolysis experiments in 0.1 M H2SO4 with 20 mM 

benzaldehyde at 25° C with 500 rpm stirring. (a) Current response of the chrono amperometry 

at different potentials. (b)  Production rate for benzyl alcohol and hydrobenzoin on 

MoS2/anC:NG for different applied potentials. (c) selectivity towards benzyl alcohol and (d) 

faradaic efficiency for benzyl alcohol and hydrobenzoin. (e) Total reduction rate of 

benzaldehyde and (f) turn over frequency normalised for MoS2 loading; the full range of the 

production rate and the TOF is shown in Figure S8. 
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TOF determinations enable a comparison with other electrode materials in the literature 

characterized under similar conditions. Table 1 summarises selected relevant results obtained 

using benzaldehyde and Pt-group metals for the ECH; potentials are all reported vs RHE for a 

meaningful comparison to be possible. Lopez-Ruiz et al. investigated the ECH of different 

organic compounds on a range of metals,17 and reported TOF for Pd, the ‘gold’ standard of 

ECH catalysts, of ca. 500 h-1. This is comparable to the performance of MoS2/anC:NG 

heterostructured electrodes in this work, which yielded 468 h-1 and 612 h-1 

at -0.5 and -0.6 V vs. RHE, respectively. While Lopez- Ruiz et al. report higher faradaic 

efficiencies, we note that the reaction conditions differ in the electrolyte composition and in 

the use by the authors of porous M/C electrocatalysts. Nonetheless, a comparison with their 

work suggests that MoS2 could provide competitive performances relative to Pt-group metals. 

Lercher and co-workers have investigated the ECH of benzaldehyde in acetate buffer using a 

range of Pt-group metals supported on carbon and found TOFs from <500 h-1 up to ca. 4000 h-1 

depending on applied potential and metal.20, 52 While their TOF values are higher compared to 

the ones reported in this work, they were obtained at pH 5 which would suppress the HER 

compared to pH 1, as used in our work. Results in Table 1 indicate that an overpotential of ca. 

500 mV is needed to achieve comparable TOF between conventional Pd/C and MoS2/anC:NG 

while, given the same applied potential, the TOF at MoS2 is typically ~25% that observed at 

Pd/C. Given that Pd prices are ca.500-fold higher than those of Mo,53 the performance of the 

MoS2/anC:NG appears promising for applications that would benefit from low materials costs, 

such as the valorization of mixed bioresource feeds.  
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Table 1. Selected TOF values reported in literature for the ECH of benzaldehyde using Pt-

group metals, compared to those of MoS2/anC:NG in this work. All potentials are reported vs 

RHE to facilitate comparison. 

Material Substrate Electrolyte Potential TOFECH (h
-1

) Ref. 

MoS2/anC:NG Benzaldehyde 

20 mM 

0.1 M H2SO4 -0.5 VRHE 

-0.6 VRHE 

468 

612 

This 

work 

 

Pd 
 

 

 
Ru 

Benzaldehyde 
80 mM 

47.5% IPA, 47.5 
H2O, 5% AcOH 

(est. pH 2.4)a 

-0.8 VRHE ~500 
 

 

 
~200 

17 

Pd/C 

 

Rh/C 
Pt/C 

Benzaldehyde 

20 mM 

Acetate buffer pH 

5a 

-0.5 VRHE ~4000 

 

~2000 
~2000 

20 

Pd/C 

 
Rh/C 

Ru/C 

Benzaldehyde 

20 mM 

3 M Acetate buffer 

pH 5.2 

-0.1 VRHE ~500 

 
~350 

~250 

52 

a – values of potential vs RHE used for the comparison are estimated based on the pH value 

indicated in the corresponding reference. 

 

It is further interesting to discuss the significant decrease in selectivity observed in our results 

at -0.7 V vs RHE. The data in Figure 4b shows that although production rates of benzyl alcohol 

steadily increase vs cathodic overpotential, below -0.6 V vs RHE there is a sharp increase in 

electro-dimerization rates that suggests a possible change in reaction pathway/s at this 

potential. We propose that this is the result of direct reduction, which is known to compete with 

surface-catalysed hydrogenations,16, 28, 54 becoming a fast reaction below this threshold 

potential. Cantu et al. investigated the potential-dependent free energy of intermediate species 

involved in reaction pathways for the reduction of benzaldehyde, at a range of metal surfaces 

and on carbon.16 According to the authors, at more anodic potentials a concerted reaction 

mechanism is favoured, involving the equivalent of Hads addition to the organic adsorbate. For 

more cathodic overpotentials, a sequential electron-proton transfer offers instead a lower free 

energy pathway, with the potential depending on the electrode material used (Scheme S1). This 

sequential pathway can compete with surface-mediated Hads addition,28, 54 and proceeds via 
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reduction of the organic substrate at the electrode followed by protonation from solution. 

Lessard’s early work had already highlighted the difference between electrocatalytic 

hydrogenation and a reaction pathway they call electronation-protonation,55 that is available on 

most electrodes at sufficiently high overpotentials. The sequential pathway increases the rate 

of ketyl radical formation,28, 54 which we believe explains the greater rate of production for 

dimerization products at the highest overpotential tested in our experiments.  

Finally, the scope of ECH at MoS2/carbon heterostructured electrodes was expanded to 

furfural, an unsaturated organic of great interest for biomass valorization using ECH.27, 39 

Electrolysis studies were carried out using the same setup as for benzaldehyde using an 

electrolysis time of 1 h; the resulting descriptors for the ECH of furfural are shown in Figure 

5. The production rate (Figure 5a) of the alcohol increases with increased cathodic potential. 

Similarly to the results for benzaldehyde, at higher cathodic potentials the dimerization reaction 

can be observed. These production rates translate into TOF of up to 930 h-1 at -0.6 V vs. RHE 

(Figure 5b). While the selectivity and the production rate towards the alcohol product are high, 

the observed FE remain relatively low (Figure 5c). Given that the mass balance was 

comparable to that obtained using benzaldehyde (Figure S8), the low FE values are likely the 

result of competition from the HER. 
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Figure 5. Results of 60 min electrolysis experiments in 0.1 M H2SO4 with 20 mM furfural at 

25° C with 500 rpm stirring. (a) Production rate for furfuryl alcohol and hydrofuroin on 

MoS2/anC:NG for different applied potentials (b) turn over frequency normalised for MoS2 

loading. (c) faradaic efficiency for furfuryl alcohol and hydrofuroin (d) selectivity towards 

furfuryl alcohol. 

 

The resulting descriptors for the ECH of benzaldehyde and furfural are summarized in Table 2. 

It can be seen that descriptors for both organics are comparable and follow similar trends, 

indicating the same underlying reasoning for the results as for benzaldehyde. The FE and 

selectivity of the ECH of furfural on MoS2/anC:NG are in a similar range to other values 

reported in literature for other MoS2-based electrode materials. Huang et al.35 reported on the 

ECH of furfural on electrodeposited MoS2 using galvanostatic experiments; the selectivity and 

the FE values estimated based on their experimental conditions are comparable to those 

observed in this work. Notably, the planar geometry of our heterostructured electrodes enabled 
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for the first time to calculate estimates of TOF for MoS2, which are comparable or higher 

relative to those reported for the ECH of furfural at a range of precious metal electrodes, where 

also relatively low FE were reported.17, 56 The mass balance of experiments summarised in 

Figure 5 was ca. 95%, (Figure S8); this is in contrast to several reports in the furfural ECH 

literature, where problems with mass balance closure are well recognised and attributed to side 

reactions.26, 27, 39, 57 Notably, no products arising from ring hydrogenation were observed, 

despite the furan ring being more amenable to hydrogenation compared to the benzene ring of 

benzaldehyde. This indicates that the chemoselectivity of the ECH that was observed with 

benzaldehyde is also valid for the ECH of furfural at least under the electrolysis conditions 

explored in these experiments.  

 

Table 2. Comparison of performance indicators obtained from electrolysis experiments using 

benzaldehyde and furfural (20 mM organic, 0.1 M H2SO4, 500 rpm stirring at 25 °C) as the 

organic substrate of the ECH.  

 

Applied 

Potential 

(V vs. RHE) 

Benzaldehyde Furfural 

F.E. (Total) 

(%) 

-0.4 3.5 ± 2.1 3.9 ± 1.4 

-0.5 7.0 ± 3.1 5.8 ± 0.9 

-0.6 10.4 ± 3.8 6.0 ± 0.6 

Selectivity (Alcohol) 

(%) 

-0.4 100 100 

-0.5 97.9 ± 2.1 100 

-0.6 96.7 ± 3.1 94.2 ± 2.4 

Production Rate (Alcohol) 

(μmol cm-2 h-1) 

-0.4 0.3 ± 0.1 0.3 ± 0.1 

-0.5 1.0 ± 0.2 1.5 ± 0.5 

-0.6 3.1 ± 1.2 5.0 ± 1.2 

TOF 

(h-1) 

-0.4 51 ± 27 (1.2 ± 0.8)×102 

-0.5 (5 ± 3)×102 (4.8 ± 1.3) ×102 

-0.6 (6.2 ± 3.3)×102 (9 ± 3)×102 

 

Conclusion 

We report on the synthesis of MoS2 thin film nanoparticle electrodes onto graphitized 

nitrogenated carbon supports via a CVD proximity synthetic strategy. The thin film architecture 

enables quantitative characterization of the electroactive MoS2 loading while their simple 
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geometry ensures well defined mass transport. The ECH of benzaldehyde was investigated first 

via voltammetry and then using potentiostatic electrolysis experiments followed by product 

analysis. We find that under the experimental conditions explored it is possible to generate the 

alcohol product with high selectivity at modest overpotentials. At high cathodic overpotentials, 

the rate of electrodimerization to hydrobenzoin is observed to increase abruptly to the detriment 

of the alcohol faradaic efficiency. We speculate that this is due to direct reduction followed by 

protonation becoming an important competing reaction at the most cathodic overpotentials 

tested. 

The application of the heterostructures was further expanded to furfural, a bio-derived 

compound whose hydrogenation is of particular interest for applications including fuels, resins 

and plasticizers. At the investigated conditions similar results compared to the reaction with 

benzaldehyde were found. The production rates and turn over frequencies observed are 

competitive with those at conventional precious metal catalysts. The relatively low faradaic 

efficiency observed could be addressed by changing the reaction conditions, namely increasing 

the pH, to suppress the HER and potentially favour the ECH. 

Notably, we report for the first time determinations of TOF for ECH at MoS2 materials. This 

enabled a quantitative comparison and benchmarking of the performance of this HER-active 

material against other common Pt-group metal electrocatalysts. We find that MoS2/N-carbon 

offers attractive performances that can be comparable to those of selected Pt/C or Pd/C 

examples in the literature and only ca. 25% lower than some of the best performances reported 

for such precious metals. These experiments demonstrated that high selectivity towards the 

alcohol could be achieved at moderate potentials while maintaining a similar TOF as observed 

with benzaldehyde. Overall, results suggest that MoS2 could be an attractive replacement and 

possibly offer overall lower materials costs for implementation of ECH at scale. Studies using 

2-electrode flow electrolyser devices and mixed organic feeds might be therefore desirable and 



22 

 

justified to further assess the performances of these materials in applications to biomass 

valorization at scale. 

 

Supporting Information 

The Supporting Information is available free of charge at https:xxx.xxx.xxx. Additional TEM 

analysis, XRD analysis, XPS analysis, voltammetry characterization, control electrolysis 

experiments, representative chromatograms, post-mortem Raman characterization, ECH 

figures of merit and schemes of reaction pathways. 
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