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ABSTRACT

Molybdenum sulfide catalysts are considered of interest in the aim to find alternative to the Pt/C
reference catalyst for electrocatalyzed Hydrogen Evolution Reaction (HER). Known since
decades as hydrotreatment catalysts, their characterization has been widely detailed in order to
draw structure-activity relationship and to optimize their design and preparation. In this study, we
aim to draw a parallel between the catalytic activity in a model hydrodesulfuration (HDS)
reaction and the one in electrocatalysis for HER reaction in order to verify that the optimization

of the edge sites properties for HDS could also be beneficial for HER reaction.

1. INTRODUCTION

Finding a replacement for conventional fossils fuels with clean and affordable energy is a critical
concern of modern world. An essential factor for the development of transport technologies is the
need for green and sustainable energy sources with a tolerable environmental impact for the

growing world population.[1] Hydrogen is an ideal vector of high energy density in mass basis,
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since it can convert chemical energy into clean electrical energy in fuel cell devices, where the
by-product is only water.[2] Besides being a sustainable energy carrier, it has the potential of
substituting fossil fuels, and by this way decreasing carbon dioxide (CO,) emissions.[3] In this
regard, electrochemical water splitting (H.O — H;, + %2 O,) is a promising and attractive way to
store sustainable, intermittent energy resources in the form of hydrogen.[4] Electrocatalytic water
splitting could efficiently produce hydrogen directly from water, and the electrical energy that
drives the water splitting could be harvested from renewable solar power or wind power.[5] In a
water electrolyzer, the hydrogen evolution reaction (HER) takes place at the cathode and is

globally expressed as follows:
2H" +2e" > H,
The hydrogen evolution reaction is thought to involve three possible reaction steps:
Volmer step: H™ + & — Hags (eq. 1)
Heyrovsky step: H* + Hags — Hp (eq. 2)
Tafel step: 2 Haygs — H» (eq. 3)

The relationship between the overpotential and current density is shown in Equation 4 (Tafel's
equation), where 1 is the overpotential, j is the current density, a is the intercept associated to the

exchange current density jo, and b is the Tafel slope.
n=a+bxLoglj (eq. 4)

Generally, the Tafel slope is used to reveal the inherent reaction processes of HER, because it is
determined by the rate determining step ((RDS) of HER. By comparing the empiric obtained
slope for a certain catalyst with the theoretical values, it is possible to predict the main

mechanism (Volmer-Heyrovsky or VVolmer-Tafel) and determine the RDS.

The great interest of the scientific community in electrocatalysis for the hydrogen evolution
reaction (HER) is reflected in the large number of publications on the production of H,.
Nevertheless, one of the main challenges is the development of a sustainable and efficient
catalyst, which can also maintain adequate stability. Up to now, Pt nanoparticles (NPs) with a
diameter 2 < d < 5 nm supported on high-surface-area carbon are the benchmark for HER

catalytic efficiency in acidic conditions.[6] An outstanding catalyst in electrocatalysis must meet
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several standards, including low overpotential, low Tafel slope, and high exchange current
density. However, the high cost of Pt and the necessary high load for effectiveness, in addition to
its scarcity, makes it a non-scalable material for large-amount hydrogen generation. Up to now, it

has not been reported a catalyst that has shown better HER performance than Pt.[7]

Molybdenum sulfide nanoparticles, has received much attention and has become a promising
alternative for its low cost, earth abundance and HER catalytic activity and stability in acidic
conditions.[8,9] Overall, MoS; contains four different crystal structures, which are 1H, 1T, 2H,
and 3R. MoS; generally has 2H (hexagonal) structure with semiconductive properties, while 1T
(tetragonal) phase exhibits a metallic character. [10] Due to the semiconductive character of
MoS; based materials, the coupling of MoS, with a highly conductive support is essential to
improve its catalytic activity. For this purpose, carbon materials, such as porous high surface area
carbon black, are considered as a great catalytic support in electrocatalysis due to their high
conductivity and stability. Therefore, supporting transition metal disulfides (TMD) on carbon
materials could be a feasible and promising way to improve their performance.[11]

The two-dimensional (2D) molybdenum sulfide (MoS;) nanostructure (slab) has proven to be one
of the most important materials with diverse applications in hydrotreatment.[12-15] While
supported MoS, promoted by Co and/or Ni has been used for years in the hydrodesulfurization
(HDS) process to remove sulfur from crude oil feedstock, the use of promoted MoS; in the

hydrogen evolution reaction (HER) brings renewed interests in these catalyts.

Hinneman et al. reported that the low hydrogen adsorption free energy (AG°4~0.0) is a good
descriptor of materials that can catalyze hydrogen evolution and applies to a wide range of
systems.[16] HDS and HER involve similar mechanism steps where there is a key intermediate
Hags.[5] In case of HDS, the hydrogen serves multiple roles: generation of anion vacancy by
removal of sulfide, hydrogenation, and hydrogenolysis. In HER, the S atoms on the exposed
edges of MoS, based catalysts could strongly bond with the H* ions in solution, at the initial step
of the reduction process, allowing the effective reduction of H* ions to H,.[11] Therefore, it is
reasonable to consider that an HDS catalyst will be performant too as a HER electrocatalyst.

Theoretical and experimental studies have suggested that the HER activity mainly arises from the
sites located along the edges of the MoS; slab,[4] while the basal surface is mainly catalytically

inert. However, it has been documented that the basal plane can be activated by insertion of
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transition metals atoms (doping) [17,18]. Despite the good results obtained when doping in the
basal plane, the integrated atoms turn out to be scarce and their insertion appears to be less
controlled. While the integration of atoms at the edges is more conducive as well as better
documented. Recently, we found that conventional 2H MoS; sequentially doped with cobalt (Co)
then 1 wt. % of Pt showed improved HER activity[19]. This result is attributed to the favorable
modification of H bonding energy of MoS, edge active sites (since the promoting atoms are
mostly located at the edges).

Since bulk MoS; presents low catalytic activity for HER because of low edge site concentration, ,
MoS; should be in nanostructured supported form. to increase the exposed edge/basal atomic
ratio. Moreover, one proven way to increase further this ratio by decreasing the MoS; particle
size is adding a chelating agent such as citric acid (CA) [20]. Also, the addition of CA can help to
moderate the particle agglomeration and facilitate discrete growth of active sites on supports.[21]
Our group has explored intensively the effect of citric acid as a chelating agent.[20,22-25] The
use of citric acid (CA) has been well-documented as an effective method of preparing highly

HDS active CoMo catalyst.[22,24] favoring the edge Co promotion.

In this work, we aim to demonstrate that the activity ranking of MoS, catalysts is indeed similar
between HER and HDS reactions and in particular that citric acid addition during impregnation
has also a positive effect on the HER performance. Consequently, we prepared several series of

promoted and non-promoted catalysts and tested them in HDS model reaction and HER.

2. EXPERIMENTAL

2.1. Preparation of the catalysts with and without citric acid addition

Three series of mono- bi- and trimetallic (MoS,/C, Co-MoS,/C and Pt;4-CoMo0S,/C) catalysts
with different amounts of citric acid (CA) were prepared by an incipient wetness impregnation
method, following a previously reported method.[20,23,24,26] As support, carbon black (Vulcan
XC 72 Cabot Corp., specific surface area of 223 m?.g™* and pore volume of 0.41 ml.g™*) was used,
as-received. The aqueous impregnation solutions were prepared with a defined amount of
ammonium heptamolybdate tetrahydrate ((NH4)¢M0;024-4H,0, Merck). For the Co-promoted
MoS; sample, (Co (NO3),:6H20, Alfa Aesar) was used with an atomic ratio equal to Co/Co+Mo=



0.3. For the Ptyo,-CoMo0S,/C sample, tetraammine platinum (I1) nitrate (NH,4)2Pt(NO3),, Sigma-
Aldrich) was used. In the three series, citric acid (C¢HgO7-H,0, Prolabo) amount was varied in
order to obtain CA/M =0, 1 2 or 3 (M=Mo+Co+ Pt). The catalysts were named according to their
mono- bi- and trimetallic nature and according to the value of CA/M=x molar ratio given as CA=

X.

After impregnation, the catalysts were dried for 12 h at 393 K to preserve the species formed in
presence of citric acid up to the sulfidation stage (no calcination step). All catalysts samples were
prepared with a constant amount of Mo, Co, and Pt corresponding to 15 wt % Mo, 3 wt % Co and
wt 1% Pt. Later the oxide catalysts were sulfided in a glass reactor at 623 K during 2h under
H,S/H, flow (10% molar in H,S, 30 mL min ™). For HER experiments and characterization with
ex-situ sulfidation, the reactor was then cooled down under Ar and transferred in a dry glovebox

under Ar flow to avoid air contact.
2.2. Physico-chemical characterization of the series of catalysts

The X-ray powder diffraction (XRD) patterns were recorded on a XPERT-PRO diffractometer
(Cua radiation A = 1.5401 A) in the 20 range of 5-75° at a scanning rate of 1° min™, analyzing the
samples in their sulfide form. Prior to the analysis, 100 mg of sample was sulfided ex situ
(conditions above described) and subsequently placed into an adapted silicon sample holder.

Nitrogen adsorption/desorption isotherms of sulfide catalysts and support were measured at 77 K
using Micrometrics Model ASAP 2020 volumetric adsorption analyzer. The catalysts were
analyzed in their sulfide form. The catalysts were sulfided ex situ and degassed at 393 K under
vacuum for 12 h prior to analysis. Specific surface areas were determined from the BET equation.

The total pore volume was calculated from the volume adsorbed at P/P° = 0.95.

The elemental contents of Co, Mo, Pt and S in sulfide catalysts were determined by ICP-MS
method. In a glove box under Ar flow, 50.0 mg of sulfide catalyst were precisely weighed and
dissolved in hydrofluoric acid, aqua regia, boric acid, and water with a total volume of 100 ml.
Metals and sulfur amounts present in the catalysts were quantified by an inductively coupled
plasma mass spectrometry (ICP-MS) using an Agilent quadrupole ICP/MS 7900 equipped with a

1.5 mm Quartz torch and a Helium collision cell.



FTIR was used to explore the effect of CA in the formation of surface functional groups. The
carbon supported catalysts were diluted at 5% wt. with KBr FT-IR grade, >99%, from Sigma-
Aldrich. IR spectra were recorded with a Thermo Nicolet Nexus FT-IR spectrometer equipped
with an MCT detector. Prior to the analysis, the sample was evacuated until reaching a residual

pressure ~1.10 * Pa. All spectra were normalized to the mass of sample.
2.3. Electron Microscopy Observation by HR STEM-HAADF

The nanostructure and morphology of the slabs were analyzed by high resolution scanning
transmission electron microscopy (HR STEM) using a high angle annular dark field (HAADF)
detector. The microscopy images were collected using a double corrected JEOL ARM 200F cold
FEG microscope operated at 200 kV. The catalysts were observed in their sulfide form. The
sulfide catalysts were deposited on a 300-mesh copper grid with holey carbon film. The image
treatment was carried out using the commercial software GMS3 from GATAN
(DIGITALMICROGRAPH) and free Mesurim software. All of the HR STEM images presented
in this work were collected in HAADF mode. The acquisition of one image lasted about 30 s with
a resolution of 1024 pixels % 1024 pixels, (30 ps of exposure time for each spot in the scanning

mode). Length distribution was obtained by measuring at least 100 slabs per sample.

2.4. Catalytic studies
2.4.1 Thiophene hydrodesulfurization test

The thiophene hydrodesulfurization (HDS) tests were carried out within a differential glass
reactor. The procedure followed in this work has been reported in previous
publications.[23,25,27] A small amount of catalysts (25 - 50 mg) was loaded in the reactor
without diluent. Sulfidation procedure before thiophene HDS test, was performed at 623 K with a
heating rate of 3 K.min™ at atmospheric pressure for 2 h under a 30 mL.min™ flow of 10%
H,S/H,. Later, keeping the 623 K temperature, thiophene HDS test was carried out at the same
pressure conditions. Thiophene (Alfa Aesar, 99%, extra pure) was introduced into the reactor by
passing 70 mL.min™* of H, flow through a saturator kept at 291 K and mixed with a flow of 20
ml.min™ of 10%H,S/H, to keep steady state and avoid the possible reduction of the catalyst. The
partial pressures of thiophene, H, and H,S in the mixture were 8 kPa, 90.2 kPa, and 1.8 kPa,
respectively. The outflow gas of the HDS reaction was analyzed with a Varian 3900
chromatograph equipped with a Varian Factor 4 (VF-1MS) capillary column (15 m, 0.25 mm,



0.25 um) and a flame ionization (FID) detector. To maintain a differential reactor, the thiophene
conversion was controlled below 10%. The reaction rate (rs) (mol.h™.kg™) was calculated using
the following formula:

XXF

s = (1)

Mcat

Where x is the thiophene conversion (%), F is the molar flow rate of thiophene (mol.h™) and mcy

is the mass of the catalyst after sulfidation, respectively. The mass of the catalyst in reaction was

corrected by precisely weighting the catalyst after sulfidation.
2.4.2 HER (Hydrogen Evolution Reaction) Electrochemical Characterizations

Homogenous catalytic inks were prepared by mixing the catalyst powder, a Nafion® suspension
(5 wt. % in n-propanol), isopropanol, and ultrapure water (Millipore, 18.2 MQ cm at T = 293 K,
total organic compounds < 3 ppb). An aliquot of this ink was then deposited onto the working
electrode, a glassy carbon disk of 5 mm diameter. Then, the Nafion® and other solvents were
evaporated. The catalyst loading was 300 HQpowder cm™ for the electrochemical characterizations.
All electrochemical measurements were carried out using a bi-potentiostat (Autolab
PGSTAT302N) operated with NOVA 2.0 software. The totality of the glassware used in this
work was cleaned using a H,SO4/H,0, (50 % v/v) solution before use. We used a four-electrode
electrochemical cell thermostated at T = 298 K. A carbon plate and a freshly prepared home-
made reversible hydrogen electrode (RHE) were used as counter-electrode and reference
electrode, respectively. The electrochemical experiments were carried out using a rotating disk
electrode. For each sample, 10 HER cyclic voltammograms (CVs) were recorded between 0.1
and -0.3 V vs. RHE at v =10 mV. s™ in Ar-saturated 0.5 M H,SO, electrolyte at T = 298 K and at
1600 rpm. The metric used to compare the different electrocatalysts was the value of the
overpotential reported at a current density of 10 mA.cm™ (110). All electrochemical data were iR
corrected, where the solution resistances were determined by Electrochemical Impedance

Spectroscopy experiments.

3. RESULTS

3.1. Support and MoS; phase characterization



The Vulcan XC-72 support was first analyzed to confirm that the carbon structure does not
undergo crystalline alterations due to the high temperature (623 K) to which it is subjected during
sulfidation (Figure 1A). The broad diffraction peaks located at 26 values of ~26° and ~43° are
attributed to the reflections from the (002) and (101) planes of the hexagonal graphite structure of
carbon blacks. No structural change of the support after sulfidation was detected by XRD since

both spectra (Figure 1A), before and after sulfidation, appeared practically the same.

A) — As-received B)
After sulf. at 623 K

(100)
‘ (110)

MoS,/C (CA=2)

C(002) !
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| Vulcan XC-72

5 15 25 35 45 55 65 75 5 15 25 35 45 55 65 75
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0 C0,Sg PDF 98-009-3327 D
C) 98 ) (002)

(100)
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| 0
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Figure 1. XRD patterns of carbon support (A) and evidence of MoS, phase formation on (B) MoS,/C, (C) Co-MoS,/C and (D)Pt4-
CoMoS,/C prepared with and without citric acid.

X-ray diffraction (XRD) patterns of the sulfide catalysts with the limit CA concentrations
(CA/M=0 and CA/M=2) of each group are shown in (Figure 1B-D). The patterns evidenced them
as poorly crystalline materials. However, the existence of a crystalline MoS, 2H phase is revealed
by the (002), (100) and (110) diffraction peaks at 260=13.9°, 33.1°, and 58.6°, respectively, with a
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typical interlayer spacing of ~6.4 A (PDF 98-002-1880). Moreover, the broad diffraction peaks
ascribed to MoS; are indicative of the formation of nanosized particles. In both cases of the Co-
MoS,/C and Pt;5-CoMo0S,/C AC=0 catalysts (Figure 1C-D), there are two detected signals at
29.8° and 52.1° corresponding to CogSg (PDF No. 98-009-3327). CA addition provokes the
disappearance of the signal associated to Co¢Sg. It is known that chelating agents such CA,
influence the kinetics of chemical processes during the activation step and positively impact the
properties of the resulting sulfide. In this case, CA favors the dispersion and promotion
(integration of Co in the edges) of the sulfide slabs.[21] This is attributed to enhanced reducibility
of molybdenum as well as to lowered metal-support interactions.[28] No Pt associated signals
could be detected by XRD. The existence of Pt in the catalysts is later confirmed by STEM
HAADF.

The nitrogen adsorption—desorption isotherms of the Vulcan XC-72 support and of the sulfided
catalysts (CA/M=0 and CA/M=2) correspond to a type IV isotherm according to IUPAC
classification with a H1 hysteresis loop, characteristic for mesoporous materials (SI-1).[29] At
partial pressures close to unity, no saturation is observed, which provides evidence for the
presence of macropores and which is interpreted as an indication of the presence of large
aggregates of particles. Table 1 shows the corresponding surface area values obtained for the
catalysts. Overall, a decrease of the total surface is detected, which suggests a partial blockage of
the porosity. This blockage is not linked with the presence or not of CA; nor with the temperature
of sulfidation since carbon Vulcan demonstrated to keep the surface area after sulfidation at 350
°C. The formation of MoS, slabs should be responsible for some aggregation of the C particles

through weak interaction.

Elemental composition was determined by ICP-MS after the sulfidation stage of the catalysts in
order to verify the sulfidation degree of the carbon supported Co-MoS; and Ptye,-CoMoS,
catalysts (Table 2). All the catalysts presented enough sulfur to form MoS; ; i.e., the molar
concentration of sulfur present in the sample is about twice that of Mo. It is also observable that
the S/M ratio increased progressively with the citric acid content. Thus, this is an indication that

adding citric acid into the preparation favors the sulfidation of Mo.

Table 1: BET surface area of the support and sulfide catalysts

| Samples | Seer(m’g’) |




Vulcan XC 72 229
« sulfided » Vulcan XC72 241
MoS,/C (CA=0) 116
MoS,/C (CA=2) 140
Co-MoS,/C (CA=0) 100
CoMo S,/C (CA=2) 181
Pt14- CoMo0S,/C (CA=0) 90
Pt154-CoMo0S,/C (CA=2) 65
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Table 2: ICP analysis of the sulfided samples

Sulfide Catalyst Mo wt. % Cowt.% Ptwt.% Co/(Co+Mo)®  S/Mo*
Mo/C (CA=0) 16 - - - 1,7
Mo/C (CA=1) 14 - - - 2,0
Mo/C (CA=2) 14 - - - 2,4

Co-Mo0S,/C (CA=0) 15 4 - 03 17
Co-MoS,/C (CA=1) 14 4 - 0,3 1,9
Co-MoS,/C (CA=2) 14 4 - 0,3 2,2
Pt.5- CoMo0S,/C (CA=0) 15 4 1 0,3 1,9
Pt.5- CoMo0S,/C (CA=1) 15 4 1 0,3 2,1
Pt14- CoMo0S,/C (CA=2) 14 4 1 0,3 2,3

dAtomic ratio

The MoS,/C sample prepared with and without CA was analyzed by IR spectroscopy to explore
the effect of the chelating agent on the support surface (Figure 2). In both catalysts a strong band
at 1590 cm™ is observed and assigned to the v (C=C) vibrations of the sp2 rings, characteristic of
the carbon support backbone. It is also observed that for both catalysts, functional groups such as
CH, OH and -COOH groups are present. However, these groups are less abundant in the support
without CA.

— MoS,/C CA=0
—— MoS,/C CA=2
. backbone of carbon
' support v (C=C)

(]

2

8

o

é -CH aromatic

Hydroxyl  an4 aliphatic chain

v (O-H) v (C=0)

WJ\L

3500 3000 2500 2000 1500
Wavenumbers (cm)

Figure 2. IR spectra of MoS,/C catalyst prepared with and without citric acid (transmission IR with dilution in KBr).
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In order to analyze the morphology of the sulfide catalyst particles, STEM-HAADF observation
was performed on the catalysts prepared without CA Figure (A, C, E) and with CA/M ratio equal
2 (Figure (B, D, F). Figure G and H show the corresponding particle size distributions. The
addition of citric acid to the (Co) (Pt) Mo catalysts tends to decrease the size of the particles.
Comparing MoS,/C (CA = 0)/C and MoS,/C (CA = 2)/C catalysts, the addition of citric acid
leads to a decrease of the average slab length from 2.10 £ 0.12 nm to 1.40 £ 0.20 nm. As reported

previously, the three catalysts with CA/M=2 have similar average slab length around 1.40 nm
[19].

—— MoS,/C CA=0
G) :
Co-MoS,/C CA=0
50 - —— Pt;441C0-M0S,/C CA=0

Frequency (%)

4 6 8
Length (nm)

== Mo0S,/C CA=2
—o— C0-M0S,/C CA=2
—— Pt,,,C0-M0S,/C CA=2

Frequency (%)

6 8

4
Length (nm)

Figure 3. STEM-HAADF images of some particles from (A) MoS,/C (CA=0), (B) MoS,/C (CA=2), (C) Co-MoS,/C (CA=0), (D) Co-
MoS,/C (CA=2), (E) Pt;5-CoMoS, (CA=0) and (F) Pt;s,-CoMoS, (CA=2). Length frequency histograms (G) catalysts without CA and
(H) with CA = 2.
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During this acquisition and despite exposure to the electron beam, the shapes of the particles
remained unchanged, this agrees with the conductive character of carbon, meaning that the slabs
were quite stable under the electron beam. For the Pt;,-CoM0S; catalysts, the platinum atoms
seem to be only integrated within the MoS; slabs, no Pt clusters are distinguished. Note that the
Pt atoms appear with a much brighter contrast due to the higher Z value (78) compared to those
of Mo (42) and Co (27). More particularly, it is observed that the Pt atom integration occurs
mainly at the edges of the slabs, thus functioning as a promoter atom. However, some atoms can
also be found integrated inside the slab. An observed peculiarity is that as the exposure time to
the electron beam progresses, the Pt atoms located at the edge are mobile under the beam
(brightest dots indicated by arrows in Figure 4), in some cases agglomerating and in others
returning to their initial position. It is observed that those Pt atoms located in the inner part of the
slab are stable and do not change their position. This phenomenon was neither observed in the

case of peripheric Mo or Co atoms.

Figure 4. STEM-HAADF images of similar zone of the Pt;,-CoMoS,/C (AC=2) showing atomic Pt mobility during exposure to
electron beam

3.2. Hydrogen Evolution Reaction (HER) activity

The HER electrocatalytic activity of the three-catalyst series (MoS,/C, Co-MoS,/C and Ptyq-
CoMoS,/C) prepared with and without citric acid was measured by cyclic voltammetry in liquid
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acidic electrolyte. Figure 5 shows the HER electrochemical results for the three catalysts and for
different values of CA/M ratio (CA/M= 0, 1 2 or 3 and M=Mo+Co+ Pt). The comparison of the
overpotential (n10) measured at 10 mA.cm™ which is the descriptor currently used shows the
beneficial role of citric acid on the HER activity (Figure 5C). Catalysts prepared with citric acid
present a lower overpotentials (1110) than the ones with no addition of the CA. These results agree
with the higher density of exposed edge active sites on slabs with smaller length size. For the Co-
MoS,/C and Pt;¢-CoM0S,/C), an optimal value of CA/M is reported around CA = 2. Beyond this
ratio, HER activity starts to decrease. Among all, the Pt;,,-CoMoS,/C (CA= 2) exhibits the lowest
value of 0.120 V vs. RHE presenting the superior HER activity. The Tafel slope is also a good
indicator of HER Kinetic aspects. Interestingly, all the Tafel slopes are in the same order of
magnitude, between 60 and 75 mV decade™ suggesting that mechanistic steps should be similar.
In addition, the higher value of the Tafel slopes of this class of sulfide catalyst with respect to
Pt/C one confirms the slower HER Kinetics of this class of sulfide catalysts compared to Pt/C
catalyst [30,31]. For Pt/C catalyst, the Tafel step that is the recombination of two Hags leading
molecular H, is considered as the rate determining step. For our sulfide catalysts, the rate
determining step should be a combination of VVolmer-Heyrovsky step (adsorption of the first
proton followed by its reaction with a water molecule to product molecular H,) as indicated by

the higher value of the Tafel slope.
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Figure 5: HER activity measurements. A) polarization curves, B) Tafel plots and C) overpotential measured at 10 mA cm’? (110) for
MoS,/C, Co-MoS,/C, Pt;,-CoMoS,/C catalysts synthesized with different ratio of CA/M. The HER polarization curves were
performed in Ar-saturated 0.5 M H,S0,, @ = 1600 rom, v =10 mV s}, T = 298 K. The catalyst’s loading was 300 MYpoder cm?
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3.3. Hydrodesulfurization (HDS) activity

In thiophene HDS, as expected, the lowest catalytic activity was observed for the non-promoted
catalysts series, nevertheless it was observed that the addition of citric acid increased the activity
of MoS,/C, the increase being stronger with higher CA/M ratio up to the tested value of 2 (Figure
6). Similar behavior had already been reported for MoS,/Al,O3 prepared with increasing CA/M
ratio.[32] The promotion by Co does increase significantly the activity and for this series, the
effect of citric acid is even more pronounced than for the Mo series. Note however that there is a
CA/M limit since the addition of CA with a ratio of CA/M =3 leads to lower activity than with
the ratio CA/M=2. Such a limit has been previously reported for chelating agent addition effect
on HDS activity and explained by over stoichiometry as compared to the complex stoichiometry
[33,34]. For the trimetallic series, the addition of Pt further increases the activity of the catalysts

while the effect of CA is similar to the one for the CoMo series.
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Figure 6: Thiophene HDS rate on (Co)(Pt)MoS,/C: effect of the CA/M ratio. The percentage gives the increase in activity with CA
compare to the corresponding reference catalyst with no CA (CA=0)
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4. DISCUSSION: COMPARISON BETWEEN HDS AND HER ACTIVITY
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Figure 7. Parallel between HDS and HER activity

For both reactions, there is a similar activity trend on the three-catalyst series. In general, the best
catalyst in HDS is also the best catalyst in HER, and in turn, the least performing in HDS is also
the least performing in HER. Whatever the CA/M ratio, addition of Co increases the activity for
both reactions and addition of platinum strengthen the effect. With the three types of catalysts, it
is observed that the use of citric acid during the preparation increases the catalytic activity in both
types of reaction and that optimum performance is achieved with the addition of citric acid in a
CA/M =2 proportion. This positive effect of CA could be partly linked to a decrease in slab
length as revealed by STEM-HAADF for Mo and Pt;,CoMo catalysts and to the higher
sulfidation degree as revealed by ICP-MS. Finally, an excess of citric acid, that is, CA/M=3,
causes a decrease in the catalytic activity for both HDS and HER. Note however, that the activity
change from one composition to another in HDS cannot be directly converted to the activity
change in HER since the activity parameters are not the same at all (activity rate in HDS versus
overpotential at 10 mA.cm™ for HER). In particular, the extent of activity modification with
catalyst composition is not the same for both reactions. However, this similar variation of activity

with the catalyst composition and preparation mode goes well with the initial idea that similar
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edge sites are involved in both reactions. Knowledge acquired on HDS catalysts optimization can
be extended to the design of HER electrocatalysts. This is in accordance with the activity
descriptor for HDS being the M-S bond strength [35] and the one for HER being the Gibbs free
energy of H adsorption, since these descriptors can be linked to each other’s: in both reactions
adsorption of H should occur on the M-S bond. Interestingly, the low amount of Pt added is
revealed as single Pt atoms dispersed on the edge of the MoS; slab (see Figures 3E, 3F and 4).
Although some Pt atoms mobility could be observed on the edge of the slabs, previous in-situ
ICP-MS analysis of the electrolyte during HER test reveals that this mobility is not associated

with leaching of the Pt atoms. Thus, MoS, appears as a stabilizing support for single Pt atoms.

5. CONCLUSIONS

Molybdenum sulfide catalysts supported on carbon have been prepared with different citric acid
on metal ratio and with promotion by Co and/or Pt atoms. Activity in HER Reaction (HER) was
found to benefit from the addition of citric acid with an optimal proportion of chelating agent on
metal of two. Promotions by Co and Co+Pt were also beneficial to the HER activity but without
reaching the one of the reference Pt/C catalyst. Similar effects of promotion and chelating agent
addition are obtained on HDS thiophene activity. This parallel in activity modification is ascribed
to the involvement of the same edge sites as active sites and to the relevance of H adsorption
mechanism step in both reactions. Thus, the design of MoS; based HER catalyst could benefit

from its optimization for HDS reactions.
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