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1. Introduction

The effects of anthropogenic induced climate change are
beginning to be realised on both a local and global scale,
which has created a demand for the dewelopment and
implementation of new “clean” methods of energy
generation.'”” Replacing the typical combustion of fossil fuels
(FFs) with the utilisation of hydrogen fuel cells in the world’s

energy economy could dramatically decrease the production of
anthropogenic greenhouse emissions.”™” The most widely used
fuel cell is the proton exchange membrane (PEM) fuel cell
(also known as a polymer electrolyte membrane fuel cell)
which is potentially viable in a vast number of applications,
from vehicles to combined heat and power units.'™'" Their
implementation is advantageous over typical FF engines due
to their zero carbon emissions and ability to undergo long
periods of inactivity without detrimental implications on
energy output.'” The reason why they are not currently a viable
alternative to FF engines in the majority of applications is a
greater cost per unit energy.'” Resultantly, there is a need to
lower the cost of energy production associated with fuel cells.
This can be done via lowering the cost of a PEM fuel cell's
fuel, typically H,, as well as increasing the energy output per
unit of fuel utilised. It is therefore essential that research pro-
ducing alternative/cheaper electrocatalysts (in order to increase
the efficiency of PEM fuel cell energy generation) is performed.



The essental reactions which allow a fuel cell to produce a
current are the hwdrmogen oxidation reaction [HOR) and the
oxygen reduction reaction (ORE)*** The HOR ocours on the
anode and tpically has a negligible overpotential, whilst the
OER occurs at the cathode and has a large kinetic inhibition
given the strong (dijoxygen double bond resulting in a large
energy input to initiate the reaction.™" This results in the
OFR being the rate determining step in the production of
output energy from the initial H, fuel source. Taking this into
account, by reducing the overpotential at which ORE occurs at
the cathode, the process will be “more energetically favour-
able” and it is possible to make a significant increase within
fuel cell efficiency.™"™ Ideally this reaction combines O, [typi-
cally atmospheric, in the case of PEM fuel cells) with hydrogen
(H) in order to produce H O, however, the reaction mechan-
ism is dependent upon the pH of the dectmde material
and/or electmlyte used."™ The ORE has proven to be pmohle-
matic in fuel cellks due to membrane degradation and electrode
fouling which occurs when the electrode utilised reduces O,
vig a 2 electron pathway [see below) resulting in the unfavour-
ahle producton of Hy0, " "% PEM fuel cell degradation wiz
Had induced electrode fouling is the predominate factor
limiting the lifespan this FEM fuel cell, potentially limiting
the woltage output by up to 50% as a result of cathode cor-
rosion |cansing slow ORR kinetics).** The exact mechanism for
H,0y, poisoning of the cathode is unclear with direct™ and
indirect™ attack mechanisms proposed in the litemmre. The
ORE processes in alkaline and acidic media are as follows™

1.1 Acidic media
Oy +4HY + 4 — 2H, O direct (4 electron pathway)

0, +2H' +2¢° — H,0, indirect (2 elecron pathway)
Ha(l + 2HY +2¢~ — 2H: 0

12 Alkaline media

Oy + ZH20 + 42~ — 40H " direct (4 dectron pathway )

Oy + He O+ 287 — HOy™ + OHindirect (2 electron pathway)

HO. ™ + HaD+ 2e” — 30H

In order to avoid the production of HAD, it is essential that an
effective electrocatalvst is used so that a direct and more efficient
4-glectoon pathway is favourable, producing only water as the
product. Flatinum (Pt) is tvpicall implemented as an electoca-
talyst for the ORR as this reaction mechanism occurs wiz the
desimble 4 dectron pathway, which produces the faourable
product H 0. However, the use of Ft on a global industrial
scale as an electrode material within PEM fuel cells has numer-
ous reil world limitations, such as its high cost and relative
global searcity™ Clearl, finding a cheap, non-polluting and
widely available alternative to Pt to be used as a catalyst for the
O R, whilst also being capable of matching the OBRE onset
potential observed when utilising Pt is a clear research goal.

In an attempt to achieve this goal, researchers have inves-
tigated the electrocatalytic activity of various 2D materials
towards the ORR**** Recent interest has been directed
towards 20-MaS,; Table 1 presents a thorough literature over-
view of 20-Mo8, based electrocatalysts explored towards the
ORE. 21-Mo%; comprises a single layver of two monoatomic
planes of hesagonall armnged sulphur atoms linked to molvb-
denum atoms.™* The eectrochemical properties of 20-Mos,
are anisotropic in nature, with the basal plane of the 2D-MoS,
being relatively inert and the exposed edges being reported as
the active sites of electron transfer.’~** Resultantly, highly
defected sheets of 2IMaS: have a greater catalytic activity due
to the larger number of exposed edges.”” Interestingly, in its
bulk form MoS, exhibits poor electmochemical activity due to a
low ratio of erposed edge to hasal planea™** 20-MoS, has
been shown to be an effective electmocatalyst towards the ORE,
for esample Huang et al ™ utilised MoS, ultra-thin nanosheets
drop cast onto a rotating disk glassy carbon electrode and
observed a 7.E fold inerease in cwrent density and a
i 170 mV positive shift in ORR onset, exhibiting a strong 4
electron mechanism selectivity for the ORE in alkaline media.
HMote that the terminated edges of the 2D-MoS; will comprise
of both Mo and 5 atoms, each having distinet dectrocatalytic
properties in certain seenarios. In this ease, it is the electropo-
sitive charge on the Mo atoms (induced by a polrization effect
of the electronegative 5 atoms present] found at the edge
planes that are the binding sites for the electronegative O
atoms within the electrolyte, thus making them the sites
responsible for 20-glectrocatalytic reactons towards the
oRp.™

Cument litemture reports are thoroughly overvewed in
Table 1 and are sophisticated in their appmaches towards the
ORR; however, they are limited since they follow typical con-
ventons found within the litemmre when Mo%, materials are
explored as electrocatalvsts towards the ORE, those being: (1)
the use of glassy carbon (GC) almost exclusively as a suppaort-
ing electrode material, with few or no attempts made to use'
explore alternative carbon based supports. Note that the
performance of Mo% can only be tuly undemstood via im-
mobilisation using a range of supporting materials with varied
electrode kinetics |electmochemical activities); |2) within the lit-
emture, electmodes are modified with only one mass [coverage)
of a given MoS%: based material, which again makes it difficult
to extrapolate a true understanding of the electrochemical be-
haviour of 2D-MoS;; [3) the use of only KOH as an electrolyte,
which makes the msults relevant for alkaline fuel cels,
however not applicable to PEM fuel cells |with the latter using
an acidic electmlyte).™ These three conventions commonly
prctised within the literature, neglect the ability to de-convo-
lute the true electrochemical performance of 2D-MaoS,
materials whilst also making their findings non-applicable to
real world applications in FEM fuel cells.

This work breaks from academic convention [see paoints 1-3
abowve] performing diligent contmol experiments which have
been owerlooked within the current academic literature,
namely: exploring different supporting electrode substrates



Tablel Comparison of curnent lberature reporting the use of 20-Mo 5; and related catalytic materials explored towards the ORR

Electmud efsuppaorting Comparisen electrsdes 'Luadinﬂ

Cata byst: material supperting material (pgem™) Electmlyte ORR onset (¥) Ref.
Flowwer like MoS, GC 2% PLC —_ 1M EOH =14 fus. Agiag(l) a5
OO O o M8 o030 GC 2wt PUC 510 1M EOH +H1LB6 fvs. RHE) [
MaSy-rG0 GC — cu. 1524° 1M KOH HLAD fus. RHE) (2]
O-MoSe 17 GC 3% PHIC 283 L1 M KOH +#1.94 fvs. RHE) 34
AuNF/Muf: films GC 20V PHIC 50 1M EOH —{.10) fus. SCE) 67
20-Miof BOD EFPG, GC, SPE and Pt i524" 1M Hx50, .10 s, SCE This wark
20-Miof EFPG EFPG, GC, SPE and Pt 104" 1M H,50, HL 1 s SC’E{ This wark
2D-Mifs GC EFPG, GC, SPE and Pt 148" 1M H,50, HL10 s, SCE) This wark
2D-MufS, SFE EFPG, G, SPE and Pt 148" 1M H,50, H1L.10 s, SCE) This wark

Eey: — value unknosn, rie0: reduced graphe ne oxide, NF: nanoparticle, O-MoS-87: O-Maofiz which had 87 pgl of agueous hydmgen peroxide
wied in its srmthesis, BOD: boron doped diamond, EPPG: edge plane pymobtic graphite, GC: glsy carbon, SPE: sereen printed el ectrode, RHE:
reversible hydmgen electmde, SCE: satumated calomel electmde. * Homogen sows sohstion oontaining 0.3 mg of catalys per 10 pl ‘ﬂ'pltimﬂ] mass

of 2D-MufSs (ramge tested: 252 to 2533 rls,fcrn_di.

used to electrically wire 2D-MoS; and different immobilised
masses towards the ORE, all of which are reported for what we
believe to be the first time, performed in an acidic electmlyte.
The use of acidic conditions mimic those found within a
typical PEM fuel cell, providing a greater validity to real world
PEM fuel cell applications.™

2. Experimental section

All chemicals used were of analytical grade and used as
received from Sigma-Aldrich without any further purification.
All solutions were prepared with deionised water of resistivity
not less than 1.2 ML cm. The sulfurc acid solutions utilised
are of the highest possible grade availible from Sigma-aldrich
(92999%, double distilled for trace metal analysis). The sulfu-
ric acid (0.1 M) solution used to explore the HER was vigor-
ously degassed prior to electrochemical measurements with
high purity, cxygen free nitrogen. All ORR measurements were
performed in 0.1 M sulffuric acid that was oxmgenated and
subject to rigormus bubbling of 100% medical grade cxvgen for
one hour, resulting in a 0.9 mM concentration of oxygen,
assuming this to be a completely saturated solution at room
tempemmre which iz common practice in the litemmre >
Where OEE onset potentials are denoted within the manu-
seript, note that this is defined as the potential at which the
current initially deviates from the background current v a
value of 25 pa cm™, thus signifying the commencement of the
famdaic current associated with the OEE redox reaction.
Hectrochemical measurements were performed using an
Ivium Compactstat™ [Netherlands] potentiostat. Measure-
ments were carried out using a typical three electrode system
with a Pt wire counter electrode and a satueted calomel elec-
tmode (SCE] as the reference electrode. The working electrodes
used were as follows: an edge plane pyrolytic graphite [EFPG)
(Le Carbone, Ltd Sussex, UK) electrode, which was machined
into a 4.9 mm diameter, with the dise face parallel with the
edge plane as required from a slab of highly ordered pymolytic
graphite [HOPG), a glassy carbon (GC) electrode (3 mm dia-

meter, BAS, USAL a boron-doped diamond (BDD) electode
{3 mm diameter, BAS, USA}; a Pt electrode (3 mm diameter,
BAS, USA); and screen-printed graphite electrodes (SPEs), which
have a 3 mm diameter working eectrode. The SFEs were fabri-
cated in‘house with an appropriate stencil using a DEK 248
screen-printing machine [DEK, Wevmouth, UK)."" These eec-
trodes have been used extensively in previous smudies’™" "
For their fabrication, first, a carbon-graphite ink formulation
(product code C2000802P2; Gwent Hectmonic Materials Lid,
UK] was screenprinted onto a polyester [Autostat, 250 pm
thickness | flexible film [denoted throughout as standard-SPE};
this layer was cured in a fan oven at &0 °C for 30 minutes.
Mewt, a silver/silver chloride reference electmde was included
by screen-printing Ag/AgCl paste (product code C2O4030BED2;
CGwent Electronic Materials Ltd, UK) onto the polvester sub-
strates and a second curing step was undertaken where the
electrodes were heated at &0 °C for 30 minutes. Finally, a
dielectric paste [product code D207042305; Gwent Electmnic
Materials Ltd, UK) was then printed onto the polvester sub-
strate to cover the connections. After a final curng at 60 =C for
30 minutes these SPEs are ready to be used. These SPEs have
been reported previously and shown to exhibit a hetem-
geneous electron transfer (HET) rate constant, ¥, of oo 107
em g%, a5 measured using the [RulNH,)LP" redox
probe.***=** For the purpose of this work, electrochemical
experiments were performed using the working electrode af
the SPEs (only) and extemal reference and counter electrodes
were implemented as detailed earlier to allow a direct compari-
son between all the utilised electrodes as well as with aca-
demic literature.

The 2D-MoS; was commerciall procured from ‘Graphene
Supermarket' [Reading, MA, USAL™ The 2I-MaoS: nancsheets
have a reported purity of »99% and are dispersed in ethanol at
a concentration of 18 mg L™ Our previous work has
implemented extinction spectmscopy [ESI Fig. 11) to deter-
mine the lateral length and number of 2I-Mao8, nanosheets in
our commercially sourced sample which are found to corres-
pond to 61.5 nm and an average of 3 (2.5Y) monolayers per
nannsheet, respectively.*** The modification of each electnde



was carfed out using a dmop casting approach, where an
aliquot of the 20-MoS; suspension was deposited onto the
desired supporting eectmde surface using a micmpipete. ™
This deposition was allowed to dry for 5 minutes (at 35 °C) to
ensure complete ethanol evaporation. Finally, the electrode
was allowed to cool to ambient temperature, after which the
process was repeated until the desired mass was deposited
onto the surface, at which point the electrode was ready to be
used.

Where specific masses of modification are donated within
the paper (ie ng em™), note that this value represents the
quantity/mass of 2[-MaS,; that will be present over the aver-
aged area specified and this does not stipulate that an even
spread/distibution of monolayer 20-MaoS, is present. Rather,
the reader should be aware that in reality it is likely that there
are areas of multilaver, bilayer and indeed monolayer 2I-MoS,
randomly distributed acmss the electmde surface."” Interested
readers are directed to ESI Fig. 2,1 which shows how different
masses of 20Mo%, distribute across the surface of a SPE.
Essentially, the values reported represent the mass of 2D-Mos,
depasited respective to the area of the electrode utilised.

An Agilent B4531 IW-visible Spectroscopy System (equipped
with a tungsten lamp assembly, G13154, E453 for absorption
between 250 nm and 1500 nm and a deuterium lamp, 2140-
0605 for absorption between 200 nm and 400 nm) was used to
obtain the absorption spectroscopy. The absorption spectrum
was analysed using Uv-Visible ChemStation software. Scan-
ning eectron microscope (SEM) images and surface element
analysis were obtained using a JEOL JSM-5600LY model SEM
equipped with an energy-dispersive X-ray microanalysis | EDS)
package. Tmnsmission electron micmscopy [TEM) images
were obtained using a 200 kV primary beam under convention-
al bright-field conditions. The 2I-hBN sample was dispersed
onto a holey-carbon film supported on a 300 mesh Cu TEM
grid. Raman Spectroscopy was performed using a ‘Eenishaw
InVia' spectrometer equipped with a confocal microscope
[x50 objective] and an argon hser [514.3 nm excitation].
Measurements were performed at a very low laser power level
(0B mW] to avoid any heating effects. X-ray diffmction [XEID)
was performed using an “X'pert powder PANalytical model”
with a copper source of K, radiation [of 1.54 A) and K, mdi-
ation [of 1.3% ij, using a thin sheet of nickel with an abso-
rption edge of 1.4% A to absorb Ka mdiation. The omega was
set to 1.00 and the 28 range was set between 10 and 100 28 in
correspondence with literature** Additdonally, to ensure well
defined peaks, an exposure of 100 seconds per 28 step was
implemented for all the above analysis. 2I3-Mo8, was utilised
after deposition onto a sterilised glass slide |coated with
excess 20-MoS; in ethanol then allowed to dry) or a silicon
wafer where appropriate. The X-ray photoelectron spectroscopy
[XPS5) data was acquired using a bespoke ultra-high vacuoum
system fitted with a Specs GmbH Focus 500 monochromated
Al K X-ray source, Specs GmbH Phoibos 150 mm mean radius
hemispherical analyser with %-channeltron detection, and a
Specs GmbH FG20 charge neutralising electron gun.® Survey
spectra were acquired over the binding energy mnge 1100-0 eV

using a pass energy of 30 eV and high resolution scans were
made over the C 1s and O 1s lines using a pass energy of
20 V. Under these conditions the full width at half maximum
of the Ag 3d,, reference line is o 0.7 €V. In each case, the
analysis was an ares-average over a region approximately
1.4 mm in diameter on the sample surface, using the 7 mm
diameter aperture and lens magnification of =5. The energy
seale of the instrument is calibrated according to 150 15472,
and the intensity scale is calibrated using an in-house method
traceable to the UK Mational Physical Laboratory.™ Data were
quantified using Scofield cross sections corrected for the
energy dependencies of the electron attenuation lengths and
the instrument transmission.” Data interpretation was carried
out using CasaXps software v2 3.16.%%

3. Results and discussion
Characterisation of the commerdally obtained ZI3-Mos,
Extensive physiochemical chamcterisation of the 2[-MoS, has
heen previously conducted and reported,’ incliding: Baman
spectmscopy, EDS, SEM, TEM, UV-Vis spectroscopy, XRD and
XPS. Full characterisation is presented in the ESIT and is sum-
marised below for convenience. Despite some aggregation,
which is the case for all 2I) materiak, upon cose inspection a
lateral grain size of ca. 10400 nm is evident. UV-vis [ESI
Fig. 1t) indicates that the lateral length and stacking number
of the 2D-Mo%; corresponds to 61.5 nm and 3 [2.89) respec-
tively when dispersed in ethanol pre-deposition onto the
surface of the electrode supporting material utilised. SEM and
TEM images of the commercially sourced 20-Mo%, are shown
in ESI Fig. 3 and 4.1 EDS (ESI Fig. 31) and XPS [ESI Fig. 5 and
&1) confimm the presence of Mo and § at the expected ratios
[0.55 Mo at% to 1.35 § and Mo to 5 at% concentrations at a
1:2.2 ratio respectively] thus indicating the presence aof
2D-MaoS,. This was supported by XRD analysis [ESI Fig. 71),
which shows a diffraction peak for 20-MoS, with a 28 corres-
ponding to 14,225 Last, Raman spectroscopy (ESI Fig. B
and %t) indicates that the sepamtion between the Ay and E'yy
vibrational hands give a consistent value of 247 cm™", which
corresponds with literature to bulk Mo%,.™ This implies that
upon deposidon of the 2D-Mao#, utilised herein onto the sup-
porting electrode materals, the structural model is likely that
of re-assembly, with few-layer nanosheets forming as bulk.
Thus the 20-MoS; utilised in this work has been fully
chamcterised and revealed as high quality, few layer sheets of
Ma%,, which are net implemented towards the ORE.

31

3.2 Catalvtic actvity of 2I-MoS, towards the ORE at an
assigned coverage

Previous work focused on using 20-MoS, as an electrocatalyst
for the HER and showed 2DMo%, o be electmactive when
immaobilised on carbon hased electrode substrates.” It was
therefore essential to benchmark the electrochemical activity
of the 20-Mao%, when electrically wired using BDD, EFPG, GG
and SPEs and explored in degassed 0.1 M H,50,. This was to



ensure that no eectmactivity was observed in the region of a
lingar sweep woltammogram (L5V) where the ORE is expected
to oceur, as this would convolute the interpretaton of the
OEE, the results of which can be observed in ESI Fig. 1001

Fig. 1|A) shows LSVs for EFPG, GO and SPEs in a 01 M
Hz%0y solution which was oovgenated for 1 howr giving a
05 mM concentmton of cygen.™™ Through inspection of
these figures, a clear peak is observed for the ORE. An onset
potential of oo —0.22, —030 and —0.3% and an oxygen
reduction peak maxima at cz -051, —0.E5 and —1L.00 V is
observed for EPPG, GC and SPE respectively. All of which are
significantly more electronegative than that of the Pt's ORR
peak and onset potential of H1.46 and +H0L13 V respectively. The
lack of an observable cxygen reduction peak for the BDID elec-
trode (whilst using an acidic electmbite] corresponds with pre-
vipus litermmre™ Yano e el suggest that for the ORR to he
initiated at a BDD dectode it must first undergo a pre-treat-
ment step at +14 V vs [AglagCl)™ This pre-teatment step
serves to oxidise the sp® hybridised carbon species, the likely
location for the sp* species being the gmin boundaries of the
ap' diamond souetre™ The oxidised sp® species sub-
sequently mediate the ORE.

Fig. 1(B) shows LSV's of BDD, EFPG, GC, SPE and Pt (all of
which had been modified with 1524 ng em™ of 2D-Mos,).
Inspection of this figure reveals that there is a significant posi-
tive shift in the ORRE onset to cq. +0.1 V for all of the carbon
electmdes utilised There is a corresponding decrease in the
observed oxygen reduction peak potentials by ca 025, 039
and 0.E2 ¥V for EPPG, GO and SPEs respectively compared to
their bare/unmodified counterparts. For the case of the BDI,
this is now able to reduce oxygen at —0.2% ¥, which is compar-

able with the three other carbon based electmdes utillised. The
SPEs exhibit the least electronegative ORE peak potential of
—0.16 V. Clearly, the immobilisation of 2D-Mo%, onto the
chosen carbon based electrodes significantly reduces the
overpotential for the OER to occur when compared against
the harefunmaodified electrodes. Thus, there has heen a
reduction in the reaction’s activation energy to a potental that
ia closer to the value obtained at the unmaodified Pt dectmde
[ca. HL46 V). The above data implies that 2D-MoS%, is an
effective electrocatalyst for the ODRE when electrically wired
with various carbon based electrodes.

3.3  Electrocatalytic activity of 2D-MoX, towards the ORR at
differing coverages

Previpus work utilising 2D-Mo8, as an electmceatalyst for the
HER revealed that there is an optimal immobilised mass,
where the structure of said materal has the highest ratio of
active edge plnes to comparatively inert basal planes.” we
therefore investigate the effect of altering the immaobilised
mass of 20-Maof%, onto the carbon hased electrodes towards
the ORE. Fig. 2 shows the peak positions of the ORR (black
cirles) using LSV (25 mv™" &' us. SCE) in 0.1 M Ha%0, for
EDD, EPPG, GO and SPEs following modificaton with 0, 2532,
504, 762, 1009, 1267, 1524, 1771, 2009, 2261 and 2533 ng cm—™
of 2I-MaS,. It is evident from inspection of Fig. 2 that there is
a wend of a decreasing OEE reduction peak position associ-
ated with an increase in the mass of 20-MoS: immobilised
anto each of the dectmde surfaces utilised. The EPFPGs, GOs
and 5PEs modified with 256 and 504 ng em™ of 2D-MaoS,
experienced a dramatic decrease in the ORR peak potential
from ca —0.46, —0.59 and —0.85 V for the bare/unmodified to

1B
— SPE
] BDD
e —"
E
ET
i
g 004
3
B
R
T4 A2 A0 08 OF 04 02 00 02 04 06
Potential [V}

04 e
-1010 — 0
— SPE
) BOD
_ — Pt
o
E !3{"]'
3
£ 4001
3
-5+
Rty
"m T ¥ ) 13 | T T T T
44 42 40 08 086 04 02 00 02 04 08
Potential (V)

Fig. 1 (A)LSvs of bare funmodfied EPPG, GC, 5PE, BD D and Pt electrodes showing sgnals cormesponding to the ORR. [B] L5Vs reconded wing 1524
gl em ™ 2D-MaoS; modified EPPG, GC, SPE, BDD and Pt dactrodes showing the position of ORR paaks. In ol cases; scan rake: 25 miv " 57 [ve SCE]

and a sobution composition of 0.1 M Hz50y which is cxpgen saturated.
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Fig. 2 ORR peak positions jblack cird es, left ¥ axis) Bken from LSV, the ORR onset potentisl {bhue trianghes, keft ¥ axis) and the number of alec trons
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ca —0.23, —0.25 and —0.32V for the modified (with 504 ng cm™
2D-Mos,) electrodes respectively. Subsequent increases in the
mass of 2[3-Mo%, immaobilisation resulted in minor reductions
of the ORR peak position, which was incrementally reduced to
—0.16, —0.15 and —0.2 ¥V by 2533 ng em ™ of 20-MaS, for the
EPPG, GO and SPE respectively. Interestingly, no ORE peak
was ohservable for modifications less than 1009 ng em™ on
the BEDD electmde, whilst a BDD modified with 1009 ng em™
of 2[-Mo%, had a ORE peak potental of ca —0.37 V. As with
the other carbon based electrodes, the ORR peak potential was
incrementally reduced to —0.23 V by 2533 ng em ™ of 213Mo%,
modification on B,

With respect to the OHRR onset, Fig. 2 (blue trangles)
implies that for the barefunmaodified electrodes, the SPE has
the most electronegative ORR onset potenmtial at —0.54 V,
closely followed by GC at —0.4 V. EPPG has the least negative
thus the most favourable ORR onset potential at —0.1 ¥V whilst
(as mentioned previously) the ORR does not occur at a bare/-
unmadified BOD. EPPG, GC and SPE dectmdes all have a posi-
tive shift in their OHR potental with increased mass
deposition of 2D-MoS, untl at 1009 ng em ™, where the ORR
onset potential is H0.1 Vin all cases: after which the onset poten-
tial remains unchanged until the final mass of modification of
2533 ng cm™ This demonstrates that after 2D-Mo8, has been



electrically wired viz immaobilisation onto a carbon based elec-
trode, the kinetics of the supporting dectrode itself has litte
effect upon the ORKE onset potential, particulady after complete
coverage of the surface at 1009 ng co™. This work suggests that
the ORE onset potential is solely determined wiz the mass of
2D-MoS; deposited until complete coverage, thus the response of
+0.1V which is likely that solely of 2D-MaS,.

It is apparent from the above discussion (and inspection of
Fig. 2] that the observed increase in the catalytic performance
of a given modified electrode material (which corresponds to
the addition of 20-MoX%,) begins to plateaw, after which further
additons of our target material result in increasingly smaller
improvements to the electrochemical performance. This ‘erit-
cal mass' of modification is likely due to either achieving com-
plete coverage of the given underlying electrode material or
that the struoctural model of the 2D-MoS, immobilised upon
the electrode/support surface is that of reassembly, wherehy
few layer MaoS, alters to a bulk morphology. Forming bulk
Mo%, would result in the exposure of less edge planes in pro-
portion to basal planes and consequently mitigate the ben-
eficial electrochemical propemies of single, few- gquasi-
2D+-Mo5; nanosheets. Alternatively, this phteau could signify
the mass [a critical mass of ca. 504 ngem™ of 20-MoS; for the
OKR peak potential and 100% ng em™ for the ORE onset
potential)’ at which the structure of MoS, can no knger strue-
turally suppaort itself upon the electrode surface [becoming
unstahle due to the guantity/mass present] and delaminates
thereby eliminating the catalytic benefits of additonal
2-Mao%, immaobilisation, which does not adhere to the electro-
de's surface throughout the course of the experiment. Similar
observations hawe been rmeported for the case of
graphene. "% This iz likely not the case here however as we
do not see a reduction in the performance of the modified
electmdes. Trying to visually assess the extent of 2 -MoS, cov-
erage on the surface of an SPE and any subsequent possible
SEM analysis was found to be inconclusive as the 2I-MoS,
proved to be indistinguishable from the SPE surface.

The intra-repeatability of the modified and bare/unmodified
SPEs was tested (N = 3) and can be observed in Fig. 2(D]. The %
Helative Standard Deviation (% ESD) in the OEE peak position
was found to diminish with a greater mass of 2 -MaofS, immobi-
lised onto the SPE's surface. The % RSD decrease with greater
madifications of 2D-Mos; confirms that the observed plateaning
is not due to the delamination of the 20-Mo% from the electro-
de's surface, as this would lkely result in increasing % RSDs
with increased mass of modificatdon. The observed plateauing
effect is therefore likely a result of the 2I-Mo%, reassembling to
a stable bulk structure and in doing so eposing less reactive
edge plhnes (or this guantity remaining eonstant).

The coverage effect eported above is interesting, as such we
nest consider whether the esponses observed are strictl due
to the electronic properties of the 2I-MoS3, [and are solely
diffusional in nature) or if thin-lyer effects are present and
complicating the interpretation. The diffusion layer thickness,

AE
&, can be estimated using §= HF'EEDU_ where [ is the diffu-

sional coefficient (2.0 = 107" em® 57", AE is the potential
width and v is scan mte.™ At a scan mte of 25 mv™" 27" the
diffusion lbyer thickness is ~44 micmwons, which is significantly
larger than that of the 2D-MaS, surface roughness. additdon-
ally, scan mte smdies were performed on the full range of
herein utlised 21-Mo%; modified electrodes, where the wol-
tammetric peak height (/) was monitored as a function of
scan mate [v), with a plot of peak height versus square-root of
the scan mte revealing clear linear trends and resultantl indi-
cating diffusional processes. Furthermaore, as is expected for the
case of the semi-nfinite diffusion model as governed by the
Bandles-Sevéik equation, analysis of log I, versus log v revealed
gradients of no greater than ca. (.52 in all cases, indicating the
absence of thin-lyer effects (such that the analyte is not
trapped within the mesh/framework of the modified dectrode)
and representing a response that is purely diffusional in each
case.'”™" Owerall, based on the above dat, the volammetry is
not dominated by the 20-MoS; laver and rather semi-infinite
diffusion is in opemtion.

The “ecritical mass® of 20-Mo%, describes the mass of
2-Mof, immaobilisation on a carbon based electrode’'s surface
where optimal catalytic activity is observed and after which the
catalytic benefits plateau or diminish with additonal masses
of 2[-MoS, immobilisation. The findings presented herein are
strongl supported by the results of a previous smudy which
observed a similar corelaton between the mass of 2D-Mao8,
immaobilised onto a carbon electmde substrate and its catalytic
activity towards the HER. In this study the critical mass was
observed to be co. 1267 ng em™ on SPEs, at which point the
HER onset was lowered by 0.29 V. The combinaton of the
results presented herein and those of the aforementioned HER
study confirms that the electrcatalytic activity of 20-Mas, is
mass and thergfore structure dependent. Future studies
reported in literature involing 2D-Mo%, based materials
should endeavour to vary the mass utilised in order to decon-
volute its optimum electrocatalytic activity. It also proves that
2[-MoS; s a promising catalyst that could be utilised to
increase the efficiency and energy output of hydmgen fuel
cells, thereby making them a more viable alternative o FF
combustion as a method of energy generation.

3.4 Tafd assessment of the reaction pathway mechanism

It iz evident from above that immobilisation of 2[-Mof%: onto
a carbon based dectmde substrate reduces the ORE anset and
peak potential. Next, considemtion was given to the question
of whether 2I-Mao%,, once immaobilised onto the carbon based
electrodes, demonstrated preferental selectivity for the OER to
occur vig the desimble 4 electron pathway [ producing Ha0) or
the 2 elecoon pathway |producing HyO:, which is derimental
to PEM fuel cells).’® Tafel analysis is a common approach
emploved within the literature to deduce the number of eec-
trons involved in the ORE electrochemical mechanism. ™
Initially, a plot of Injf) vs. E, (V) was considered for each of
the four carbon based electrodes (see ESI Table 3 and Fig. 117)
and for each mass of 2D-MoS, modification. This was per-
formed viz analysis of the wltammograms depicting the ORE



{which were utilised to produce Fig. 2) and using the following

equation:= 2107 _ % The slope of the Inf) s. E, (V) plot

mentioned ahove corresponds to S1n (6E,, where @ ia the elec-
tron tmnsfer coefficient, F is the Faraday constant, ®' is the
number of electrons transferred in the rate determining step,
& is the gas constant and T is the temperatre of the soluton
temperature in kelvin. Literature has previously suggested that
the rate determining step involving the transfer of the first
electron is electrochemically imeversible resulting in »° being
1, with an’ values for $PEs across all masses of modification
were deduced. Using these vales, the number of electrons
involved in the OBR reaction mechanism, n, was deduced
using the an' calculated from the Tafel equation (see above)
and the Randles-S%evtk eguaton for an irreversible eecm-
chemical process, seen helow:™

102 12

™ = + 0496 jan')" " nFAC (Fiv BT
where  is concentration,** which is assumed for the oxygen
satumated solution (0.% mM), a literature diffusion coefficient
value of 2.0 = 107 em® 57° [ref. 22, 63) is assumed " and A
is the area of the electrode. Fig. 2 shows the number of elec-
trons (k) involved in the reaction mechanism for the carbon
based decimdes for 0, 252, 504, 762, 1009, 1267, 1524, 1771,
201E, 2261 and 2533 ng em™ of 20-MaoS, immohilisation.
EFPG and GC have similar wends involving 2.23 and 2.21,
respectively, for n involved in their OER mechanism on a bare/-
unmodified eectrode, followed by a slight increase to a
maximum salue of 2.63 at 762 ng cm™ for EFPG and 251 at
1004 ng em ™ for GC. A gradual decrease is then ohserved with
greater masses of immobilisation until EPPG has a 2 eectron
process at 2533 ngem ™ and GO has a 1.56 electron process at
1533 ng em™ BOD emains relatively stable in the OBRR reac-
tion mechanism between 2 to 2.5 r involved for a range of
modifications between 100% to 2533 ng ™. There appears to
be a slight decrease with greater masses of 2D-MaoS,; immaobil-
isation, however it is of littde significance. The results above
show that for bare/unmodified and 20-MaoS, wired BDD, EFPG
and GC the n involved never exceeds r = 3 which suggest that
Hy(y, is the major prmduct of the reaction occurring rather
than the desired H 0. It can therefore be assumed that whilst
2D-MoS; lowers the ORE onset and peak potential for BDD,
EFFG and GO electrodes, it has a minor effect upon the reac-
tion mechanism taking place.

Mote, of the carbon based electrodes utilised within this
stdy, GC had the lowest number of eectrons involved in its
OER reaction mechanism, this raises the question of why it is
the sommonly used dectrode within the literature as it is
cleady the least effective at enabling the desirable 4 electron
ORE mechanism. Future studies should use a mnge of bare/
unmadified carbon based electrodes, which exhibit different
HET kinetics resulting in unigque interactions between the sup-
porting carbon based electrode and any deposited material,
breaking from the convention of solely using GC; this will help
establish the true electrocatalytic activity of a given material.

5PEs show the highest initial r involved in the ORR reaction
mechanism at 2.67 for a bare/unmodified electrode (this
corresponds to the literature).* From 256 to 1009 ng cm™ of
2AD-Mo%, immobilised on a SPE's surface there is an increase
in the n inwlwed in the OKRE mechanism to 3196,
Greater than 1009 ng cm™ masses of 20-MoS: modification
result in a decrease in the r inwolved until r is 2.64 at 2533
ng cm™. Unlike BDD, EPPG and GO electmdes, it is clear that
2D-MoS,, once deposited onto a SPE, not only results in a sig-
nificant decrease in the OEE onset and peak position but also
in a beneficial change in the ORE mraction mechanism from
ca 2to a4 dectron process. Indicating that the major product
of the ORR is the desired H,O and not the detrimental H, Oy,
The reason for 20-MoS, altering the n involved for SPE and
not for BDD, EPPG and GC is likely due to the SPEs having
“rougher” surfaces, resuking in the 2D-MaoS, (once deposited)
exhibiting structural/electronic orientations not capable on the
“smoother” surface of BDD, EPPG and G

A comparison was made between the surface topography of
BDD, EPPG, GO and SPE using white light profilometry (a
Ze(iage 1D Optical Surface Profiler, pmduced by Zvpo, was ut-
lised for this). The surface of a SPE was observed to be signifi-
cantly rougher, with a root mean squared value of the heights
over the whole surface [S0)) of 19049 nm, than that of BDD,
EFPG and GO which had values of 7.5, 26,1 and 159 nm respect-
ively (see ESI Fig. 121). Next, it was necessary to determine
whether the 5PEs greater moughness resulted in a greater
exposure of 2D-MaS;. ‘This was determined viz an evaluation of
the roughness factors (£,), for BDD, EFPG, GO and SPE modified
with 0, 256, 1009 and 2018 ng em™ of 20-MoS,. In onder to
deduce &, values which are representative of the true electo-
chemical area of an eectrode, a double layer capacitance tech-
nigque can be emploved (the methodology of which can be seen
in ESH section 1.1 * Roughness factor calculations™). ESI Table 2F
clearly shows that 5PEs have significanty larger ¥, values at
every mass of 2I-MoS, modification; for example at 2[-Mo5,
2018 ng cm the By for SPE is 37 whereas the By value for
BDD, EPPG and GC s 13.5 2 and 6.4 respectively. Given the
topographic mughness and the Ky values determined above we
suggest that the comelation between an underling substrate’s
roughness and the ability of immobilised 20-Maos, to dectrocata-
lyse the ORE viz a 4 electron process is likelya result of the strue-
tural/dectonic orientations which ocour for 20-MaoS, when it is
immobilised on a rough surface. This is further supported by ESI
Fig. 13 and 141 ESI Fig. 131 shows SEM images of; [A) the
surface of a typical SPE and (B the surface of an SPE which has
been polished. ESI Fig. 13(BJf can visuall be seen to be
smoother than that of ESI Fig. 13A)LT™"" E51 Fig. 141 shows
that an SPE following being polished has a sgmificantly smaller
50) value of 593 nm compared to that of 1905 nm for an un-
polished SPE, indicating post polishing, the SPE's surface is con-
siderably smoother. ES Fig 14(B) and (D}t show that the surface
of an SPE becomes smoother post 10049 ng em ™ of 2I-MoS,
immaobilisation. When 1009 ng cm of 2I-Mo% i deposited
upon the polished SPE's surface the &, value obtained is 135
|see EAl Table 21)and allowed the OEE to occur wiza 3.4 electon



pathway; both of which are significantly less than that of the
unpolished (rougher) altermative. We infer that the increased
catalytic behavioums, observed for a wugher surface electrode are
due to the unique structuralelectronic orientations which are
formed once 20-MaoS%, is immobilised onto an SPE. Resulting in
an exposure of lrger numbers of active edge plane sites/edge
planelike defects than their BDD, EFPG and GO counterparts,
therely, offering a greater catalytic prospective. Future studies
should consider which supporting material they employ as the
results observed above show that this has a significant effect
upon the deposited material's storucture and electron tansfer
kinetics.

Whilst other studies have managed to produce a 4 electron
pathway using alkaline conditions, (such as Suresh et al™) we
believe, given that all previous studies utilising MaoS, materials
towards the ORE are shown in Table 1, that this report is the
first to observe the ORR occur viz the 4 electmon pathway [thus
preducing Ho0 rather than Hz0;) in acidic conditions using
an 20-Mo&, based electrocatalytic material on a carbon based
substmte [SPEs ). Clearly, these results are of significant impaor-
tance as it is acidic condidons found within a PEM fud cell,
thusly making the results of this study highly applicable to
real world industry.

This work clearly indicates that there is an optimal/critical
mass, which we determine to be ca. 1009 ng em for SPEs,
whereby there is the largest average n (4) involved in the DRR
reaction mechanism as well as a significant improvement in
the ORE onset and peak potential. Subsequent studies within
the literature which use 2IMo%, should consider using a
range of differing loadings/modifications in order to deconvo-
lute the tme/optimal electocatalytic performance of a given
electmcatalyst. The findings of this smdy have clear impli-
cations that are applicable when using any 21y material

4. Conclusions

This sudy sought to break from the conventions found within
the literature when 2[-MoS; materiak are explored towards
the ORE; of soldy using GC as a supporting electrode, using
only one mass of the electrocatalytic material to modify the
supporting electrode and using KOH as the electrolyte.

Our investigations implemented a range of diligent control
experiments. Rather than solely using GC as a supporting elec-
trode we emploved BDD, EPPG, GO and SFEs. The ORE onset
was reduced to oz H0L1 W for EPFPG, GO and SPEs at a 2D-Mo%,
1524 ng em™ madification, which is far closer to Ptat +046 ¥
compared to the bare/unmodified EPPG, GC and SPE counter-
parts. BDI} was observed to have an ORRE onset potential of
—0.03 WV at 20-Mos, 1524 ng em™ modification. Using a range
of 2-MaoS, modification masses (rather than one set mass)
allowed us to observe that a critical/optimal mass of 2D-MoS,
existed (in this case co 1009 ng em®). At this critical mass,
there is optimal catalytic activity, after which the cataltie
benefits plateau with additdonal masses of 2D-Mo%, immobil-
isation. This is likely a result of the soructure of 20-Mao&, at the

crtical mass exposing the largest ratio of eectmactive edge
planes, after which the structure is that of bulk MaoS;. 0.1 M
H, %0, was utilised as an electmlyte for all the experiments
described herein, unlike previous studies which used KOH.
Performing the experiments in an acidic electmlyte resembles
the conditions that FEM fuel cells operate, making the obser-
vations presented herein highly applicable to industry.

SPEs were the only carbon based electrode found to allow
the OERE to occur wa the desimble 4 electron pathway | produ-
cing H,O mther than Hy0,) at 2D-Mo8, (c2 1009 ng em?). This
is likely as a result of the structurally mugher SPE surfaces
allowing for unique 20-Mo%; structural/eectronic orien-
tations, where larger numbers of active edge planes are
exposed, which are not possible on the “smoother” BDI,
EPPG and GC electrodes. Whilst other reports have managed
to produce a 4 electron process, we believe that this report is
the first to observe the ORE to occur vig 4 4 elecoron process in
acidic conditions using a 2D-Mo%; based electrocatalyst
material on a carbon based substrate. There is no reason why
the findings of this study would not be applicable to other 2D
materials, this opens up new avenues of research where the
surface roughness of a supporting electrode could be altered,
allowing 20 materials to exhibit unique and unreported strue-
tiralidectmnic orientations and electrochemical behaviours.

By straying from these literature conventions we de-convo-
luted the true electrochemical behaviour of 21-Mo%,, which
was shown to be an effective electrocatalyst towards the ORE.
We ako revealed modified SPEs as a valid alternative to GC for
resegarch purposes and for Bt in real world fuel cell appli-
cations. SPEs are significantly cheaper, adaptable and mass
prducible when compared to Pt and other carbon based elec-
trodes examined herein, whilst upon modification with an
optimal mass of 20-Mo%;, ehibit preferential electneatalytic
activity towards the ORE
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