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In this work, catalytic performance of MoS, supported on
Mo,TiC, and Ti;C, MXenes towards the oxygen reduction
reaction (ORR) was studied. These materials were synthesised
through an etching route of MAX phases as precursors of
MXenes, followed by a hydrothermal treatment to coat them
with MoS.,. This procedure generated MoS, nanospheres cover-
ing the MXenes, which were verified by SEM-EDX mapping,
Raman spectroscopy and XPS. Activity of these materials
towards ORR was studied by RRDE, comparing its performance
with that of individual MoS, and MXenes. As main features, it
was demonstrated that production of HOO™ occurring on the

Introduction

Anion exchange membrane fuel cells (AEMFCs) are devices able
to produce electricity from the combination of environmentally
friendly fuels and oxygen. They require the use of catalytic
anodes and cathodes to address the oxidation of the fuel and
the reduction of the supplied oxygen, respectively.” If Pt-based
cathodes are employed to perform the oxygen reduction
reaction (ORR), oxygen dissociation after previous adsorption is
promoted but this process is decelerated due to the stable
Pt—O binding, thus resulting in a sluggish kinetics and the
formation of oxide/hydroxide species occupying active sites on
Pt.>¥ Furthermore, it is well-known that ORR follows mecha-
nistic pathways involving two electrons transfer with the
generation of corrosive hydrogen peroxide, or four electrons for
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composites decreases in comparison with individual materials.
Long-term stability tests performed in O,-saturated electrolyte
showed a drop in the activity of the materials due to the
increase in the production of HOO™, although no morphological
or compositional changes were observed. Despite this result,
the improvement of the catalytic properties of the individual
materials means that these composites can be considered as
candidates to be used as supports of active non-noble metal
nanoparticles in the cathodes of anion exchange membrane
fuel cells (AEMFCs).

the formation of water.” In this sense, design of novel catalysts
with outstanding activity towards ORR favouring the four
electron mechanism, has capital importance to boost the
implementation of AEMFCs in an environmentally friendly
scheme of electricity production.

With the aim to replace noble metals from the cathodes of
AEMFCs avoiding a detriment in the catalytic performance,
noble metal-free catalysts with 2D structure have been
designed and proposed as suitable cathodes for these devices
in the last years.*® The advantages attributed to this family of
materials are associated to its great and hydrophilic surface
area, its structure facilitating the diffusion of the electroactive
species and the adequate conductivity.”? Among these materi-
als, MXenes appear as crystalline and multifunctional carbides
or nitrides constituted by layers stacked via hydrogen bond and
van der Waal's interactions.®® The composition of these
materials has been previously described as M, ;X,T,, being M a
transition metal (Mo, Ti, Zr, Nb, or V), X is carbon or nitrogen
and T is the surface termination group (-F or —OH).”’ MXenes
can be synthesised from MAX phases constituted by a transition
metal and a 13-14 group element, following the formula M,
AX, (A=A, Ga, In, Si or Pb). Chemical etching by hydrofluoric
acid or fluorides in acidic media is the most common method
to prepare layered MXenes."*""

In previous works, it has been shown that MXenes display
low performance in terms of ORR reduction currents, and
promote the 2-electrons mechanism with the formation of
hydrogen peroxide.>"¥ Only remarkable results for the ORR
were obtained with single layers of 2D Ti,C, prepared by using
big size cations during the synthesis to promote the MXenes
delamination.”” In general, the low activity, together with their

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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corrosion and mechanical resistance," are the reasons why, to
date, MXenes have been primarily considered as supports for
metal nanoparticles to address the ORR. Pt, Fe and Cu nano-
particles supported on Ti MXenes are the most studied
materials  displaying high  performances toward this
reaction.'*">'® These works suggest that searching of modified
MXenes is mandatory to obtain materials with improved
catalytic activity towards ORR.

Accordingly, attempts have been made to prepare active
composites based on MXenes,"’?? especially those based on Ti.
Thus, Li and co-workers deposited an iron-phthalocyanine
(FePc) complex on a Ti;C,T, MXene by a facile mixing procedure
in dimethylformamide (DMF)."® This material induces a shift in
the ORR onset potential toward positive values in comparison
with the values obtained for FePc and Ti;C,T, acting as
individual catalysts. Interactions between FePc and Ti;C,T, were
stated by the authors as the main reason for the increase in the
catalytic activity."® Also, it was proposed that the decrease in
the work function and delocalisation of electrons promoted by
the deposition of these molecules, generating new electronic
distributions, contribute to the overlapping between Fe 3d and
O, 2p orbitals, thus favouring the electron transfer and the ORR
kinetics."” Alternatively, cobalt nanoparticles encapsulated by
carbon nanotubes (CNTs) and supported on Ti;GT, also
exhibited similar activity towards ORR to that of a Pt/C catalyst,
a fact explained from the improved diffusion of the electro-
active species towards the active Co nanoparticle centre of the
composite and the favoured interfacial interaction between
Ti;C,T, and the Co-CNTs complex.”

Taking the above into account, in the present work Ti-based
MXenes composites with MoS, were prepared to obtain
materials with improved properties as catalysts for ORR. MoS,
has been employed as catalyst for hydrogen evolution
reaction,”"*? oxygen evolution reaction”*? and other
applications,”?” but its combination with MXenes as ORR
catalysts was evaluated in only a few works. MoS, quantum
dots (QDs) supported on Ti;C, have been synthesised by Yang
et al.”® and supported on multiwalled carbon nanotubes with
the purpose to disperse the composite and increase the
number of active sites in the material. Onset potentials around
0.85 Vg and current densities between 3 and 4 mAcm™ were
found, with the amount of MoS, quantum dots playing a key
role in the performance of the composites. On the other hand,
some papers reported the activity of MoS, towards the ORR.
Arunchander and co-workers supported MoS, with a flower-like
nanostructure on graphene materials, followed by an annealing
treatment at temperatures between 400 and 600°C. The
authors have found that annealing temperature plays an

important role in the electrochemical response of the catalyst,
achieving the best results with the material treated at 500°C."*
Finally, the effect of doping was considered in the work of Tang
et al.®” evaluating N-doped MoS,, also supported on graphene.
In this case, the combination with graphene and the presence
of N as dopant element in the structure of MoS, were
considered as the factors promoting its highest catalytic
activity.*”

Summarising, the study performed in this work focussed on
the electrochemical features of MoS, supported on Ti-based
MXenes (Mo,TiC, and Ti;C,) when they are used as ORR
catalysts. The purpose is to improve the catalytic properties of
the MXenes in the composite to be used in the future as
supports of non-noble metal nanoparticles as in ref'®2"
Physicochemical and electrocatalytic properties were correlated
and the stability of the materials was established to evaluate
the possibilities of application of these composites in AEMFCs.

Results and Discussion
Physicochemical characterisation

Table 1 shows the atomic compositions of the different catalysts
obtained from EDX analysis, confirming the absence of Al in the
MXene phases and the suitability of the applied synthesis route
to eliminate this metal from the MAX phases. Regarding the
composition of MoS,, an atomic ratio Mo:S around 1:2 was
obtained, also ratifying the suitability of the employed synthesis
method.

Figure 1 shows the morphology of the hybrid materials and
MoS, (SEM images). The morphology of the MXene supports
was already reported in a previous work.” According to the
electron images, MoS, typically developed nanospheres with
different size,””” which is maintained when it is grown on the
MXenes’ surface. Mo, S and Ti EDX mapping images show that
MoS, nanospheres cover the surface of Mo,TiC, and Ti,C,
MXenes, although there are regions (marked with yellow arrows
in Figure 1 a and b) where the 2D laminar structure of MXenes
can be distinguished.

XRD patterns were obtained to identify the crystalline
features of the MXenes, MAX phases and composites with MoS,
(Figure 2). MAX phases display the (002) plane at 9.5° 26,
characteristic of this type of materials. After the chemical
etching to form the MXenes phases, a shift in this peak towards
7° 26 was observed.®" This shift has been explained from the
increase in the interlayer spaces located between the MXenes

Table 1. EDX analysis of synthesised materials.

Material Composition (at. %) Mo:S ratio
C (0] F Al Mo Ti S

MoS, - 10.2 - - 29.0 - 60.8 1:2.1

MoS,@Ti;C, 36.2 93 - - 16.4 35 346 1:2.1

MoS,@Mo,TiC, 373 74 - - 18.7 0.8 35.8 1:1.9
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Figure 1. SEM and EDX mapping images of (a) MoS,@Mo,TiC,, (b) MoS,@Ti;C, and (c) MoS.. Yellow arrows mark the zones where MXenes are not covered
with MoS..

1 (002) Mo,
" (1003 VoS, by SEM. The (002) peak was used to calculate the crystalline
. e (110 Mg§,  MoS,@Mo,TiC, .
parameters of MAX phases, MXenes, composites and MoS,, and
. (103) M8, e the results are reported in Table 2.
2 gy MoS,@1i,C, . . . .
j\ The increase in the interplanar distance, caused by the
: : ; NG o~ MoS, etching treatment of MAX phases to form MXenes, is explained
= ; da from the insertion of water molecules between the MXenes
% X i e Mo, TiC, layers, verifying the elimination of Al present in the MAX
£ : ! phases.”'*? |n addition, crystallite size of MXenes decreased
= Yy
002) NiXemes 2 TG after etching, as previously reported.”” In the case of the
QU2 MAX phases l : T catalysts containing MoS,, similar sizes (6-8 nm) were found for
- : i = MoS, crystallites, indicating that MXenes do not affect its
il : z structure. A similar trend was observed for the interplanar
Sl gl S e distance, exhibiting values around 0.63nm for MoS,,
T R e e e e e MoS,@Mo,TiC, and MoS,@Ti;C,, matching with the results
H [(38,39]
20/ degree reported for other Mo$S, composites.
The presence of metal oxides in the studied materials was
Figure 2. XRD patterns of MAX, MXenes, MoS, and composites. verified by Raman spectroscopy (Figure 3). In Mo-containing

layers after the insertion of water molecules in these spaces, Table 2. Crystallographic parameters of the studied materials.
previously occupied by ALE> Catalyst Crystallite size (002) /nm Interplanar distance /nm
Other evidence of the successful Al elimination from MAX
phase is the drastic decrease in the intensity of the signals TAIC, 796 0.92
located between 35 and 43° 20 for MXene materials, as | MoTIAIG, 715 093
reported in previous works.'**** MoS,@MXene composites TG, 58 1.10
show peaks at 14°, 33.5°, 39.5° and 59.2°, attributed to the Mo, TiC, 44.7 1.28
(002), (100), (103) and (110) reflections of hexagonal 2H- MosS, 7.2% 0.63
MoS,.2>*¢ MoS,@Mo,TiC, also shows the peaks related to | wmos,aTisC, 6.0% 063
Mo,TiC, with low intensity, while in the MoS,@Ti;C, patter, the MoS,@Mo,TiC,  8.0* 0.64
peaks associated with Ti;C, are not observed. These results
confirm the coverage of the MXene supports by MoS,, as seen “Corresponding to the MoS, peak.
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materials, signals attributed to the lattice mode, O=Mo bending,
as well as O—Mo;, O—Mo, and O=Mo stretching modes, were

-1
R Mos,@Mo,TiC, observed at 144-149, 275, 653, 814 and 983cm™,

370 814
275 \ 400

o 653

- respectively.*? Furthermore, the materials containing MoS,
i o have developed the typical signals at 370 and 400cm™,
MoS,@Ti,C, , .
assigned to the in-plane E,, and out-of-plane A,; modes of
. 3£0 400 MoS,.2>* It is important to highlight that the signal associated
' 653 983

MoS, (sint.) to the lattice mode in the composites and pure sulphide
appears at 144 cm™' with an enhanced definition and sharp-
ness, indicating that this signal is provided exclusively by MoS.,.
Sharp signals for the lattice mode of MoS, has been already
reported by Zhang and co-workers, who studied the formation

Intensity / a.u.

of transition metal disulfides with layered structures by Raman

g Ti;C, spectroscopy.””! Additionally, the Ti;C, spectrum exhibited

1 L 1 1 . peaks associated to different O—Ti vibrational modes from TiO,
250 500 750 1000 1250

as follows: By, at 149cm™ and A, at 619cm '™ All
information about assignation and vibration modes for all
Figure 3. Raman spectra of MoS,@MXenes, MoS, and MXenes. studied catalysts is reported in Table 3.

XPS analysis was conducted to identify the surface species
present in the studied materials. Figure SI1 shows the survey
spectra of the three materials. Only the S 2p, Mo 3d and O 1s

Raman shift / cm™

Table 3. Vibrational modes assignment for MXenes, MoS, and MoS,@MXenes from spectra in Figure 3.

Sample Raman shift / cm™' Assignation Vibration mode Ref.

Ti,C, 149 O-Ti B, (TiO,) [10]
619 O-Ti Ay,(TiOy) [0l

Mo,TiC, 149 Lattice mode - [9]
275 O=Mo Bending [9]
653 0O—Mo, Stretching [9]
814 0O—Mo, Stretching [9]
983 O=Mo Stretching [9]

MoS, 144 Lattice mode - [35]
275 O=Mo Bending [35]
370 MoS, in-plane E,q [39]
400 MoS, out-of-plane A,q [39]
653 O—Mo, Stretching [35]
814 0O—Mo, Stretching [35]
983 O=Mo Stretching [35]

MoS,@Ti,C, 144 Lattice mode - [9]
275 O=Mo Bending [9]
370 MoS, in-plane E,q [39]
400 MoS, out-of-plane A, [39]
653 O-Mo, Stretching [9]
814 0O-Mo, Stretching [9]
983 O=Mo Stretching [9]

MoS,@Mo,TiC, 144 Lattice mode - [9]
275 O=Mo Bending [9]
370 MoS, in-plane E,q [39]
400 MoS, out-of-plane A,q [39]
653 O—Mo, Stretching [9]
814 0O—Mo, Stretching [9]
983 O=Mo Stretching [9]
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regions are observed, confirming that MoS, covers the MXene
supports. Similar results have been already reported in the
literature.?'*” Figures 4 a, c and e depict the deconvolution of
the Mo 3d region for MoS,@Mo,TiC,, MoS,@Ti;C, and MoS,,
respectively, whereas Figures 4 b, d and f show the analysis of
the corresponding S 2p spectra. For the three samples, the Mo
3d region can be separated into two components. The first one
located at 228.6 eV and 231.8 eV, assigned to the Mo 3d;,, and
Mo 3d;, of Mo*" in MoS, and the second at 232.1 and
235.4 eV, associated to the presence of a small amount (<5
at.%) of MoO; on the surface of MoS, due to the air
exposure.?"?*! Regarding the S 2p spectra, two signals are
observed at 161.4 eV (S 2p;/,) and 162.7 eV (S 2p,,,), which are
assigned to S*~ of MoS,. No oxygen species associated to the
presence of sulphur oxides were detected. The relative
abundance of these species is reported in Table 4.

Electrochemical characterisation
Cyclic voltammograms of the synthesised catalysts in O,-free

(black line) and O,-saturated (blue line) supporting electrolyte
can be seen in Figure 5. Deposition of MoS, on MXenes induced

(a) Mo 3d SE ;f;:;i:‘m (b) s2p
Mo™(MoS,) §7(Mo$,)
2286 161.4
Lttt
. @ (4
=
5 Mo (MoS,) SH(MS,)
34
7
=
o
E | o
(e) 4]
Mo (MoS;) S (MoS,)
. L
234 231 228 225 164 162 160

Binding energy / eV

Figure 4. (a,c,d) Mo 3d and (b,d,f) S 2p XPS regions, and their corresponding
separation into single chemical components. (a,b) MoS,@Mo,TiC,; (c,d)
MoS,@Ti,C,; (e,f) MoS,.

an enhancement in the capacitive currents, which is attributed
to the increase in the surface area generated by the MoS,
nanoparticle structure. SEM images (Figure 1) demonstrated a
high roughness of MoS, structures, thus explaining the increase
in the active surface area for these materials. In the case of
cyclic voltammograms registered in O,-saturated electrolyte, a
cathodic peak was detected for all studied materials, as
reported in Figure 5, assigned to the reduction of the oxygen
present in the supporting electrolyte.”” MoS,@Ti;C, exhibited
the most positive peak potential values (0.62 V), suggesting that
the high activity for this material is originated from the synergy
between both components (as the peak potential for both
MoS, and Ti;C, is located around 0.57 V). Remarkably, pure
MoS, revealed a positive shift of 16 mV in the cathodic peak
during the second and subsequent scans, indicating an
activation for this catalyst during the cycling process in
presence of oxygen.

ORR activity on the MXenes, MoS,@MXene, MoS, and
commercial Pt/C materials was evaluated with the rotating ring-
disk electrode (RRDE) in alkaline media (Figure 6). As expected,
Pt/C developed the highest reduction current densities at the
disk, jpi« (Figure 6a). For the other materials, a plateau was
observed in the disk current densities between 0.4 and 0.6 V vs
RHE. Usually, this is related with an inhibition process caused by
the adsorption of HOO™ on the catalyst surface (see below,
reaction (2)).* The currents registered at the ring confirm this
hypothesis, since an increase of the current is observed in this
potential range that decreases at lower potentials due to the
further reduction of HOO™ to OH™. The most positive onset
potentials (E,,.) for the ORR were developed by MoS,@Ti,C,
and MoS,@Mo,TiC, (see Table 5), but still far from that of Pt/C.
On the other hand, it is remarkable that current densities
recorded at the disk for the composite materials are higher
than those for the pure materials, verifying the synergetic effect
between MoS, and the MXenes. Concerning the activity of
composite materials, Yang and co-workers synthesised multi-
walled carbon nanotubes decorated with MoS, and Ti,C,T,
quantum dots and studied the ORR on these catalysts in
alkaline media.” These authors found current densities values
(j) between 2 and 4 mAcm™ at 0.4V vs RHE in 1.0 M KOH.
Maximum current densities observed in this work were around
2.6 mAcm™2 suggesting that our composites provide a similar
catalytic activity to that reported in this reference.”®

MoS, and MXenes as pure materials did not overcome the
joisk developed by the composites, as appreciated from their

Table 4. Analysis of the Mo 3d and S 2p XPS regions. For each component, the binding energy and the at. % are reported.

Material MoS,@Mo,TiC, MoS,@Ti;C, MosS,

Element Binding Assignment Relative Binding Assignment Relative Binding Assignment Relative
energy abundance energy abundance energy abundance
(eV) (%) (eV) (%) (eV) (%)

Mo (3d) 228.6 Mo**(MoS,) 95.1 228.6 Mo** (MoS,) 95.4 228.6 Mo**(MoS,) 96.7
2321 Mo®* (MoO) 4.9 232.2 Mo®* (MoO,) 4.6 2321 Mo®* (MoO,) 33

S (2p) 161.4 $?~(MoS,) 100 161.4 $2~(MoS,) 100 161.4 $?"(MoS,) 100

S(259) 225.8 S2s Frx 225.8 S2s Frx 2259 S2s el
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Figure 5. Cyclic voltammograms of MXenes, MoS, and MoS,@MXenes in
0.1 M NaOH saturated with argon (black) and oxygen (blue). Scan rate:
0.01Vs™.
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Figure 6. RRDE polarisation curves for O, reduction at 0.002 Vs™' and

1600 rpm in 0.1 M NaOH at 25 °C for the studied materials. (a) Current
densities at the disk; (b) current densities for hydroperoxide anion oxidation
at the Pt ring (E;i,y =at 1.20 vs RHE); (c) hydroperoxide anion percentage
produced at 0.4 V vs RHE; and (d) number of electrons involved in the ORR.

polarisation curves in Figure 6a. In fact, MXenes developed the
lowest activity toward the ORR, as can be observed from the
parameters collected in Table 5. j,;, observed for MXenes in this
paper were similar to those reported by Lin et al.” and Li and
co-workers,"® who evaluated the ORR performance on Ti,C,
and Mo,TiC,, respectively, finding j, values around 1.5 mAcm™.
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Another proof of the synergy between MXenes and MoS,
and the resulting increase in the catalytic activity towards ORR
are the potential values measured at 1 mAcm 2 MoS,@MXenes
materials exhibited more positive values than those observed
for MXenes and similar to those for MoS,, indicating that the
performance depends essentially on this specie located at the
surface of the catalyst. Exchange current density was also
calculated to determine how fast the ORR occurs in the
different materials, finding that MoS,@Mo,TiC, developed the
highest value among the synthesised catalysts.

Regarding the current densities detected at the Pt ring
during the RRDE experiments (Figure 6b), which are related to
the oxidation of HOO™ formed on the disk,*’ all MXene-based
materials developed HOO™ percentages below 20%. Thus, in
Figure 6¢ can be seen the values at 0.4 V vs RHE, with the best
response observed for MoS,@Ti;C, (4%), like MoS, (4%), which
were lower than MoS,@Mo,TiC, (11%). The number of electrons
involved in the ORR (Figure 6d) for the composites is near 4
(especially for MoS,@Ti;C;) in the whole potential range
considered, i.e. the formation of water prevails for these
materials, whereas “pure” MXenes address values around 3.7,
which indicates a lower selectivity for water production.

Potential vs logarithm of current density plots was used to
obtain Tafel slopes at low and high overpotentials (1) and the
results are represented in Figures 7a and 7b, respectively.
Previous theoretical studies have shown that, from the value of

(2)

0.75

/
/

0.70}

0.65

0.60F

0.75} \\ S, (b)
S

0.70F

Potential / V (vs RHE)

0.65F O Ti;C,

O Mo,TiC,
0 MoS,@Ti,C,
0.60F o MoS,@Mo,TiC,
O MoS,

55 50 -45 -40 35 -3.0
log j

Figure 7. Tafel plots for ORR in 0.1 M NaOH for the different studied
materials at (a) low and (b) high overpotentials from Figure 6a.
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Table 5. Electrochemical parameters obtained from LSV in Figure 6a.

Catalyst Eonsee/Vene Eat —1 mAcm Ve Jatovvs sue/MACM 2 jo/mAcm™?

Ti,C, 0.70 0.13 —1.1 2.7%x107"°

Mo, TiC, 0.71 0.15 -1.2 3.2x107°
Mo5,@Ti,C, 0.73 0.58 —26 2.8x10°°
MoS,@Mo,TiC, 0.72 0.60 -25 1.1x10°8

MoS, 0.70 0.52 -15 7.7x107°

Pt/C 0.93 0.83 —4.7 1.9x1077

these slopes, it is possible to elucidate the rate determining
step (rds) for the ORR.M™ Tafel slope values for the catalysts
studied in this work are reported in Table 6. The change in the
Tafel slopes with the applied potential indicates that the
mechanism depends on this parameter. This ORR mechanism

proposed in alkaline media involves a dissociative pathway:*”

0, — Oyaas) M
Os(ads) + Hy0 + €~ — OOH445) + OH~ @)
OOH aas) — Ofags) + OHiaas 3)
OOH o4 + € — OOH~ @
Os(ags) + Ho0 + €~ — OH{gy + OH~ 5)
OH(ad5> +e — OH™ ©6)

Tafel slope values at low 7 near to 60 mVdec ' indicate that
rds corresponds to a chemical step after an electrochemical
one.***¥ |n the proposed mechanism previously described, this
step corresponds to equation 3. On the other hand, values near
to 120 mVdec™' can be explained considering equation 2 as the
rds, where hydroperoxide anion is adsorbed on the catalyst
surface.*®™* For the materials studied in the present work,
values determined for the Tafel slopes at low overpotentials are
in the range of 67-78 mVdec™ (Table 6). In the case of Ti,C,
and MoS,@Ti;C,, Tafel slopes resulted in 67 and 69 mVdec™,
respectively, indicating that the ORR in these materials follows a
mechanism where the rds is the dissociation of OOHq
(equation 3). On the other hand, for Mo,TiC,, MoS,@Mo,TiC,
and MoS,, Tafel slopes approach 80 mVdec™, value that can be
explained assuming the competence between the dissociation

Table 6. Tafel slope values determined for the studied materials.

Catalyst Tafel slope/mVdec™ Tafel slope/mVdec™' (high 7)
(low 1)

TisC, 67 106

Mo,TiC, 74 129

MosS,@Ti,C, 69 100

MoS,@Mo,TiC, 78 124

MosS, 77 105

ChemElectroChem 2024, 11, €202300673 (7 of 11)

of OOH,q4, (equation3), with an expected Tafel slope of
60 mVdec',*” and the blocking of the catalysts surface active
sites by OOH,,q, (equation 2),°"*? with a Tafel slope value of
120 mVdec . This result accounts for the relevance of hydro-
peroxide anion presence as intermediate during the ORR for the
studied catalysts.

The increase in the overpotential leads in the obtaining of
higher Tafel slope values, overcoming 100 mVdec™". Since these
values are close to 120 mVdec™, it can be concluded that rds at
high overpotentials for all the studied materials corresponds to
equation 2.5

Long-term stability tests were addressed to evaluate the
performance of the catalysts, by applying 5000 potential cycles
between 0 and 0.85V vs RHE at 100 mVs™' in the O,-saturated
supporting electrolyte. The current densities registered at the
disk, jpe are shown in Figure 8a. j,, decreased for
MoS,@Mo,TiC, and MoS,@Ti;C, composites in the whole
potential range. Furthermore, shifts in their £, and potential
at —1 mAcm™ towards more negative values were observed.
These results indicate a detriment in the activity towards the
ORR after the cycling treatment. A similar trend was observed
for MoS, between 0.8 and 0.2 V vs RHE, however, at potentials

i)
£
! =
o =
£ =
\-}, =)
o
Z
.»é E
“ g
< =
o 38,
¥ g
2 Mas$, 2
MoS,@Ti,C, =
R 2 @
MaS,@Mo, TiC,
)
0.2 0.4 0.6

Potential / V (vs RHE)

Figure 8. RRDE polarisation curves for O, reduction at 0.002 Vs™' and

1600 rpm in 0.1 M NaOH at 25 °C for the studied materials, before (solid
lines) and after (dashed lines) long-term stability tests. (a) Current densities
at the disk; (b) current densities for hydroperoxide anion oxidation at the Pt
ring (E;,g=at 1.20 vs RHE); (c) hydroperoxide anion percentage; and (d)
number of electrons involved in the ORR.
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more negative than 0.2V, an increase in the current densities
for the as-treated MoS, catalyst was registered.

The change in the activity of these materials altered the
currents registered at the Pt ring, jg,, as can be seen in
Figure 8b. In all cases, the cycling process induced an
enhancement in the current densities associated with the
production of HOO™, indicating that the materials undergone a
chemical/structural change after the tests, favouring the 2-
electron path. The HOO™ production percentage (Figure 8c) for
MoS,@Mo,TiC, and MoS,@Ti,C, is increased up to around 24 %
in the 0.6-0.4V potential range, decreasing at more negative
potentials, whereas MoS, shows a similar trend but achieving
32% of HOO™.

The number of electrons depicted in Figure 8d verifies the
increase in the formation of HOO™ for all studied catalysts after
potential cycling, since lower number of electrons was observed
in the whole potential range. At 0.4V, this parameter changed
from 3.9 to 3.4 and 3.5 for MoS, and MoS,@Ti,;C,, respectively,
whereas the number of electrons for MoS,@Mo,TiC, changed
from 3.8 to 3.5.

SEM-EDX mapping analysis was performed after the long-
term stability tests for the MoS,@MXene materials to get
information about the detriment in the activity of the materials
after the cycling process. Table SI1 shows a slight decrease in
the atomic content of Mo and S after the cycling treatment,

Electron image

10 pm

although their atomic ratio was kept as Mo:S=1:2. In fact, no
significant changes were observed in the EDX mapping signals
of the materials, as can be appreciated in Figure 9. On the other
hand, the SEM images showed the formation of few agglomer-
ates after the cycling treatment (Figures 9b and 9d).

To further explain the changes provoked by the long-term
stability tests, electrochemical surface areas (ECSA) were
calculated before and after the cycling treatment. A detailed
description of the calculations performed to determine these
ECSA values is reported in the Supporting Information. Table
SI2 reports the ECSA values, indicating in all cases, changes
below 14% in the calculated estimated ECSA after the test,
corroborating that no drastic morphological changes occurred
in the catalysts. Bearing in mind that no significant changes
were observed in both the composition and morphological
features of the catalysts, before and after the cycling treatment,
further studies will be performed in the future to determine the
reason for the changes in the activity of the materials, which
provoke the increase in HOO™ production.

Conclusions

Two composites of MoS, coating Mo,TiC, and Ti;C, were
synthesised to assess its performance as catalysts for the ORR.

10 pm 10 pm

10 pm

10 pm

10 pm

0

10 pm 10 pm

ol
andE

Figure 9. SEM and EDX mapping images for MoS,@Mo,TiC, before (a) and after the long-term stability test (b). (c) images for MoS,@Ti;C, before and (d) after

the long-term stability test.
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The synthesis route led to MoS, nanospheres supported on
MXenes, which was evidenced by means of SEM-EDX mapping,
the disappearing of the vibration modes of MXenes measured
by Raman spectroscopy and the predominance of XPS
transitions attributed to MoS,. RRDE experiments demonstrated
a significant enhancement of ORR activity in these composites
compared to the MXenes and MoS, individual catalysts, as
could be demonstrated from the current densities collected on
the disk. The presence of MoS, resulted in a decrease in the
production of HOO™ and an increase in the number of electrons
involved in ORR in the composites with respect to the MXene,
achieving values near to 4 associated to the production of
water as main product.

Tafel slopes at low overpotentials indicate that the rate
determining step could be either the dissociation of OOH,y, or
the blocking of the active sites by HOO™. On the other hand,
application of high overpotentials leads to the formation of
adsorbed HOO™ by reduction of oxygen adsorbed on the
catalysts as rds for all the studied materials.

Long-term stability tests showed that the yield of HOO™
increases after the potential cycling treatment producing a
decrease in the current densities recorded. SEM-EDX analysis
and ECSA values of the MoS,@MXene materials before and after
testing allow to conclude that changes in the morphology and
compositions observed cannot justify the drop in the activity.
Considering the improvement in the activity of composites
respect to individual materials, and its low cost due to the
absence of noble metals, it can be stated that these hybrid
materials could be the starting point for the design of noble
metal-free catalysts based on MXenes composites with tuneable
activity toward ORR.

Experimental Section

MXenes were synthesized by 50 wt% HF (>48%, Sigma-Aldrich)
chemical etching of MAX phases (Mo,TiAIC, and Ti;AlC,, 98% and
99%, respectively, Laizhou Kai Kai Ceramic Materials Co.), during
48 hours at different temperatures (55°C and 45 °C for Mo,TiC, and
Ti;C,, respectively). Once the etching was completed, the mixture
was dispersed by ultrasound in ultrapure water (18.2 MQcm™2,
Millipore®) for 90 minutes. Afterwards, the products were washed
several times with ultrapure water to reach pH 6. Finally, the
obtained powder was dried in an oven at 80 °C overnight.

MoS,@MXenes composites were prepared following a hydrothermal
method. First, 0.167 mmol of MXenes were dispersed in 20 mL
ultrapure water for 30 min. Then 0.292 mmol of (NH,)sMo,0,,-4H,0
(>99%, Sigma-Aldrich) and 7.34 mmol of thiourea (>99%, Sigma-
Aldrich) were added under stirring. This mixture was transferred
into a steel autoclave and heated at 210°C for 18 h. The obtained
precipitate was separated by centrifugation and washed with
ethanol/milli-Q water and dried overnight at 60 °C.

X-ray diffraction analyses were performed using a PANalytical
X'PERT-Pro diffractometer for powder samples, applying Cu-K,
radiation (A=0.1550 nm) at 40 kV and 20 mA. The scans were
collected at 2.4°min~" for 20 values between 5° and 90°. Crystallite
size and interplanar size of the catalysts were determined using
Scherrer equation (eq. 7) and Bragg's law (eq. 8), respectively:"
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, ___ oo
¢ pipcoscost )
2d,ysen 60 = ni (8)

where dy, is the interplanar distance, 1 is the wavelength of the
incident wave, g is the scattering angle and (3, is the full width at
half maximum.

In order to confirm the presence of metal oxides in the catalysts,
Raman experiments were performed, employing a SPELEC RAMAN
(Metrohm DropSens) instrument with a green laser (A=532 nm)
and a Raman probe. The equipment was controlled by means of
the software DropView Spelec applying 10 scans to obtain the
spectra for each material.

Scanning electron microscopy (SEM) coupled with energy-disper-
sive X-ray (EDX) analysis was used to determine the morphology
and compositions of the synthesised materials. A scanning electron
microscope Zeiss Evo 15 coupled to an Oxford X-MAX analyser
with a 50 mm? Si detector was employed. Different probe
convergence semi-angles were used to perform the EDX mapping,
which were taken each 35°. Probe voltage was set to 20 kV and the
aperture was fixed to 120 um. Each image was obtained with a size
of 256x192 pixels.

XPS measurements were performed in a custom designed UHV
system equipped with an EA 125 Omicron electron analyser with
five channeltrons, working at a base pressure of 107" mbar. Core
level photoemission spectra (S 2p, Mo 2d, C 1s, Ti 2p, O 1s regions)
were collected in normal emission at room temperature with a
non-monochromatised Al Ka X-ray source (1486.7 eV) and using
0.1 eV steps, 0.5s collection time and 20eV pass energy. The
quantitative analysis of the XPS measurements was performed with
CasaXPS software, after fitting the experimental data with Gaussian-
Lorentzian curves.

Electrochemical measurements were performed using an Autolab®
PGSTAT302 N potentiostat-galvanostat. A three-electrode electro-
chemical cell containing a glassy carbon bar as a counter electrode
and a reversible hydrogen electrode (RHE) placed inside a Luggin
capillary as a reference electrode was used. As working electrode, a
glassy carbon disk (disk diameter 5 mm)/Pt ring RRDE electrode
coupled to a rotating disk-ring setup (RRDE, PINE Research
Instrumentation) was employed. The collection efficiency of the Pt
ring was determined as N=0.22. On the glassy carbon disk, 20 pL-
aliquot of an ink composed by 2 mg of the catalyst with 15 uL of
Nafion® (5 wt.%, Sigma-Aldrich) and 500 pL of ultra-pure water was
deposited and dried at room temperature with a nitrogen flow. All
the experiments were carried out in 0.1 M NaOH (99,997 %, Sigma-
Aldrich).

Before the evaluation of the activity toward ORR on the catalysts,
the electrolyte was deoxygenated by bubbling Ar (99.999%, Alpha
GAZ, Air Liquide) for 25 minutes and afterwards, a cyclic voltammo-
gram at 0.01Vs™' was collected. Due to the different stability
window of each material, a different potential range was utilised for
the cyclic voltammetry experiments as follows: —0.15 to 0.8 V for
Mo,TiC,, —0.2 to 0.85 V for Ti,C,, —0.15 to 0.8 V for MoS,@Mo,TiC,,
—0.1 a 095V for MoS,@Ti;C, and —0.15 a 09V for MoS..
Afterwards, O, (99.995%, Air Liquide) was bubbled into the
supporting electrolyte for 45 min at 1.0V. This procedure was
repeated before each experiment and during the measurements
performed by cyclic voltammetry. Then, steady-state polarisation
curves were registered at 2 mVs~' between 1.0 and 0V using
1600 rpm as rotating speed. Polarisation curves were also recorded
in absence of O,. Currents at the Pt ring corresponding to the
oxidation at 1.20 Vg of the hydroperoxide anion formed on the
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catalysts at the disk, were simultaneously measured to calculate the
conversion of oxygen to this intermediate, according to eq. 9:

N
% HO; = 200- Jans/

Joisk + jRing/ N ©)

where jg is the current density generated at the disk, j; is the ring
current density produced at the ring, and N is the current collection
efficiency of the Pt ring. These currents were also employed to
calculate the number of electrons by means of eq. 10:

jDisk
n=4——="——
Jpisk +]Ring/N (10)

Long-term stability tests were addressed to evaluate the stability of
the studied materials. 5000 cycles were recorded between 0 and
0.85 V vs RHE, at 100 mVs ™' in the O,-saturated supporting electro-
lyte, while an O, atmosphere was kept. O, was bubbled during
45 min before and after the cycling procedure, and polarisation
curves at 1600 rpm were recorded. All the currents related to these
experiments were normalised by the working electrode geometric
area.
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