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Abstract

The incessant and drastic growth of global energgmahd make it imperative to
develop new affordable high-quality materials atlaage scale to act as powerful
electrocatalysts (ECs) on the relevant energy i@at

Here, we report the synthesis and characterizg&dmR, Raman, XPS, XRD, TEM
and SEM) of new engineered electrocatalysts basedita co-precipitation of G®, or
Mn30O,4 nanoparticles in the presence of N, S-doped grapfo/NS;-GF and Mn/NS;-GF).
The nitrogen, sulphur dual-doped graphene was aetlidy a scalable dry ball-milling
procedure followed by thermal treatment using gemgh flakes as carbon source and
trithiocyanuric acid as the precursor.

The three materials prepared were applied as etattlysts for the oxygen reduction
reaction (ORR) and demonstrated excellent elediabdec performance in alkaline medium
with Co/NsS3-GF and Mn/NSs-GF presenting onset potentials of 0.87 V vs. RHkese
were comparable to Pt/C onset potential (0.91 M). materials showed good diffusion-
limiting current densities (-3.49 — -4.17 mA @nand selectivity for the 4-electron,O
reduction to HO. Furthermore, the CofS;-GF and Mn/NS;-GF electrocatalysts presented
good tolerance to methanol poisoning and goodIgiabith current retentions (76 — 81%).

The approach followed in this work showed that afétle, simple and scalable

procedures can be applied to develop ORR electlys#t with enhanced performances.



1. Introduction

The current high demand of energy has led to airomiis and rapid increase of the
depletion rate of fossil fuel reserves.[1, 2] Aduhally, the combustion of fossil fuels is one
of the major causes of emission of dangerous gastte atmosphere, which leads to several
environmental adverse effects. The incessant isereaf their cost and the inherent
environmental issues have led to an urgent devedopnof eco-friendly sustainable
alternative energy sources and energy conversioigcete Among these are metal-air batteries
and fuel cells. However, their commercializatiomisdered owing to the high cost of various
fuel cell components.[2] Also, one of the majorremstones of these systems is the oxygen
reduction reaction (ORR) that occurs at the catlasdenormally has sluggish kinetics.[3]

Platinum and Platinum-based ECs are still cons@l#re most efficient ECs for ORR
by introducing lower energy intermediates. Howevee, low availability of Pt, that increases
dramatically its price, is responsible for the liedi use of Pt-based FCs. Platinum ECs also
face severe problems in terms of tolerance to mellaossover and stability under operating
conditions.[4] As a consequence, intensive reseaffbrts have been devoted to the
development of alternative ECs based on more almirashel cost-effective elements without
compromising the electrocatalytic activity.[4-6]

Transition metal oxides, in particular cobalt andnganese oxides, constitute a
auspicious class of non-precious metal ECs for GRR to the intrinsic electrocatalytic
activity ascribed to their inherent mixed-valentaes and low environmental impact.[5, 7-10]
Still, the low electrical conductivity of these raktoxides limits their performance as
electrode materials and this has prompted researdbeimmobilize them onto different
electrically conductive materials in order to owmre this drawback.

Several carbon-based supports have been useddqrtipose as graphene,[7, 11, 12]

graphene oxide,[13]carbon nanotubes[14] and reisedbped carbon materials.[15-17] The



choice of a good support can afford additional anicly positions where the ECs can be
attached. Amongst the existing carbon-based méeriane has proved itself as an
outstanding support — graphene. This is due itsvknbigh surface area, excellent electrical
conductivity and good chemical/mechanical stabftity, 18] Through doping with different
heteroatoms like nitrogen, boron, sulphur or phospins, the electronic properties of pristine
graphene can be tuned giving rise to increasedipeainces.[19-21] Doping modifies the
atomic scale structures and the charge distributiothe carbon atoms is disturbed which
generates active sites on graphene that can asich®ring sites to attach other species.[19,
22]

In this work, we explore the nitrogen/sulphur (N,dbial-doped graphene flakes as a
support. Two nanocomposites of 0 and MnrO, nanoparticles supported on the
nitrogen/sulphur (N, S) dual-doped graphene flal@s/NsS;-GF and Mn/NS;-GF) have
been designed and applied as ORR electrocatalybes.N, S dual-doped graphene was
prepared by a simple and scalable procedure usihgptyanuric acid as the nitrogen and
sulphur. Some reports can be found in literatuganmding the use of trithiocyanuric acid as
precursor for the CNTs co-doping[23] or in the @negpion of carbonaceous materials
together with other precursors such as melamingd2BAs far as we know, this is the first
time this material is used as precursor for th@graion of dual-doped graphene flakes.

The nanocomposites benefited from the covalenplouy effect between metal oxide
nanoparticles and dual-doped graphene flakes diigbisuperior ORR electrocatalytic

activities.

2. Experimental Section

2.1.Materials and characterization methods



Graphene flakes (Graphene Technologies, Lot GTXI0&1.13), 1,3,5-Triazine-
2,4,6-trithiol  (Trithiocyanuric acid, §6;, Sigma-Aldrich), manganese (Il) chloride
tetrahydrate (MnGl 4H,0, Merck), cobalt (IlI) chloride hexahydrate (CgCtluka), 1-amino-
2-propanol (MIPA, 93%, Aldrich) and absolute ethla(fisher Scientific) were used in the
materials preparation and were used as received.

For the electrochemical studies, the following ex#g and solvents were used:
potassium hydroxide (KOH, 99.99 %, Sigma-Aldricplatinum nominally 20 % on carbon
black (Pt/C 20 wt%, HISPEC® 3000, Alfa Aesar), afi(5 wt.% in lower aliphatic alcohols
and water, Aldrich), isopropanol (99.5 %, Aldrichipethanol (anhydrous, VWR) and
hydrogen peroxide solution (30 wt.% in water, A@&gent, Sigma Aldrich). Ultrapure water
(18.2 MQ cm at 25°C, Millipore) was used throughout theegkpents.

For the synthesis of S, N-doped graphene flakesvVi200 Retsch mixer mill using
zirconium oxide grinding jars (25 mL) and zirconiwwride balls (2 mm each bakl;, 100
balls) was used.

All prepared materials were characterized by sévecaniques such as FTIR, Raman,
XPS, XRD, TEM and SEM. All details (apparatus anetimods) regarding these can be found

in the supporting information (SI) file.

2.2.Materials preparation
For the synthesis of S, N-doped graphene flakesnwercial graphene flakes (400
mg) were mixed with B5; and subjected to ball milling for 5 h at a constaibrational
frequency of 15 Hz. The resulting powder calcine8@0 °C under nitrogen flow for 1 h and
N3S;-GF was obtained.
The CaO,4 nanoparticles were prepared through a co-pretipitgorocedure where a

3.0 mol dn? solution of MIPA was added to 50 mL of an aquesoisition of CoCJ- 6H,O



(5.0 mmol), at a rate of 50 mL*huntil pH = 10 was reached. The reaction mixture was
stirred for 24 h, at room temperature. The resgltmaterial was filtered, thoroughly washed
with water and ethanol, and dried under vacuumnTtiee powder was calcined under air, at
250 °C for 3 h. The My®, nanoparticles were prepared through a similargaoce: MIPA
was added to 100 mL of an aqueous solution of MAELO (11.0 mmol), untipH = 10 and
the mixture was stirred for 24 h at 80 °C undelurefThe calcination was performed under
air, at 300 °C for 5 h.

The Co/NS;-GF and Mn/NS;-GF nanocomposites were prepared by@mr MngO4
in situ co-precipitation in the presence of S, N-@Fefly, N3S3-GF (235 or 217 mg) were
dispersed in 50 mL of an agueous solution contgi@oC}.6H,O (4 mmol) or MnCJ- 4H,0
(4.4 mmol) and the same procedure as those deddobeure CgO, or MnsO4 nanoparticles

were adopted.

2.3.0RR dectrochemical performance

For the cyclic (CV) and linear weep voltammetry YD)Sexperiments was used a
potentiostat/galvanostat Autolab PGSTAT 302N (Eda@é B.V.), controlled by the NOVA
v2.0 software. The working electrode was a modifiggbsy carbon rotating disk electrode,
RDE (Metrohm, 3 mm of diameter) while as refereaod counter electrodes were used an
Ag/AgCl (Metrohm, 3 mol diif KCI) and a carbon rod (Metrohm, 2 mm of diameter),
respectively.

Prior to modification, the electrode was cleanedabigady reported procedure (see Sl
file for more details).[26]The RDE was then modifigtnrough the deposition of apk drop
of the selected ECs dispersion onto its surfaceadloding it to dry under a flux of air. The

ECs dispersion was prepared as follows: 1 mg efcsetl material or Pt/C were mixed with 2-



propanol/water/Nafion solvent mixture (125/125/20) and dispersed using an ultrasonic
bath for 15 min.

All the electrochemical experiments were carrietioilN,- or O,-saturated 0.1 mol dm
3 KOH electrolyte through the purge of the electrelfor at least 30 min with the selected
gas. Both the CV and LSV measurements were perfbimeeveere, = 0.26 and 1.46 V vs.
RHE at 0.005 V 4. Additionally, rotation speeds in the range 4@DO0 rpm were used for
the LSV experiments. For the chronoamperometry (teads a rotation speed of 1600 rpm for
20 000 s at a potential = 0.5 V vs. RHE was useterdince to methanol was assessed by CA
atE =0.5V vs. RHE and 1600 rpm for 2000 s.

The effective ORR current, and other important OptiRameters like onset potentials
(Eonse), diffusion-limiting currentsj(), Tafel slopes and the number of electrons trarede
per G molecule fp,) were determined as described elsewhere[26] ($efdeSfor more
detailed information).

Rotating ring disk electrode (RRDE) measurement©irsaturated KOH solution
were also performed in order to obtain a more iptldensight of the ORR electrocatalytic
activity of the ECs. The ¥, yields were determined from the ring and disk ents (IR and
ID, respectively), and the current collection e#fitcy of the Pt ringN = 0.25, in this case)

using Eqg. 1:[27]

%40, = 200 x —2 N (Eq. 1)

iD+iR/N

3. Resultsand Discussion

3.1.Materials preparation and characterization
The FTIR spectra of the @0, and MO, nanoparticles and the corresponding
Co/NsS;-GF and Mn/NSz-GF nanocomposites are shown in Figure 1, whilegtfor GF and

N3S;-GF are presented in Figure S1 in the supportinpramation (Sl). The FTIR



characterization of GF was previously reported[@6dl the spectrum presented several weak
vibration bands. Those at 3440, 1631, 2853 and 29d1 correspond to the stretching
vibrations of OH groups, C=0 and aromatié §s-H, respectively. The other at 1581, 1378
and 1140 cm are attributed to C=C stretching vibrations, vitmia of hydroxyls groups and
C-0 stretching vibration, respectively.[26] The;®GF spectrum presents five bands at
3437, 1637, 1580, 1382 and 1191 trithe band at 3437 chis assigned to OH stretching
vibrations, that at 1580 to C=C stretching vibrasicand the one at 1191 ¢mo C-O
stretching vibration. The other two (1637 and 138%7) are assigned to C=N and C-N
stretching vibrations, respectively.[26] The FTIRestra of Co/NS;-GF (Figure 1 (a))
confirms the presence of the £0a NPs on the final nanocomposite as both spectrsepte
two sharp bands at 566 and 666 tmattributed to Co(lll) Co—O stretching modes at
octahedral position and Co(ll) at tetrahedral positin the spinel oxide structure,
respectively. Other two bands are observed at 26843418 ci and are assigned to the O—
H bending and stretching vibration modes from aoklsdmolecules of water and MIPA.[28]
The bands corresponding to the carbon materialal®@ observed between 946 and 1532
cm . The FTIR spectra of M@, NPs and Mn/NS;-GF are depicted in Figure 1 (b) and two
intense vibrational bands are observed for bothpmmds at 514 and 621 chwhich are
assigned to the distortion vibration of Mn—O in al&dral sites and Mn-O stretching
vibration mode in tetrahedral sites, respective8][The band observed at422 cm® is
assigned to the vibration of MRO in octahedral sites.[30] Additionally, the baaid: 1166
cm* can be attributed to the vibration mode of hydiaxypup of the nanoparticles capping
agent MIPA while that at 1631 cm® to O-H bending from MIPA and adsorbed water
molecules on the surface of the nanoparticles.[28] for the Co/NS;-GF, the bands
corresponding to the carbon material are also gbder

(Insert Figure 1)



Figure 2 shows the Raman spectra @& NGF, CaO, and MO, nanopatrticles, and
the corresponding nanocomposites (G&NGF and Mn/NS;-GF). The Raman spectrum of
N3Ss-GF shows an intense peak at 1575 twhich is assigned to the first order scattering of
the Eoq mode, another at 1343 Chattributed to the D mode that is induced by tmecstiral
disorder and one at 2680 chascribed to the 2D mode.[31] For the ;0 nanoparticles
(Figure 2 (a)), one sharp and intense peak is wbdeat 668 cit and other three peaks at
603, 503 and 461 crhwhich are attributed to th&g, Foq F2g andEq Raman active modes of
Co304 structure, respectively. The nanocomposite G&/AEF exhibited the peaks
corresponding to both the carbon materials (138931and 2689 ci) and the Cg0; NPs
(665, 600, 507 and 465 ¢t confirming its successful preparation. For the s®in
nanoparticles (Figure 2 (b)) are observed thre&peme intense and sharp peak at 638'cm
characteristic of the vibration of oxygen atomsdeshe octahedral Mn{unit, and two less
intense at 345 and 286 cThese peaks are assigned to Ahg Ty and E; Raman active
modes of the spinel M@, structure.[29, 32, 33] The nanocomposite MyBNGF, in
addition to the presence of these peaks (at 640a88 273 cit), which confirms the in situ
synthesis of the My©4 NPs, it is possible to observe the peaks corrafipgrio the D, G and
2D modes of the carbon material (1342, 1572 anB2682). The shifts in all the Raman
bands confirm the interaction between the@gaand MO, nanoparticles with the 48;-GF.

(Insert Figure 2)

Figure 3 shows the XRD patterns of both nanocongegrepared (Co4$:-GF (a)
and Mn/NS;-GF (b)) and of the corresponding pure nanopadiclEor the CgD,
nanopatrticles (Figure 3 (a)), the diffraction peakserved at2of 19°, 31°, 37°, 38°, 45°,

59° and 65° are indexed to the planes (111), (281)1), (222), (400), (511) and (440) of



face-centered-cubic phase of {Og spinel structure, with Coand C4' ions in a 1:2

proportion (C4Co"

,0,) and where the Cldons are occupying the tetrahedral sites while the
Cd" the octahedral sites.[34, 35] The XRD pattern€of\;S;-GF nanocomposite presents,
besides the peaks assigned tg@ad\Ps, one diffraction peak at 2 26° corresponding to
the (002) planes of stacked graphene layers framdtdped graphene {8-GF). The XRD
patterns of MgO4 NPs (Figure 3 (b)) presents the diffraction peak8aof 18° (101), 29°
(112), 31° (200), 32° (103), 36° (211), 38° (0@4y, (220), 51° (105), 54° (312), 56° (303), 58°
(321) and 60° (224). These peaks are indexed td1th€®, spinel structure which contains
the Mrl' and M ions in the same proportion as the above descfitreitie CaO4 NPs.[29]
The XRD patterns of Mn/dss-GF nanocomposite presents the diffraction peaks
corresponding to the M@, NPs and also that attZ 26° attributed previously to the;$¢-

GF. These results corroborate the Raman results@mfdm the synthesis of nanoparticlas

situ onto the NSs-GF.

(Insert Figure 3)

The surface composition of38-GF, Co/NS;-GF and Mn/NS;-GF was assessed by
XPS and the surface atomic % are summarised ineThbIhe data previously obtained for
GF[26] was also included for comparison. The C ighdesolution spectrum of the pristine
graphene flakes (Figure S2 (a), Sl) was alreadgrteg and was fitted with five peaks at:
284.6 eV (sf C-C, C=C), 286.2 eV (C-0), 287.1 eV (C=0), 288\ (O-C=0), and 290.6
eV (n-m* transition).[26] Figure 4 and S3 and S4 (a) shibes C 1s high-resolution spectra of
Co/NsSs-GF, NsS3-GF and Mn/NS;-GF, respectively. The fitting of these was simtlathat
of GF. The main differences were the presenceredva small peak at 283.3 eV attributed
to the C-S-C[36] (from doping with 4$3) and that the peak at approximately 286 eV has als

the contribution from C-N bonds due to the GF dgpwith nitrogen (NS;3).[26]

10



The O 1s high-resolution spectra of GF argdNGF are shown in Figures S2 (a) and
S3 (a), respectively and were fitted with threekgeane at 531 eV corresponding to C=0,
one atx 532 eV attributed to C-O and anothera$33 eV assigned to O-C=0.[26, 37] For
the nanocomposites Co/8-GF (Figure 4 (b)) and Mn/4$;-GF (Figure S4 (b)) the O 1s
spectra were deconvoluted into five peaks at: 529 attributed to & in crystal lattices of
Co304 and MyOy, = 531 eV assigned to adsorbed hydroxyl groups dmoGaOs/Mnz0,4
structuresx 531.5 eV corresponding to the contribution of (jgbenol, epoxy) and O=C
(ketones, quinones, aldehydes) frogENGF,~ 532.2 eV attributed to hydroxyl groups from
MIPA and finally~ 533.5 eV assigned to water molecules from@MMn3z0, structures.[38,
39] The N 1s XPS spectrum of8-GF (Figure S3 (c)) was fitted with three main peak
398.1, 399.5 and 400.6 eV attributed to pyridiniceMrrolic-N, and graphitic N, respectively.
Those at 399.5 and 400.6 eV may be attributed @aritonjugated system with a pair of p-
electrons in graphene layers while that at 400.@leMonstrates the replacement of N atoms
in the carbon layers.[20, 40, 41] The spectraliernanocomposites are similar and are given
in Figures 4 (c) and S4 (c). In Table S1 can beeodesl the core-level binding energies
extracted from the XPS high resolution N 1s speftraall as-prepared materials and the
relative atomic percentages of each type of nimodJée S 2p XPS spectra are somewhat
complex due to spin-orbital coupling phenomenogufe S3 (c) shows the spectra ofSN
GF while those of Co/pE;-GF and Mn/NS;-GF are depicted in Figures 4 (d) and S4 (d),
respectively. The pair of peaks-~atl63.8 eV (2p.) and 164.9 eV (2p) can be attributed to
the C-S-C covalent bonds, the ones between 1651666 eV to C-SH and those between
168 and 169.5 eV attributed to some oxidized sulptt+rSQ-C-, x = 2, 3).[22, 41, 42]

The Co 2p spectrum (Figures 4 (e)) presented twm p@aks atc 780 and 795 eV
corresponding to the 2p and 2p,, spin-orbital doublets and each of these peaks were

deconvoluted into two components. The spectrum fiti@sl with two couples of peaks with
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binding energies at 779.7 and 795.0 eV assign&btband 781.5 and 796.8 eV assigned to
Co?*.[28, 39, 43, 44] Additionally, three small peaks present at 784.8, 788.9 and 803.3 eV.
The first two are ascribed to shake-up satellitekpeof Co 2, peak and the third to shake-
up satellite peak of the Co gppeak.[43] The existence of Co in two oxidationtesa
validates the suggested spinel structure suggebtedhe Raman and XRD results.
Furthermore, the energy difference between eaatopaieaks A2ps/2-2py2) was estimated to
be 15.3 eV which is in good agreement with the regbvalues for the mixed valence cobalt
oxide C@04.[28] The Mn 2p spectrum (Figures S4 (e)) also gmésd two main peaks which
were deconvoluted into 2 components each. The gmectvas fitted with two couples of
peaks with binding energies at 640.9 and 652.5sjaed to MA" and 642.5 and 654.1 eV
assigned to Mfi.[17, 29, 45, 46] In addition, a peak at 644.9 e®swobserved, which
corresponds to the satellite of the Mnz2gomponent. As for the cobalt spectrum, the
existence of two components for each Mn 2p peatisates that manganese is present in two
oxidation states which is consistence with the gmes of MnrO, spinel structure,
corroborating the XRD results.

(Insert Figure 4)

The morphology of B5;-GF, Co/NS;-GF and Mn/NS;-GF was assessed by TEM
and SEM. Figure 5 shows the TEM micrographs fe&P:F (a, b), Co/NS;-GF (c, d) and
Mn/N3S;-GF (e, f) while the corresponding SEM images carobserved in Figure S5. The
acquired SEM images for theg8-GF (Figure S5 (a)) suggest that this doped graplfiiakes
are composed by wrinkled graphene sheets whicbrielmorate by TEM images. The TEM
micrographs for Co/pEs-GF and Mn/NS;-GF nanocomposites clearly show the presence of
Co0, and MO, nanoparticles agglomerates immobilized onto thsS;MEF surface,

respectively. It is also possible to observe theasgspherical morphology of the

12



nanoparticles. Furthermore, a wide size distribufm both nanocomposites is observed with
Mn/N3S;-GF presenting higher size. These TEM results amoborated by the SEM analysis
were graphene sheets are fully covered by thgdCand MnrO, agglomerates. The EDS
analysis (Figure S5 (d, e)) also confirmed the terise of a high content of Co and Mn

species.

(Insert Figure 5)
3.2.
3.3.Electrocatalytic performancetowards ORR

The ORR electrocatalytic performances of the apaned NS;-GF, Co/NS;-GF and
Mn/N3S;-GF composites were initially evaluated by CV testdl,- and Q-saturated 0.1 mol
dm?® KOH electrolyte (catalyst loading of 0.26 mg ®mAll the CVs of the prepared
composites, as well as, those for pristine grapliekes and Pt/C (20 wt. %) (obtained ia-N
and Q-saturated KOH) can be observed in Figure S5 (8I)N,-saturated electrolyte, no
electrochemical processes are observed for GF a3g-G®F, while for Co/NS;-GF and
Mn/N3S;-GF composites some low intensity peaks can bereédatE,. = 0.78 V andEpa =
1.07 and 1.26 V vs. RHE for Coff-GF andE,: = 0.86 V andEp, = 1.00 V vs. RHE for
Mn/N3S;-GF. These can be attributed to cobalt and mangamesiox processes,
respectively.[47-49]

In the presence of Dall the prepared materials show an irreversidkReak aty: =
0.76, 0.81 and 0.80 V vs. RHE fos®-GF, Co/NS;-GF and Mn/NS;-GF, respectively. In
the same experimental conditions, Pt/C (20 wt. Bigure S5 (b), SI) showed the ORR peak
atEp. = 0.88 V vs. RHE.

The ORR electrocatalytic behaviour of the differeglectrocatalysts was further

evaluated by LSV at 1600 rpm in,®aturated KOH. As it can be observed in Figur@)6 (
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the Co/NSs-GF and the Mn/BB;-GF composites present very similar diffusion-limg
current densityj(, ozsv, 16000 Values(-3.98 and -4.17 mA cif respectively). The doping of
pristine GF with both sulphur and nitrogen alsalketo an increase in thevalues from -3.17
mA cm? (GF) to -3.49 mA cifi (N3Ss-GF). Still, the values obtained are smaller thaat t
obtained for Pt/C (-4.68 mA cf). Additionally, both the Co/d8s;-GF and Mn/NS;-GF
electrocatalysts exhibit similar onset potentiddg = 0.87 V) to Pt/C Eonset= 0.91 V vs.
RHE). TheEgnsetvalues of NS;-GF and GF were slightly less positive wihhset= 0.84 and
0.82 V vs. RHE, respectively.

The Eonset Values obtained for MnA$;-GF and Co/NS;-GF nanocomposites are
comparable with several reported results for maeganand cobalt oxide nanoparticles
immobilized at different carbon materials or eveitidr as it can be observed in Table S2.

To get more information regarding the ORR procéSd/s were acquired at different
rotation speeds ranging from 400 to 3000 rpm (FEgB6) and then the kinetic parameters
were evaluated using the K-L plots. The K-L plofsGF, Pt/C (20 wt. %) and the three
prepared materials @S;-GF, Co/NS;-GF and Mn/NS;-GF) are presented in Figure S7. All

Y2 suggesting a °1 order Q

materials present a linear relationship betwgénvs. o
electrocatalytic reduction reaction relatively e tdissolved @concentration. In addition, the
K-L plots of Co/NSz-GF, Mn/NsS;-GF and Pt/C present parallel lines with very samil
slopes between 0.26 and 0.55 V vs. RHE suggediaigthe number of electrons transferred
per G molecule o) is independent of the potential. This contrasth what is observed for
N3S;-GF and pristine GF with the later showing highiffiedences in the slopes.

The ORR process, in alkaline medium can occur gimoa direct or an indirect
pathway. The first involves 4-electrons, with theedt reduction of @to H,O/HO and the

second (indirect) involves a first step where oxygereduced to HO and, a second where

the intermediates are reduced tgOHO .[6] Thenp, values were estimated by the K-L eq.
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(see Sl), and Fig. 6 (b) shows the plots\gf vs. E. For Pt/C, Co/NS;-GF and Mn/NSz-GF,
the no, values are practically constant in the range ¢émitals between 0.26 V and 0.60, vs.
RHE, with estimatecho, values of approximately 4.0, 4.0 and 3.7. ForKh&;-GF thenp,
values changed from 4.0 to 3.6 with a mean valud.®fwhile for GF the values decrease
from 2.5 to 2.0 withio, = 2.2. These results suggest that in the poteratigje scanned, GF is
involved in a 2-electron process, namely, indirectuction through peroxide pathway while,
for the as-prepared materials ;84-GF, Co/NS;-GF and Mn/NS;-GF) a single step 4-
electron transfer mechanism seems to be the leadougss.

The results obtained for the prepared dual-dopggk-8BF are similar or even better
than those in literature for N, S dual-doped carbuaterials.[50-54] For example, Liu et
al.[51] reported a S,N-co-doped graphene showngvalues of 0.88 Viio. ~ 4.0 andj,. =
5.18 mA cnf but much higher N content was reported in theis KZ.25%). The same
authors reported sulphur-nitrogen co-doped carbamfwithEgnset= 0.80 V andip, = 3.96,
but as in previous example the ECs presented hijnand S contents (6.53 and 2.88%,
respectively).[50] Other examples are the co-dd@®dCNT reported by Patil et al.[52] and
the co-doped porous carbon sheets by Lu and coensf&4]

The better ORR performancgs &ndfio,) of N3S3-GF, Co/NS;-GF and Mn/NS;-GF
when compared to pristine graphene flakes are duthé dual-doping (valid for the 3
nanomaterials) and also to the interactions betwiee™N and S configurations and the;Gg
or MnzO4 nanoparticles. First, the presence of dopantsarcarbon matrix usually introduces
different charges or spin distribution of the? sarbon plane, which further facilitates the
adsorption and activation of,(promoting the ORR. Even though, several dopantshbea
used, N has proven to be the most promising onenposove the ORR activity of carbon-
based materials. Pyridinic N atoms, since theygasssene lone pair of electrons in addition to

the electron donated to the conjugateblond of graphene, facilitate reductive &lsorption
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and therefore have been reported to serve as O&Raatalytic sites.[55] Graphitic N is
also known to be an active site for ORR.[55, 56plm case, the slightly better performance
of the Co/NS;-GF and Mn/NS;-GF electrocatalysts cannot be directly relatetheoN% as
both present a lower value (1.3 and 1.4%, respalglicompared to pE;-GF (1.7%, Table 1)
nor to the percentages of pyridinic or graphiti@afdms (see Table S1). So, this suggests that
other factors are influencing the ORR electrocéi@lyactivity. The simultaneous
incorporation of different heteroatoms is also know improve the ORR activity.[57] The
co-existence of different dopants increases spamfEh densities leading to the creation of
more active sites and possible interactions betvieem can improve the activity of single
active sites.[58] Also, sulphur is known to hav&rang synergistic effect with the nitrogen as
the former has a superior radius than those ofdCNgrpromoting charge dislocation, leading
to structural defects in the carbon frame, and awiplg O, adsorption. The pE:-GF and
Mn/N3S;-GF presented the same percentage of S atoms (Ovh#h was very close to the
one obtained for Co/$s-GF (0.3%). However, for the Mn#S;-GF nanocomposite the
amount of oxidized sulphur (-C-S@-, x = 2, 3) was significantly higher (48.3%) whe
compared with Co/p6s-GF (28.9%) and BE;-GF (26.6%). The in-situ preparation of the
nanoparticles in the presence ofS¥GF leads to changes in the sulphur configuratibickv
may also contribute to the slightly better perfonee of Co/NS;-GF and Mn/NSz-GF.
These results are in good agreement with the wailighed by Xia and co-workers[59].
They studied the catalytic activity of S-doped drape by both experimental and density
functional theory and concluded that the catalgticciency can be improved through the
introduction of —S@- bonding structures during the process of dopimgplgene.[59]
Furthermore, the covalent coupling effects betw€esO, and MO, nanoparticles and the
S, N co-doped graphene flakes also contribute téN{S3-GF and Mn/NS;-GF better

performances.
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Tafel plots (Figure 6 (c)) were obtained from LSatalin Figure 6 (a) at 1600 rpm, in
O,-saturated KOHThe ORR process exhibits Tafel slopes of 87, 49506and 90 mv dékc
for Pt/C, GF, NS;-GF, Co/NS;-GF and Mn/NSs-GF, respectively. As the estimated Tafel
slopes of GF, NSs-GF, Co/NS:-GF are close to 60 mV décthe predicted mechanism
where the global reaction rate is ruled by the eosion of MOO (intermediate surface
adsorbed specie) to MOOH (M is an empty site orethetrocatalyst surface) could probably
be ascribed for these materials while for MsBNGF most likely the rate is determined by
the first discharge step or the upon consumptioth®@MOOH species with high coverage of
MOO".[60]

(Insert Figure 6)

To confirm the results obtained for®4-GF, Co/NSs-GF and Mn/NSs-GF, the ORR
mechanistic pathway was also explored using the RRBeasurements. The measured
current densities during LSV at the electrode d@iskl ring are shown in Figure 7 (a). The
results for Pt/C are also included for comparisbhe estimated % #D, produced was
calculated through Eq. 4 and is presented in Figul®. Both the Co/p8;-GF and Mn/NS;-

GF electrocatalysts presented relatively low ¥H(12% and 14%, respectively) while a
value of 4% was obtained for Pt/C. Still, theS¥GF electrocatalyst presented aGd
percentage of approximately 26%. Even though thetges seem to be in accordance with
the i values estimated from the K-L plots, for the Pt@H/NsS;-GF and Mn/NS;-GF
electrocatalysts, the same does not stand £{8-8F. The same problem has been reported
by several authors.[49, 61-65] According to a régaper by Qiacet al. [65] both methods
have limitations and cannot be compared, being ties reason why many authors only
present the values obtained by one of the meth@ds.the one hand, the oxidation ofC4

on Pt is not a mass-transfer limited process. hitrest, and according to the SEM and TEM
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results, our catalysts present a rough and potoustisre which may change the geometry of
the electrode and introduce turbulence in the elbtée flow leading to estimated values
that may not reflect the real catalytic behaviour.

(Insert Figure 7)

Tolerance to methanol crossover was evaluated smogethanol fuel cells this can
reduce drastically the cathodic performance, if B@® is sensitive to it. So, the effect of
methanol presence was evaluated by chronoampenrpineds-saturated KOH (0.1 mol dfi)
to which was added 0.5 mol dhmethanol at = 500 s (Figure 8 (a)). For Pt/C, the addition
of methanol causes a current decrease38%. The doped graphene;@-GF) is also quite
sensitive to methanol as it presents a currentedser of 40%. Oppositely, the same material
after the immobilization of the cobalt oxide andnganese oxide nanoparticles (C¢BNGF
and Mn/NS;-GF) are not as sensitive to it as they presenentiretention between 76 and
81%. This suggests a greater selectivity toward®R @Rd the good tolerance to methanol
crossover effect.

Additionally, an important parameter when evaluatithe performance of ORR
electrocatalysts is their stability. So, the sibibf Co/NsS;-GF and Mn/NS;-GF was
evaluated by chronoamperometrykat= 0.50 V vs. RHE during 20 000s, in,-Gaturated
KOH solution (0.1 mol dil) at 1600 rpm. Chronoamperometric responses ofetles
materials and Pt/C are presented in Figure 8 (lhe Tommercial Pt/C electrocatalyst
presented an 87% current retention after 20 00he.Mn/NsS;-GF electrocatalyst showed a

better result (85%) when compared with C£8NGF (76%) and being very close to Pt/C.

(Insert Figure 8)
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4. Conclusions

In this paper, we have reported a simple, scalabté cost-effective method for the
synthesis of novel graphene-based nanocomposdssdion the G®, or MngO4 in situ co-
precipitation in the presence of dual doped (Sgidphene flakes, with enhanced properties
towards the ORR. The graphene flakes dual doping achieved using, for the first time,
trithiocyanuric acid as the nitrogen and sulphypatd.

The characterization of both materials, C$8NGF and Mn/NS;-GF, showed the
preservation of G, and MyO, spinel structure, respectively. Both nanocompesis well
as the doped GF showed superior overall ORR eletiabytic activity in alkaline medium
with onset potential between 0.84 and 0.87 V vsERIdw Tafel slopes (50 — 90 mV d&c
and good diffusion-limiting current densities (8.4 -4.17 mA cnrif). The slightly better
performances of CoA$;-GF and Mn/NS;-GF were attributed to covalent coupling effects
between Cg0, and MnO4 nanoparticles and the N, S dual-doped graphekedlaMoreover,
these electrocatalysts presented good tolerancetioanol poisoning and good stability up to
5.5 hours. This proof of concept study resultedhi@ development of efficient and stable
noble metal-free electrocatalysts with good ORRquerance by a simple, cost-effective and

scalable method.
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Figure 1. FTIR spectra of: (a) GO®4 NPs (black) and CoA$s:-GF (red) and (b) MsD4 NPs
(black) and Mn/NSs-GF (red), in the range 4000 — 500 ¢m

Figure 2. Raman spectra of: (a) g NPs (black), NS;-GF (blue) and Co/pBs-GF (red)
and (b) MRO4 NPs (black), NS;-GF (blue) and Mn/kE;-GF (red).

Figure 3. XRD spectra of: (a) G&®4 NPs (black) and CoA$s:-GF (red) and (b) Ms©D4 NPs
(black) and Mn/NS;-GF (red).

Figure 4. Deconvoluted high resolution XPS speaifaCo/NsSs-GF: C 1s (a), O 1s (b), N 1s
(c), S 2p (d) and Co 2p (e).

Figure5. TEM micrographs of B5;-GF (a), Co/NS;-GF (b) and Mn/NS;-GF (c).

Figure 6. ORR LSV curves of Pt/C, GF,38-GF, Co/NS;-GF and Mn/NS;-GF acquired in
O,-saturated KOH solution (0.1 mol dfat 1600 rpm and 0.005 V'qa); no, at several
potential values (b) and the respective ORR Tdtabk{c).

Figure 7. LSVs recorded with RRDE in &saturated 0.1 mol dthKOH solution, at 1600
rpm andv = 0.005 V & and the ring potential was keptt 1.16 V vs. RHE (a); Estimated
percentage of D, formed (b).

Figure 8. Chronoamperometric responses of the ECs with thditiad of 0.5 mol drit
methanol after 500 s, atE = 0.50 V vs. RHE, at 1600 rpm, in 0.1 mol dr®,-saturated
KOH (a); Chronoamperometric responses of the EEs=a0.50 V vs. RHE, at 1600 rpm, in

0.1 mol dn?® O,-saturated KOH for 20000 s (b).
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TABLES

Table 1. XPSsurface atomic percentages for GRSNGF, Co/NS;-GF and Mn/NS;-GF.

Atomic %
Sample
C1ls O1s N 1s S2p Co2p Mn2p
GF 97.1 29 - - - -
N3Ss-GF 93.7 4.3 1.7 0.4 - .
Co/N3Ss-GF 75.3 14.9 1.3 0.3 8.1 -
Mn/N3S;-GF 83.6 9.8 1.4 0.4 - 4.7

 Determined by the areas of the respective bantteihigh-resolution XPS spectra.
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Highlights

N,S dual-doped graphene was successfully prepared by scalable ball-milling
method

Co/N3Ss-GF  and Mn/N3S;-GF  electrocatalysts showed excellent ORR
performance;

Good stability/durability and tolerance to methanol crossover were achieved.



