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Abstract

Nanostruatred materials and their applications in zaic batteries are considered

one of the pivotal points in new energy storage nowadays. The limitation in the rare
earth metals such as Pt/C and Ir/C has forced to shift to more economic alternatives
such as parus carbon materials and transition metal oxides/sulphides. A cost
effective analysis of each material in the synthesis of electrocatalysts is crucially
important in order to determine the best compromise between cost and excellent
electrochemical perforrmee. Nowadays, the main electrocatalyst for oxygen
reduction reaction has been Pt/C, but its high cost makes it undesirable for industrial
applications. Hence, the strategy in replacing Pt/C with nitrogen doped carb@)s (N
and composites consisting of@l and transition metal oxides/chalcogenides is an
effective high performance and economic alternative.

This thesis explains the principles of electrochemistry and electrochemical reactions
such as oxygen reduction reaction (ORR) and oxgyetution reaction (OER). The
study of electrocatalysts is thoroughly explained with all the synthesised materials in
this work including: manganese oxide nanoparticles on nitrogen doped mesoporous
carbon for ORR; heteroatom (N, P, S) doping in reducefdhgree oxide and the
electrochemical activity towards ORR; cobalt sulphide nanoparticles on nitrogen

doped reduced graphene oxide as bifunctional electrocatalyst feaizipatteries.



Impact Statement

The increasing demands in energy storage novgatlag made the research shift
towards materials side and studies of electrocatalysts to use as economic alternatives
to precious metadbased benchmark catalysts such as Pt/C and Ir/C for the main
catalytic reactions: oxygen reduction reaction (ORR) andjexyevolution reaction
(OER). These two main reactions are the fundamental basis ofairdiatteries such

as zineair batteries where they form a direct relationship towards the charge and
discharge regions. Obtaining highly porooarbonbased materias is crucially
important for electrodes/cathodes to be used HaiZbatteries. These play a role in
enabling a fast electron transferftom the anode and cathode. The air electrode,
oxygen electrode, is to have a longevity such as that the batterpevdble to
undertake continuous cycles with low voltage polarization gaps between the charge
and discharge regions. Highly porous carbased materials (amorphous carbon and
graphene oxide) have been synthesized in this thesis where it has been shown tha
there exists a direct correlation between specific surface area (SSA) and
electrocatalytic activity towards oxygen reduction reaction together with the role of
nitrogen functionalities in both catalytic systems comprising: (1) manganese oxide
nanoparticds on nitrogen doped mesoporous carbon for highly efficient oxygen
reduction reaction (ORR) and; (2) role of heteroatom doping (nitrogen, sulphur,
phosphorus) on reduced graphene oxide electrocatalyst through a detailed study of the
porosity, doping, andtuctural defects present in the high temperature treated
materials.

Next, was the study of on optimal bifunctional catalyst for the oxygen evolution

reaction (OER) and ORR which consisted (3) of cobalt sulphide nanoparticles on
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nitrogen doped reduced @tzene oxide (G&,-NRG-4). The excellent
electrocatalytic performance was highlighted by studies of key indicators in ORR
including: onset potentials, halfave potentials, limiting current densities and
electron transfer number. (-NRG-4 hybrid catalyshad excellent limiting current
densities, onset potential, and hative potentials compared to €tfor ORR; and
excellent onset potential for OER compared to Ir/C as it has been explained in this
thesis. Furthermore, €8,-NRG-4 was able to achieve esitent cyclic performance
without compromising the integrity of the electrode even after hundred hours with
low chargedischarge polarization gaps as compared to Ptlr/C1:1 where there was a

clear drop in performance after 20 hours.



Al continue coupling a plate of silver wi
and place between each of these couples a moistened disk. | continue to form a
column. If the column contains about twenty of these couples of metal, it will be
capah e of giving to the fingers several s m;

Alessandro Volta, Italian Physicist and Inventor of the electric battery
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Figure 218(a) Schematic illustration of various kinds ofd€ping types or topological
defects on graphene skeleton. (PR: pyrrolic nitrogen; PN: Pyridinic nitrogen.) (b)
Volcano plots of overpotential versus adsorption energy of OH* for ORR and OER. (c)
Schematic lustration of optimized adsorption mode of C5+7 interacting with O, OH,
and OOH species (from top to bottom). Diagrams for showing the calculated free
energy for ORR proceeded at pH = 0 on (d) graphene with C5+7 defect and (e) pyrrolic
N. The colour of elments: carbon (gray), hydrogen (white), oxygen (blue), and
A1 g oTo L= AT (=10 ) TP 66

Figure 219 Theoretical overpotential for oxygen evolution vs. the difference between
the standard free energy o00* t wl@&wbseque
various binary oxides (lefand perovskite oxide (Fight)...............cccceeiiiiiicennnnns 68

Figure 31 The plots of temperatugiensiy of water with pressure as a paramétér.

Figure 32 Schematic illustration of the synthesis steps #8-@@MCG_1000.....78

Figure 33 (a) Graphite powder turning dark green upon oxidation with KMnO4. (b)
The four different batches of GO synthesized includinglGG0-2, GO 3, and GO

4. (c) A prepared solution of G® where it can be observed the light breyatlow

colour of graphene oxide. (d) An illustration of the G@nd G4 synthesis where it

can be observed the much lighter (guaslow) colour of GG4 on the right flask82

Figure 34 Chemical reduction of graphene oxide by usingscorbic acid (Vitamin

C) depicting the successful reduction of GO to rGO as can be noted by the dark black
colour in the sediment of the solutian................oooiiiii e 33

Figure 35 (a) Hydrothermal reduction method of graphene oxide to redyregphene

oxide (rGO) depicting the reaction vessels made of Teflon. Here, three samples were
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considered using GQ, GO3, and G&4. (bc) High temperature annealing of
graphene oxide to yield rG800-1-step, rGGB00-3-SteP......cceeeeeeererrreeeererrieeeene. 84
Figure 36 Schematic diagram for the syatlis of Graphene oxide (GO) by modified
HUMMErS MENOM. ... ..o 91
Figure 37 Summary of synthesis routes for heteroatom doped reduced graphene oxide
nanocarbon electrocatatgan Chapter B...........ccoooiiiiiiiiiiiieee e 92
Figure 38 Summary synthesis routes for cobalt sulphide nanoparticles on nitrogen
doped rGO iN ChAPLEE B......ovvieiiiiiiee e e e eeee e e e e e e e e e e e e eeaeaaanes 93
Figure 39 Principle of XRD operation where an incident beam of monochromated X
rays strike upon aligned lattice planes in a crystalline sample. Planesparated by

a distance d, and the beam touches the plane at-atgtbée plane...................... 95
Figure 310 Operating principle of Xay photoelectron spectroscopy (XPS)......97
Figure 311 Scattering processes of light including Stokes andSiokes Raman
o= 11 (=1 o TSRO 103
Figure 312 Schematic diagram of typical threkectrode electrochemical cell...106
Figure 313 lllustration of the electronicircuitry of a potentiostat used for
electrochemical CeIIS.........ooi e 108
Figure 314 Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
setups with Metrohm Autolab potentiostat used to obtain cylic voltammetry (CV) and
linear sweep voltammetry (LSV) data for @RR and (b) OER, respectively...108
Figure 315 ORR polarization curve at 1600 rpm for 20 wt.% PtiC................. 111
Figure 316 Schematic procedure to obtain reproducible data for both ORR and OER

measurements. First threeipts (1 to 3) the electrolyte solution was static for cyclic
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voltammetry studies, while for point (4) linear sweep voltammetry (LSV) the working
electrode (WE) rotation rate was 400 rpm to 2000 tpm............ccevvvvrvviemmnennnn. 112
Figure 317 (a) Diagram illustration of Zair batteries with alcomponents (anode,
cathode, electrolyte, and separator. (b) Photograph illustration-air Zratteries top
view, (c) Znair geometric parameters, (d) view of injection hole for electrolyte
1 ET=T 4 T o PO T PO PR PPPPPPRPP 114
Figure 318 Neware CI3008 battery tester used to testanbateries. Four Zrair
batteries are pictured here on four different channels of the battery.tester....115
Figure4l (a) SEM and TEM (b) for Mnd®D2nanot L
nanotubes. (d) Mn2p XPS spectru f dvinO2Whanotubes.............ccccevvvveeveneee 121
Figure 42 SEM images of MnO2 nanospheres (a) low magnification, and (b) high
(g F=To 111 To%= 11 o] o PP RSPRPRN 122
Figure 43 (a, b) SEM for MN@Q@CNT-G. (c) XRD pattern for MNn@@CNT-G; (d)
XPS spectra Mn2p, (e) C1s, and (f) O1s for M@ZNT-G.......ccoevvvvvieiieiiniiinnes 123
Figure 44 (a) SEM for NC_800; (b) NC_1000, and (c) Ms-C_1000................ 125
Figure 45 XRD diffraction patterns for N\C_800, N_C 1000, #-C_ 1000, and N
C@MUECG_T000.... . ettt ettt see et r e e e e e e e e e e e ennna s 126
Figure 46 (a) C1s and (b) N1s high resolution XPS spectrums f&@MCG_1000,

(c) and (d) NS-C_1000, andef) N-C_1000........c.ceeerereereeeeereeeeeesesessseeeenens 127
Figure 47 XRD pattern of NSSC@MCG_1000 comprising manganese oxide
(MnO/Mn304) NPs on Ndoped mesoporous carbon.............cooovvvvvviiieenneeeeeenn. 129
Figure 48 (a, b) SEM and TEM (e) for NS-C@MCG_1000. (f) Particle size
distribution for NSSC@MCG_1000. g-h) TEM of manganese oxide nanopatrticle in

N-S-C@MCG_1000 (HRTEM shown iN INSEt)........ccceuvuiiieiiiiiiiiiciee e, 130
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Figure 49 EDS TEM electron image (a) and colour mapping for (b) manganese, (c)
oxygen, (d) nitrogen and (e) carbon. (f) Spectrum and elemental analysis in EDS for
N-S-C@MCG_L1000.........cceeeieiiiiiiiiitimnne e e e eenenssbeberssaeeeeeeeeaeeeeeen 132

Figure 410 (a) EDS TEM electron image of-SC@MCG_1000 indicating presence

of CNTs and manganese oxide nanopatrticles. Elemental mapping images illustrating
the presence of (b) carbon, (c) manganese and (d) oxygeSH8®MCG_1000133

Figure 411 (ad) TEM images of NC@MCG_1000.............ouvvmuiiieeiisieemnnnnnnnns 134

Figure 412 XPS survey spectra forSSFC@MCG_1000 and Mneg@CNT-G....... 135

Figure 413 XPS survey spectra forS$C@MCG_1000 and X@MCG_1000..135

Figure 414 XPS Cl1s spectra forr-SBC@MCG_1000.............cceevvrrririrriienneeeennn. 136

Figure 415 XPS spectra (a) O1s, (b) S2p, (c) Mn2p, and (d) N1s foiS- N
C@MECG_L1000.......ccieiieeeeeiiiteetinresas bbb ae e e e e e e e aanassssssseeeeeeeaaaaeeaesessaameeees 137

Figure 416 Raman spectrum for-SEC@MCG_1000...........ccccevvrrrrirrririenneeennn. 139

Figure 417 TGA and heat curves forrSSC@MCG_1000 at heating rate of°@@min

under N atMOSPRNEIE........ooiii e 139

Figure 418 (a) N sorption isotherms and (b) pore size distributions ofS-N
C@MCG_1000; (c) N sorption isotherms and pore size distribution (inset) of N
C@QMCG_1000 a-MmO; rambiubes..o.r....U...ccovoviveeeeicceee, 141

Figure 419 ORR pol ari zation c u@CN-GMCG)aml 1600

| -MnO- nanotubes in ®saturatedd.1 M KOH solution at a scan rate = 10 mV. s

Figure 420 Cyclic voltammetry (CV) in @saturated and Nsaturated 0.1 M KOH

electrolyte at 100 mV-5scan rate for N\S-C@MCG_1000............ccoeevrereeerrenrenes 143
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Figure 421 CV curves for NC_1000 NS-C_1000, 20 wt.% Pt/C, C@MCG_1000
and NS-C@MCG_1000. Scan rate= 100 mV, £, saturated 0.1 M KOH......... 144
Figure 422 CV for NC_800 and NC_1000. Scan rate = 100 mV 81 O, saturated
0.1 M KOH electrolyte. Scan rate = 100 MV.S......cccoevieeeieeeiieeeeee e, 145
Figure 423 ORR polarization curve for (&)}-C_800; (b) NC_1000; (c) NS-C_1000;
and (d) NC@MCG_1000 in @saturated 0.1 M KOH at scan rate= 10 mV.s..146
Figure 424 ORR polarization curves at 1600 rpm ofSNC@MCG_1000, Ns-
C_1000, NC@MCG_1000, and XC_1000 in Q@ saturated 0.1 M KOH at scan rate =
10 mVs?. Inset graph shows the regieh25 V t0-0.14 V........ccoeevvveeveeereeevinnes 147
Figure 425 ORR polarization curve for 20 wt.% Pt/C in €aturated 0.1 M KOH at
SCAN Fate= L0 MVS . oot 147
Figure 426 ORRLSV for N-S-C@MCG_1000 (scan rate 10 mV)sn O, saturated
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Figure 427 KouteckyLevich (K-L) plots faa N-SSC@MCG_1000 at0.4 V,-0.5V,
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Figure 428 LSV ORR plots at 1600 rpm for-&C-@MCG_1000, NC_MCG_1000,
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Figure 429 KouteckylLevich (K-L) plots at -0.5 V vs. Ag/AgCl for NS
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Figure 431 Tafel plots for NSC@MCG_1000, NC@MCG_1000, and Pt/C derived

from LSV at 1600 rpm. Linear fitting range betwe®ri5 to-0.2 V vs. Ag/AgCI.153
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Figure 432 Linear fitting for the Tafel plots of 4$-C@MCG_1000, N
C@MCG_1000, NS-C_1000, NC_1000, NS-C@Mn _ 1 0 &M@Q2 nabotubes and
Pt/C at 1600 rpm in 0.1 M KOH. The Tafel slopes are calculated in the potential range
Of -0.1510-0.2 V VS. AQ/AGC L.t eeen e 154
Figure 433 (a) Electron transfer number (ETN, n) for Mn@anotubes, N
C_800/1000, NC/N-S-C_1000, MnO2@CNIG (MCG), N-C@MCG_1000. Ns-
C@MCG_1000, NS-C@Mn_1000, and Pt/C; and (b) relationship between ETN and
EonsetPOLENTIAL.......eeiiiiiiiiie e 155
Figure 434 Chronoamperometric-{j response of S-C@MCG_1000 and 20 wt.%
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Figure 51 Schematic routes startinggin graphene oxide (GO) to obtainr0-800,
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Figure 52 XRD patterns for graphite (top) and graphene oxide (bottom).......172
Figure 53 XRD patterns for graphene oxide synthesized in four different batches (GO
1, GO2, GO 3, GO4) indicating the reprodubility of the modified Hummers method

and the effective oxidation of graphite to graphene oxide through the use of H2S04.

Figure 54 XPS survey spectra, C 1s and O 1s Hggolution spectra for graphene
oxide materials includinga-c) GO-1, (df) GO-2, (¢i) GO-3 and (jl) GO-4 with
corresponding fittiNg PEAKS.........ccvviuiiii i reer e 175
Figure 55 (a) XRD patterns for rG@00-3-step, rGG800-1-step, and rGE160-15h.
(b) FTIR spectra of graphene oxide (GO), graphite, 880 1-step and rGeB00-3-
step. (c) Raman speatfor rGQ800-3-step, rGGB800-1-step. (d) Raman spectra for

OrapPhite POWAE......ouiii e ereer e e e s 177
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Figure 56 (a) XPS survey spectra for GO, ré800-1-step and rGeB00-3-step. Core

level highresolution C1s XPS spectra for (b) reé800-1-step and (c) rGEB00-3-step.

Figure 57 XPS survey spectra, C 1s and O 1s Hggolution spectra for graphene
oxide materials including-c) rGO-800-1, (df) rGO-800-2, (¢i) rGO-800-3 and ()
rGO-800-4 with corresponding fitting peaks.........ccccovvviiiieiiiiceeiiii e 180
Figure 58 Thermogravimetric (TGA) curves for (a) graphene oxide (GO), and (b)
reduced graphene oXide (IGQ)......uuuuuiiiiiii e ceeecccee e eeeee e e e 183
Figure 59 N, adsorptiordesorption isotherms for (a) GO, (b) ®3educed by L
ascorbic acid, and (C) FGBDO0............uuuuuiiiiieee e ceerrr e eeer e e e 183
Figure 510 (a) XRD patterns for rG@00, NrGO-80Qirea and NrGO-800ne and (b)
XRD patterns for NS-rGO-800 and NP-rGO-800..........cccceeeiiiiiiiiiiiiieee e 184
Figure 511 XPS survey spectra of GO, r&D0, NrGO-800ne, N-rGO-80Qirea N-S-
rGO-800 and NP-TGO-800..........cccuururiiiiiiiiiiieanerrrrrereereeeeeeeeeeeeseeanreeeeeeeeeeeaeens 185
Figure 512 C1s XPS highiesolution spectra of (a)-NM50-80Q,rea (C) N-rGO-800el,

(d) N-STGO-800, and (€) NP-rGO-800...........veeeeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereseeesn 186
Figure 513 XPS N1s higkresolution spectra for (a)-NGO-80Qyrea (b) NrGO-800yel,

(€) N-S-1GO-800, and (d) NP-rGO-800...........veeeeeereeeeeeeeeeeeeeeeseeeeeeeeeeeseseseeesn 187
Figure 514 XPS highresolution spectra for S2p (a) for$irGO-800. The bottom plot

(b) shows the P2p spectra forfNGO-800...........ccovvviiiiiiiiiiieemccee e 189
Figure 515 SEM images for (a) graphite powder; (b) graphene oxide (GO); -(c) N
rGO-80Qures AN (A) NFGO-800Mel. «....evevveeererereeeeeseeeeeeeeesseseee e e eeeeeeeseeeeeeeean 190

Figure 516 TEM images of (a) GO and (b) rG8D0-3-Step.......ccvvveeeerreriinneennn. 191
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Figure 517 SEM (a) and TEM (b) for nitrogemhoped reduced graphene oxider®O-
800ne. The TEM images for (c) 8-rGO-800 and (d) NP-rGO-800................... 191
Figure 518 Raman spectra of rG&80, NrGO-80Qirea N-rGO-800ne, N-S-rGO-800
ANA NP-TGO-800.......ciiiiieieiiee e eeeeee bbb arees bbbt e e e e e e eeaeeesenees 192
Figure 519 N adsorptiondesorption isotherms for (a)-M6O-800ne;; (b) N-SrGO-
800 and (c) NP-rGO-800; (d) poresize distribution for NP-rGO-800................ 193
Figure 520 Cyclic voltammetry (CV) curves for-NGO-800ne, N-S-rGO-800, and N
P-rGO-800. Scan rate = 100V s?, O, saturated 0.1 M KOH...........cccccevvreneenen. 195
Figure 521 Linear sweep voltammetry (LSV) curves at 1600 rpm fedamed and
doped reduced graphene oxides. Scan rate = 10, saturated 0.1 M KOH197
Figure 522 LSV curves at different rotation rates foPNGO-800. Scan rate = 10
mV s, O; satd. 0.1 M KOH €leCtrolyte...........coveevveeueeie et 198
Figure 523 KouteckyLevich (K-L) plots far N-P-rGO-800 at-0.5 V,-0.6 V, and-0.7
V VS, AQIAGCL ettt eee e e ——— 198

Figure 524 Tafel plots of NP-rGO-800 and Pt/C.......cccoooeeeiiiiiiiiiiiieeee e 199

Figure. 6.1 SEM images of Cox®RG-4 at (a) low and (b) high magnifications. (c)

TEM images at (a) low magfication and (b) high magnification of CoxSyRG-4.

Figure. 6.2 TEM EDS elemental mapping analysis of CeXMB¢>-4. The elemental

scans for a selected region correspond to (a) cobalt, (b) sulphur, (c) nitrogen, and (d)

(07214 o1 o IS PP PTP PP PPPPPPPPPRTPPPRI 216
Figure. 6.3 XRD pattern of COXSYRG4. .......coooiiiiiiiiiiiiieeee e 217
Figure. 6.4 XPS survey spectra of COXSRG-4. .......oovvviiiiiiiiiiiiiiiiiiccieeeee, 218
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Figure. 6.9 Kouteckyevich (K-L) plots of CoxSyNRG-4 at potentials equal t®.5,

-0.6, and0.7 V VS. AGAGCL ... 222
Figure. 6.10 Rotating ringlisk electrode (RRDE) voltammograms for CoX$iRG-4

and Pt/C in O2 saturated 0.1 M KOH at a rotation speed of 1600 rpm with scan rate of
L0 MV S e e e e e e e e e e enne 223
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Figure. 6.12 Zinair battery chargeéischarge cycling performance of &Sp-NRG-4
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Figure. 614 Zincair batteries in series with Cox®yRG-4 as air electrode catalyst
showing the powering of an LED light (red). The LED was able to stay on for more
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Figure. 6.15 Chargdischarge cycling performance for-air battery using PtC+Ir(

as the atalyst layer. Current density: 10 mA émwhere one cycle consists of a

discharge step (10 min, 10 mA @rfollowed by a charge step (10 min, 10 mA®m

Figure. 6.16 Zinair battery chargeischarge cycling performance of ¢-NRG-1.
Current density: 10 mA c¥) where one cycle consists of a discharge step (10 min, 10
mA cnt?) followed by a charge step (10 min, 10 MADM........ccoevveeeeerreeeiennes 229
Figure. 6.17 Zinair battery chargeischarge cycling performance of {Sp-NRG-2.
Current density: 10 mA c¥) where one cycle consists of a discharge step (10 min, 10
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Figure. 6.18 Zinair battery chargeischarge cycling performance of ¢-NRG-3.
Current density: 10 mA ci¥) where one cycle consists of a discharge step (10 min, 10
mA cn1?) followed by a charge step (10 min, 10 MADM........ccvevveeeeerreeeiennes 231
Figure. 6.19 (a) Poshortem side view digital illustration of Zair battery with
Pt/C+Ir/C as air electrode catalyst. (b) Top view ofainwith 20 wt.% Pt/C+Ir/C
showing electrolyte leakage from holes at air electrode and darkening of 6 M KOH
electrolyte solution (from transparent KOH to yellow/light brown KOH). fosttem
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Figure. 6.20 Postortem digital illustrabn of zinc electrodes in Zair batteries with
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NRG-3, and nitrogen doped reduced graphene oxideG@®) used as air electrodes.

Figure. 6.21 Dendrite formation zhagr batteries. SEM images show formation of ZnO
and ZnO byproducts (ZfOH)2) on the surface of the Zn electrode post
charge/discharge StUTIES...........oevviiiuiiiiieeee e errr e e e e e e 235
Figure. 6.22 Formation of needi&e morphology on Zn electrode. SEM image<]a
show formation of sharp needike dendrites on Zn electrode........................ 236
Figure. 6.23 Zrair batteries chargdischarge curves wittelectrolyte additives
(polyethylene glycol PEG) present in the solution at Oppm and 2000ppm for first 60
hours, , where one cycle consists of a discharge step (10 min, 1 rifAfoifiowed by

a charge step (10 Min, 1 MA BiL....oocviiee et seene e 237
Figure. 6.24 Zrair batteries chargdischarge curves with electrolyte additives
(polyethylene glycol PEG)rpsent in the solution at Oppm, 1000 ppm, 2000ppm, and
4000 ppm for first 10 hours, where one cycle consists of a discharge step (10 min, 1

mA cnt?) followed by a charge step (10 min, T MA®M.........ccoeveeveeeriee e 238
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Chapter 1 Introduction

Modern days demands for energy storage have promgsedrchers to develop new
generation of renewable energyncluding electrochemical, wind, tide, solar, water

and nuclear energy. The increased investigation of renewable energy sources leads to a
decrease in consumption of fossil fuels and influencesrely burning of fossil fuels

on human health.

Energy storage has been a focus of major investigation in the past centuries. Energy
storage devices such as metal (e.g. Znrair, Al-air, Li-air), supercapacitors have
received large attention from scientific research community and in industry. A

summay of energy storage technologies is shown in Figure 1.1.

( Ammonia
[ Hydrogen
[ Synthetic Fuels

[ Classic Batteries J ( Flow Batteries J

o . St srconduc 2]
[ Drop-in Fuels J ( Supercapacitors J[ U‘.ﬂ'éryf..},'-'E‘:‘»-Ei{f J

Storage [SMES
[ Methanol

(Swlthvtn: Natural GU.‘J

S G TEED §, W

Adiabatic

Compressed Air

Diabatic
Compressed Air

Liquid Air luwheels
E”f‘."f}‘\} S(fjr(]{)" J [ F.L‘“}‘r = J

Pumped Hydro

3 i o Sensible Heat
Hybrid Supercapacitors Latent Heat Storage =
X = Storage
Thermochemical
Storage

Figurel-1 Summary diagram of different energy storage technologies.
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Batteries are becoming portant technologies for the future and ongoing research has
focused on the development of efficient electrode materials to enhance the overall
performance and energy capacity in zinc air batteries (ZAB&se mainly rely on the
oxygen reduction reactidi®RR) and the oxygen evolution reaction (OER). The most
prominent and benchmark catalysts for these reactions are Pt and Ru based materials
respectively. However, the increased cost and scarcity of these noble metals limit their
applications in largescak industrial projects.

Hence, the development of durable and economic ORR/OER catalysts has attracted
reasonable interest in the research community due to thekwderending use in
rechargable metahir batteries. These consists of ngrecious metal electrocatalysts
where these could be nitrogen doped porous carbon, transition metal oxides (TMOSs),
reduced graphene oxide, cobalt sulphides on reduced graphene oxideatwtero
doped rduced graphene oxide (N, P, S, B), composites of transitions metal oxides and
graphene oxide, and spinel oxides.

Rechargeable zinc air batteries ban enormous potential to be widely used for future
energy storage devices. Problems in current-aindatteries include the limited
number of chargéischarge cycles that can be attained before the battery fails. The
issues which are to be considened@AB research include the materials used and design
choserf It is important to understand the impact of materials science and system design
approaches from both materials science and engineaamng k is therefore vital to
understand the reaction and transport processes for the operation of ZABs as well as to

investigate methods to improve and increase the durability of a°ZAB.

The importance of research in zia batteries lies in that they could be a major

electronics revolution in the future decades when it will bssiide to have
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rechargeable batteries which have superior energy density and power densities
compared to previous technologies. The study of rechargeability and durability
is vital in battery technology since these parameters affect the overall operation
of the battery and its market value. It is important to find routes to improve the
materials chosen for zirair cathode electrodes to enhance the rate of reactions
for both ORR (discharge) and OER (charge). Hence, for successful
improvements, it is importd to find alternative materials to commercial Pt/C
and Ir/C which can act as bifunctional air electrode catalysts using ebdsed

materials and metaixide/graphene composit&s!!

Dendrites are a fundamental part which determine battery operation and this
theme has been studied in the past decades with some improvements thought still
the issue to tackle dendrite prevention has to be considered furthéfmérae

study of dendrite protrusion inside theparator of a zirair battery is important

since these can cause short circuits. The repeated cycling during battery operation
causes more nemniform deposition on the surface of the Zn electrode which
eventually redistribute at its edges and causeldwetrode to become thicker in

time showing the effect of nemniform deposition/dissolution reactions at the

zinc.

In the next chapters, | will talk about the fundamentals and background in
electrochemical reactions ORR/OER, the operation of-zinbdteries, and
electrocatalysts for ORR and OERhapter 2). The experimental pathways to
obtain nanomaterials and their characterization will be outlinedhiapter 3.

The front point in this thesis has been focused on an evaluative approach on three

catalyst systems:
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1. Highly efficient manganese oxide nanoparticles on nitrogen doped
mesoporous carbon as electrocatalyst for oxygen reduction reaction

(ORR)1 Chapter 4.

2. A comparative study on the properties and effects of heteroatom (N/P/S)
doping in reduced graphene oxitléhrough studies of defects, surface

chemistry, and electrochemical activity towards OR&hapter 5.

3. A bifunctional electrocatalyst consisting of cobsiliiphide nanoparticles

on N-doped reduced graphene oxide for zaicbatterie§ Chapter 6.

The principles involved in selecting the materials stem from the research
in the electrocatalysis field, in particular mesoporous carbons and
graphene oxides including derivatives with dopants such as nitrogen,
sulphur and phosphorusvhich are able to eéhieve promising ORR
characteristics and performance. Though these might have exceptional
properties in ORR, they are not able to sustain the required reaction in the
oxygen evolution reaction (OER) potential window, hence, a strategy in
selecting appropaie materials using cobdlased nitrogen doped carbon
(including graphene, CNTs, activated carbgmraphitic carbon nitride) is

a promising method in achieving decent overpotentials when compared to

the equilibrium potential in oxygen electrocatalysis.
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Chapter 2 Literature Review

2.1. Fundamentals

Batteries have been known for centuries in their ability in converting and storing
chemical energy. Their advantages compared to other forms of energy storage include
the ability of scaledown to small sizes that has deapossible the development of
portable electronic devicé&The industry of electric vehicles (EVs) that will replace
internal combustion engine vehicles is another promising field where batteries could
become advantageous. These EVs however make use of lnubatteries (LIBS)

which have been prominent in theattery industry since 1996%.The main
disadvantage here is that LIBs have a high cost and issues concerning their safety and
necessity of lithium/cobalt for anode/cathdf@iélheir energy density is limited by
capacity of electbde materials. Hence, an alternative to replace LIBs in rechargeable
batteries field has become a main topic of interest in the years.-bletatteries
(MABSs) have a high energy density due to oxygen being used as reactant at the cathode
and is storedutside of battery until dischargé *The main primary/secondary metal

air batteries are with anodes such as zinc, iron, potassium, lithium, aluminium,
magnesium and sodiuti?* Theoretical specific energies (e.g. volumetric energy
density, gravimetric energy density, and nominal cell voltage of metal anodes in metal
air batteries is shown in Figure 2.1. Lithium is a strong amodterial in secondary
metalair batteries due to its high theoretical specific energy of 5928 W lakg cell
voltage of 2.96 VHowever,lithium is instable in when exposed to air in aqueous
electrolyte solutions. Zinc is more stable and can be charged more efficiently in aqueous
electrolyte solutions due to its greater energy and cell voltage in aqueousaimetal

battery. ZincisrelatdMey |1 nexpensive compared to |
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crust. The relatively high specific energy (1218 WHand volumetric energy density
(6136 Wh %) of zinc metal makes it a preferable anode candidate compditiiLim.

For primary metahir batteries, zinc is the most common anode where these are used
for hearing aids and provide a volumetric energy density of
13001400 Wh 1. Mechanically rechargeable batteries, also known asagirftel

cells, the battery is charged by removing thensgénc and resupplying with a new

zinc anode to enhance the low zinc electrode reversibility and not stable air cathode

electrodes.

. 12000 35
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w2 2466 £
e U 1913 1680 =
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lVqumetrlc Energy DenS|ty [ Specmc Energy Nommal Cell Voltage

Figure2-1 Theoretical specific energies, volumetric energy densities, and nomit

voltages for different metal anodes (Li, K, Na, Mg, Al, Zn,.Fe)

2.2 Carbon nanomaterials in electrochemistry

The unique properties of carbon has made it a perfect candidate in thecakemistry
world due to its high electrical thermal conductivity; variation in morphologies and
porosity, low cost and tolerable level of corrosté@.arbon exists in different allotrope

forms including graphite, graphene, amorphous carbon, carbon nanotubes (CNTSs),
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nanodiamond anduflerenes (Figure 2.2¢ The bading of carbon atoms in these

different allotropes strongly influences the intrinsic properties of carbon. For example,
graphite is aromatic planar configuration witiepy b r i d i z e d-detoealizédo n a n d
orbitals which enhance conductivity. Diamond ggsses strong mechanical properties

and thermal conductivity. Graphene consists of rHager graphite or fewayers and

possesses great properties in electrochemical reactions and catalysis.

QO

e e el

Carbon chains  Polycyclic aromatic hydrocarbons Graphite

Graphenes Nanofibers Nanohorns Nanoonions

Figure2-2 Different allotropes of carbon including graphite, CNTs, graphene, amoi

carbon,and nanofiber$?

The structural unit of carbon, which is hexagonal, tends to agglomerate and form stack
layers which then can close and form a carbon nanofibe,CNTs can be open and
form a graphene sheet by unzipping proéé€8The porosity and specific surface area

of carbon can affect and enhance the ability to access the electrolyte in electrochemical
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reactions. It is used as an electrode in energy storage devices (e.g. batteries,
supercapacitors, fuel cells) where it caralbgve electrocatalyst or a support material

for transition metal oxides/sulphides. The conductivity of carbon is found to be
dependent on different treatment methods including-tegtperature, doping with
heteroatoms, the hybridization and textural proes?® Functionalization of carbon
nanomagrials through various synthesis approaches and activation is also quite

important in order to enhance performance in catalytic reactions.

2.3 Oxygen reduction reaction (ORR)

ORR is themost important reaction in energy converting systems such as fuel
cells and metahir batteries. ORR in aqueous solutions occurs mainly by two
pathways: the direct fotglectron transfer pathway from @ H>O and the twe
electron transfer pathway fronp @ H20O». The @E value for
various pH values. Therefore, the reaction can be written in different ways

according to the electrolyte pH value where the reaction is taking place.

ORR is the slowest reaction in any condition for zcbdteries. The reasons

associated with this is due to the higher bond energy of the oxygen molecule.

0=0 (g)A 20 (g) M =+ 498 kJ mot (2.1)

The activation barrier must be prevented in order to obtain a higher current
density att he cat hode. T he exdissooaton is allvaggsn g e
positive. Hence oxygen dissociation is more favourable at higher temperatures

due to the decrease in G according
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®G =i TS (2.2)

Though t h eletgr8actioroig negatverdpe to a reactant in gaseous phase state
produce liquid, terefore-T S b e c 0 me &t highersteniperatuees the G
increases (negative G decreases) so efficiency will be reduced. At room temperature,
the activation energy calrop down by lowering the cathode potential or using a decent
electrocatalyst. The ORR proceeds by either the standgudthevay or by its peroxide
counterpart (2& The Sabatier principle is qualitative concept where it postulates that
the interaction®etween catalyst and substrate should not be too strong, nor too weak.
Weak interactions could lead to failure of bond making between catalyst and substrate
and suppressing reaction. Too strong interactions lead to slow dissociation of substrate
intermedates or products. Since ORR is a mstap reaction, the rate of the rate
determining step (r.d.s.) is more important than overall reaction rate. To get a better
idea of the Sabatier principle, the basic mechanism of ORRefeatron pathway on

surface $ as follows where reaction 2.3 follows the direct(dissociative) pathway:

O + 2H:0 + 4 A 40OH (2.3)

Oz (g) +2H0(1) + 4e + * A OOH + OH + H0 () + 3€e (2.4)
OOH + OH-+H0 (1) +3e A O" + 20H + Hx0 () + 2¢ (2.5)
O +20H + HO() +2¢e A OH +30H + € (2.6)

OH" +30H +¢e A 40H (2.7)

where * indicates sites on catalytic surface.

With three possible reaction pathways (two associative and one dissociative). In doped
graphenebasedmaterials the surface has to overcome a high energy barrier greater than

1.2eV, hence making the associative mechanism more common.
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Hence overall reaain rate is summarized Figure2.328

O0#* +20H" — OH* + 30H™ — 40OH " (assocharive 4e parinvay)

OOH®* + 0H"

“

g} —0* \ OOH+HIH" (associarive ¢ patiway)

O*+ 0% — 20H* + 20H — 40H (issociative de pathway)

Figure2-3 Oxygen reduction reaction (ORR) pathways in alkaline electréyte.

A summary of ORR in alkaline and acidic medialescribed in reactions 2.8

2.132930

1. Direct 4e pathway
i. Alkaline solutions
O2(g) + 2RO(l) + 46 A 40H(I) Eo= 0.401 V (2.8)

J- Acid solutions

O2+4H +4e A 2H0 Eo=1.229V (2.9)
2. Peroxide Pathway
i. Alkaline solutions

Ox+ H2O +2e A HO2 + OH  Eo=10.065V (2.10)
HO2™ + H.O + 2eA 30H Eo= 0.867 V (2.11)
j. Acid solutions

Oz + 2H' + 26 A H20» Eo=0.70 V (2.12)
H202 + 2H' + 26 A 2H,0 Eo=1.76 V (2.13)
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The dissociative pathway in ORR consists of dissociation of oxygen and its
subsequent reduction toydroxyl while the associative pathway involves the
formation of peroxide (OOH which is in the final product (OOM or
intermediates?!

The volcano plots (Figure 2.4) illustrate the maximum catalytic activity of certain

metals towards ORR and relationship of binding energies of oxygen and

hydroxylon (111) surfaces. These plots are used to prove the Sabatier pihciple.

0.5

1.0 4

Activity

Activity

2.0+ -2.0

-2.54 -254

eV AL, / eV

Figure 2-4 Volcano plots showing trends in oxygen reduction activity plotted

function of the oxygen anldydroxyl binding energy!

This shows that platinum (Pt) and palladium (Pd) are the best catalysts for oxygen
reduction. Metals with lower O binding enertdpan Pt should have a higher rate

of oxygen reduction. Alloys of Pt with Ni, Co, Fe, and Cr were shown to have
smaller oxygen binding energies than puré®PEThe trends could be explained

by DFT studies where it has been shown that a Pt monolayer over monolayers of
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Ni , Co, 0 b1, FepE(H.15e\e 1.§9@\8, (1.06 eV,@eV) and (0.85

eV, 2.06 eV), respectively. This can then be compared to the adsorption on a pure
Pt sur b c &E (105", 1.57 eV§! Platinum (Pt), palladium (Pd),

and silver (Ag) catalysts proceed througldissociative pathway because the
O=0 bond is cleaved initially. By contrast, carbonaceous catalysts tend to reduce
oxygen via an associative pathway due to the fact that carbon is poor at reducing
peroxide intermediat¥. Here Q does not dissociate before it is hydrogenated
and the bias dependence of the volcano plots is forghiteium bias atU=

1.23 V.

Zigzag edge

Armchair edge

Y e C ;& N ® O ® H

Figure 2-5 lllustration of the commonly doped nitrogen species in graphitic ¢
materials withcorresponding binding energies position valttes.

Most studies reported thatdlbping in carbon materials boosts the ORR activity.
Though, it is still unclear which N group functions as active site or catalytic
centre The four main nitrogespecies in Ndoped carbon materials (amorphous
carbon, graphene, CNTs etc.) are: pyridinic N, pyrrolic N, quaternary N, and N

oxides of pyridinic N as illustrated in Figure 2%It has been thought that
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pyridinic N is the main contributor to ORR by some researchvenge others
postulated that graphitic N is more active site compared to pyrididfcNhe

total nitrogen content has seemed to have partial influence on the catalytic
activity towards ORR, but rather a relationship between the limiting current
density and the onset potential irdhced by a combination of pyridinic and

graphitic N as studied by Ruolff et‘4l.

2.3.1 Key performarce indicators(KPIs) for ORR

2.3.1.1Polarization curves (LSV) for ORR, onset potential, halfwave potential,

and limiting current density

The KPIs for ORRletermined from the linear sweep voltammetry (LSV) method
include the onset potentidimiting current densityoverpotential,half-wave
potentialEi2 (the potential to reach half of the limiting current density obtained
from the LSV curve)electron trasfer number, and several more. These play an
influential part in establishing the performance of electrocatalysts when
comparing them between the standard Pt/C catadgsseen in Figure 26 A
higher E1/2 corresponds to lower overpotential to reach the specific current
density (3 mA/cn?) and is equivalent to higher ORR performaritiee onset
potential is a measure of the speed of the reaction and kinetics in that it is used
to determine theotential at which the current transitions from the kinetic region
to the mixed kinetiaiffusion limited region to then reach the final diffusion
limited region, where the limiting current density is measured at theftut
potential. The limiting currerdensity for a given catalystuusing the same RDE

setup (glassy carbon with same electrode diameter 3 mm or 5 mm, catalyst
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loading, and oxygemlet condition$ 1 can be used for quantitative analysis of

electron transfer numbers and to quantify the ieahip between frand Tafel

slope.

)  Mixad Diffusion - Kinetic Region
(a) DSRIoN Eagion _ +Kinetic Region

ZCurrenl J

Limiting current j,

'5"\_

A1so10d

02 04 06 08 10
E(V) vs RHE

Figure2-6 (a) Schematic illustration of the oxygen reduction reaction (ORR) re
of interest wherconsidering performance evaluation and indicatbi®) Pyramic
diagram depicting the point of mitigation in order to obtain a-pigfiormance cataly

and the requirements it must meet.

The limiting current, I (mA), is normalized by theslectrode's geometrical
surface area to obtain the limiting current denslty yalue. The value af; for

a 4electron transfer of ORR should be a constant value at rpg@@ver the
working electrode with dia. Bim for a given concentration of electrtdy
solution, such as 5.27#AA/cn? for 0.5M H>SQs, 6.332mA/cn? for 0.1M
HCIO4, and 5.968nA/cn? for 0.1M KOH. Furthermore, many aspects, like
catalyst selectivity, the catalyst active surface area, viscosity, and oxygen
diffusion of the electrolyte solion, can influence the deviation within

theoretical and experimental values.
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2.3.12 Electrochemically active surface area (ECSA) from cyclic voltammograms

The surface of the solid electrodes are not smooth and its real surface area (RSA) in
one of the crucial parameter, which is much higher than the geometrical surface area
(GA) of the electrodes. The RSA values are varied for different electrocatalytic

mateials, and the ratio of RSA and GA is termed as the roughness fagjor (R

2.3.13 Kinetic current density of ORR

The ORR disc current density in the potential between 0.7 andvOV@5RHE is
relatively independent of the electroaation rateindicating that current densities in
this specific potential region are purely controlled bykimetics of oxygen reduction
and thus referred to as kinetic current densiy. (Moreover, thel value can be
calculated using the Equati@il4 which is a masgansfer corrected current density

of ORR(Equation 2.1%

o — (2.14)

where,Jp is the current density acquired at a particular potentiaDaigdthe highest

diffusion-limiting current density obtained frothe diffusion plateau region.

2.3.1.4Tafel slope ), exchange current density {), and electron transfer ce
efficient (U0)
The logarithmic currenpotential relationship was eventually revealed mathematically

by Tafel. Tafel analysis is a tool for evaluating electrocatalytic efficiency and
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elucidating the reaction mechanism involving the surface adsorption of reactive species
(oxygen and its intermediates) on electrocatalyst active sites. In addition, the
Tafel Equation(2.15 provides information associated with the rde&germining step
of the ORR mechanism

- ® AI*CE- O © (2.15)

o 22— ioc (2.16)

whered is the overpotentiah andb are the intercept and Tafel slope (EL?))
respectivelylUis the electron transfer coefficieRjs the gas constarf,is
the Faraday constant, is the temperature arlid andJo are kinetic ane&xchange

current densityespectively.

Using the Tafel plot, the extrapolation of the curseotential curve up to
thethermodynamic potentiaf ORR (1.229 vs. RHE) allowing toneasure the
exchange current density of the catalysts for OR&ure 2.7exemplifies a clear
method for measuring the exchange current density directly from the Tafel plot
for both ORR benchmark electrocatalysts and standard Pt/C. Generally, an ORR
electiocatalyst material with a highy and lowb is most favoured, indicating that

it would have improved kinetics. Furthermore, the electron transfer coefficient is
a magnitude that ranges between O and 1, expressing the influence of the
electrode potential othe energy of the transition state; for ORR, the value is

typically about 0.5. The following expression was suggested by an IUPAC
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technical report to estimate the cathodic electron transfer coefficienaifbqg

2.17), which can be used for ORR

- — (2.17)

1.3
3 R Thermodynamic potential of the ORR
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Figure 2-7 Method to measure the exchange current for both ORR benc

electrocatalysts and stadé-the-art Pt/C catalysts.

2.3.1.5 Percentage of D2 formation and number of electron transfer (from
RRDE)

During the ORR, the formation of intermediate speqilys a critical rolewhen
determining the kinetics and proposing the mechanism subject to the number of
electrons involved and the pH of the electrolyte solution. Thus, the number of

intermediates impacts the overall electrode efficieary cell performare A rotating
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ring disc electrode (RRDE), which is the most sensitive and direct tool for measuring
intermediate formation, was used to quantify the percentage of peroxide) (lHHO2
analkaline mediumThe RRDELSV measurement was performed by maintaining the
ring potential al..2V vs. RHE, where the peroxide oxidation could be diffudionted

and such high potential was sufficient to facilitate complete the oxidation of any
intermediates (kD2), while reaching at the ring surface by the centrifugal flow of the
electrode rot#on. Based on the ring and disc current values, the formation of
intermediate species {8, or HO2) and the number of electrons transferred during
ORR with the effect of diffusion control can be determined using the Equatits)

as given below:

OJVIN~

7 p T (2.18)

whereJp is the disc current densityr is the ring current density, amdis the RRDE
collection efficiency.The number of electrons transferred during the ORR (n) value
was calculated from the disk curredg)and ring currentlg) densities by the following

equation(Equation 2.19)

- (2.19)

where,Nis the collection efficiency of the RRDE, which is the fraction of product

between the disc and thieg electrodes
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2.4 Oxygen evolution reaction (OER)

OER is a process of generating molecular oxygen by a chemical reaction. OER
IS a core ration in zinair batteries where most reactions occur in alkaline
conditions. The reaction pathways are rather complex for OER. Oxygen evolves
from an oxide phase tar than bare metal.Hence the mechanisms change
depending on the electrode materials and site geometry of metal cation. Metal
cation site can affect catalysis process and changes adsorption energy of oxygen
species as well as coordination numifein rechargeable zinair batteries, a
bifunctional catalyst at the oxygen electrode is needed which can catalyse both

ORR and OER as shown in Figur8&.2.

HOR
- : . . 4 ; .

0V vs RHE diffusion=limited 123V vs RHE
current

HER

ORR: O; + 2H,0 + 4e- — 40H"

Figure 2-8 The polarization curves for two pairs of the key enarjgte
electrochemical reactions and their overall reaction equations. Red and blue

refer to the hydrogemvolving and oxygesanvolving reactions, respectively
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As it can be seen hydrogen evolution reaction (HER) and OER obey the- Butler
Volmer modelat high overpotentials while ORR and HOR have a constant value

at high overpotentials due to mass transfer rate limitations.

The most notable are oxides containing surface reactions biased toward right

hand side as below. This can therelpressed as follows:

0 0 0 0% 0 0 00 Q (2.20)

0 6 00 00 (2.21)
o0 0O O 0L Q

cO 0 0 O ¢ 0 0 (2.22

RuQ: and IrQ, typical oxide OER catalysts, have very hagtivity due to their

low redox potentials of 1.39 and 1.35 V vs. RHE, respectively and their high
conductivity?® Another transition metal, nickel, is also used as electrocatalyst for
OER in potassium hydroxide electrolyte solution. Other bimetallic transition
metal oxides (NiCeOs, MNCO4) and spinel oxides have also seen attention for

OER#446
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OER

Jro f

Figure 2-9 lllustration of typical OER curve indicating the point to calculate

overpotential (at 10 mA cr) for OER catalyst performance comparison.

The hindrage to practical use in ZABs is caused the sluggish kinetics (high
overpotenti al (d)) of t he OER. Overpo
evaluating OER catalyst performance (Figur@).2ldealistically, the applied

potential to drive a specific reagti should be equal to potential of reaction at
equilibrium. This is not usually the case where the applied potential is higher

than that at equilibrium to overcome the electrode kinetic barrier of OER. By
considering the Nernst equation, the laggbpotenial is expressed as Equation

2.23and 224 whereE is the applied potential ariefdis potential of the overall

reaction,T is the absolute temperatuReis universal gas constaiftjs Faradays

constant, n is the number of electrons transferred in the reacband>G are

concentrations of oxidised and reduced ag&hts.
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o o —iL (2.23)

_ 0 O (2.24)

The overpotential is the value that has to be applied to achieve a specific current
density, and lower overpotentials indicate felectrocatalysts indicates its
superior electrocatalytic performance for the reaction. Different current densities

wi | | refer t o di fferent overpotenti a

overpotenti al ( d) i s refer ofd@mAtcm®. a cur

The elementary steps are believed to involve absorbed OH and O species on the

surface (*) according to the following reactions:

OH-+*A OH*+ € (2.25)

OH* + OHA O* + H,O + e (2.26)
O* + OH- A OOH* + & (2.27)
OOH* + OH A Oz + HO + € (2.28)

Where * represents the active site on the surface, (I) and (g) represent the liquid

and gas phase, respectively, and O*, OH*, OO* are adsorbed intermediates.

Here, the evolution of ©is believed to involve one of thevo pathways

(associative) including direct reaction and two step reactions. The last one is
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thought to occur more easily because the thermodynamic barrier for the previous
is always greatef® 4° Bockris et al. studied the OER on 18 substituted
perovskites containing firsbw transitionmetal ions and found that the
electrode kinetics increase with decrease of enthalpy of fmmaf transition

metal hydroxides and with increase in number of d electrons in the transition
metal ions® °! The basic assumptions made for the mechanism of oxygen
evolution (OER) is made along the following interpretations. An examination of
the currentlensity (based on real surface areas) at a constant overpotential shows
linear dependence on e.g. enthalpy of formation of corresponding hydroxide. It
is likely that the rate determining step is common for the materials (the standard
rate determining eleaichemical desorption step for hydrogen evolution on
transition metals). The reaction in metalides and metal hydroxides suggests
the breaking of an MDH bond involved in the rate determining step. On the
surface of perovskites as an example, a highregesof OH species seems to be

a regular situation as in Figurel@.>!
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M® + OH™ = M'OH + ¢~

OH" OH"
OH" OH~
solution
H H
H @ Q
94 '

™7

)

ve&
;

$e2 74

Solution
@© A ion (lanthanide) M? - OH + OHi
® B ion (transition metal, M*)

O Lattice oxide ion (O})

O Protonated oxide ion (O H")

Figure 2-10 (Left) Schematic model of the active surface of perovskite, \
transition metal B is electrochemically active. (Right) Schematic representatior
first and second éte determining) steps of mechanism [, involving a series of |

transfers?®
Hosseini et al. proposed a model to show the relationship between ORR

overpotential and OER overpotential and come up with a plot illustrating a
variety of precious metal (PRu, Ir, Pd), transition metal oxides (TMOs) and
hybrid/TMOs indicating Pt/lr@as best ORR/OER electrochemical couple. Also
showed manganese oxides/lanthanum cobalt oxides as potential ORR/OER

catalysts as seen in Figurd25?
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Figure2-11 Comparison between the ORR and OER overpotential values of \

ORR/OER catalysts as reported by Gyenge &t al.

2.4.1 Key performance indicatordKPIs) for OER

There are essentially five main factors trdgtermine the efficiency ofOER
electrocatalysts:

1. The electrode/substrate interface plays a major raalancinghe performance.
Local structure defectsnorphology, conductivity, wedbility, and accessibility of

electrolyte influence the reactioate;

2. The pH strongly influences the catalyst performance. OER is favoured in alkaline,
more difficult in neutral, and much more difficult in acidic media, such that electro

catalysts able to sustain the efficiency in the full pH rang&4Pare highy desirable;
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3.The most significant figure of merit of performance is the overpotential
(Figure 2.12°2 at current density of 1A cm' 2, such that a catalyst providing that
current density at 1.58 in alkalinemedia (E = 1.23V) has 300mV of overpotential
and is considered excellent;

4.The Tafel plot analysis provides information on the kinetics and mechanism of
reaction, allowing cormgrison of different type of catalysts, where the magnitude of
the slope helps to establish tlae-determining ste@nd the response sensitivity. Low
Tafel slope values indicate promisirmatdysts with fast OER and high current
densities;

5.0ther paramegrs such as mass activity and turnover
frequency(TOF = (J x A)/(4F x n)) canalsobe considered, whed(mA cm' ?) is the
current density at a given overpoten(iat| Athe electrodeareaF the Faraday constant
(96485 C mol 1), andnthe number ofmoles of catalytic active material; while the

mass activity= Jm, where m is the mass of catalytic active material mi).

g

g

o |

=
2

Excellent

Overpotential (mV) @10 mA/cm’, =10h
g

200 300 400 500
Overpotential (mV) @ 10 mA/em’, t=0

Figure2-12 The figure of merit for comparison of the performance and robustn
OER catalysts aiming for the fabrication of real devices working in any pH range

to alkaline), where the nature of electrode and mass loadisgbe consideret
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2.5Zinc-air batteries (ZAB) components

Typically, a ZAB consists of a zinc electrode, air electrode, a porous separator, and
liquid electrolyte. The solution used to test zinc air batteries consists of 6 M KOH with
the addition of 0.2 MZn(Ac) to facilitate the kinetics of the zinc electrochemical
reactions. Chemical energy which is stored in the Zn is first converted to electrical
energy by separating the electrochemical reaction into two steps: oxidation and
reduction reactiof? Zinc and hydroxide ions (OMHare electrochemically converted to
zincate ions (Zn(OHY).>> %6 These then precipitate to solid zinc oxide (ZnO), water
(H20), and OH at the zinc electrode. At the air electrode, oxyges) g@d HO are
electrochemically converted to QH hese reactions are reversible. The cathode and
anode are connected to eacheotthrough a load which applies current to the ZAB.
Hydroxyl ions OH are transported to both electrodes through the separator to
compensate the charge transport due to the transport of electrons.

Typically, ZABs are operated at low temperatures (298 K)aar either operated using
gaseous oxygen or air. The air mainly contains nitrogeh @drbon dioxide (C¢),

water vapour (KO (g)) as well as oxygen gDwhich all enter and exit through the air
electrode.

2.5.1 Zinc electrode

Two types of zinc anode electl® can be used aZAB. These consist of either particle
form (Zn powder) or metal form (foil). For zinc powder electrodes, these consist of zinc
with binder (e.g. PVDF, PTFE) which is made in paste form to be coated on top of a
porous substrate (e.g.4fbam). For pasted zinc electrodes, cellulose is usually included

into the paste of thelectrodeso it is able to soak up the liquid electrolyte. One of the
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most important characteristics of Zn metal is its low electrical resistivity, equal to 5.96
KLY cm.

Zinc has better corrosion rates than aluminium in KOH solutions; however, in anodic
discharge of the battery, (reaction (lll), the hydrogen evolution (HER) in the form of
gas is problematic. Since KOH is very basic solution (pH=14), zinc corrodes prgpduc
hydrogen, as summarized in the Pourbaix diagram (Figu8}, 3jiing rise to charge
losses and potentially dangerous hydrogen gas-bpifd

During battery discharge, zinc and hydroxidesare electrochemically converted to
zincate ions as shown by reaction (1) with respective reaction.rateaate ions further
precipitate to solid zinc oxide, water and hydroxide ions in reaction (1) with respective
reaction rater

Zn(OH}? is the main zinc species in the KOH electrolyte solution. From the
Pourbaixdiagram (V vs. pH) for Zn, Ziions occur at a pH lower tharP8For
supersaturation of the electrolyte with Zn(G#)solid ZnO precipitate€ The

Pourbaixdiagram is shown below in Figure 3.9’
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Figure2-13 Pourbaix diagram for zinc at 25%€.
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During chargedischarge process, the ZnZmedox reaction at the anode and
the oxygen reductiorvolution reaction on theathode occur simultaneously.
During dischargeonditions, zinc metal is oxidized at the anode while oxygen is
reduced to hydroxide ion on the cathode surface via four electron transfer
reaction (calculated using alKplot at different potentials. The hydroxide ion
reacts with ZA"* to form a soluble incate (Zn(OH)?% ion which is further
dehydrated to form ZnO; a white solid product which acts as an insulator making
rechargeability a challenging task. Also, a pair of undesired reactions between
positive and negative electrode materials occur: zin@almeacts with alkaline
electrolyte (KOH) resulting in theormation of Zn(OH) and zinc metal at the
anode. CQ from ambient air reacts with alkaline electrolyte which leads to

formation of carbonate ICOg)

25.1.1 Dendrite nucleation in zineair batteries

Dendrite growth affect the performance of zaic batteries in that it causes the
battery to fail in time when the dendrites penetrate the separator and eventually
shortcircuit the battery? Researchers have shown simulations of dendritic
growth at the zinc electrode surface by modelling its behaviour through diffusion
equations and mass transfer of the electfddtds important to understand that
zinc has two main reactions, deposition and dissolution. A zinc electrode should
have uniform deposition by the end of each chaligeharge cycles but this is

not the case due to surface defects and anomaliesiwieentact with different

types of electrolytes. It has been shown that the composition of the bulk
electrolyte (KOH) in the presence of additives had an effect in suppressing the

dendrite growth on the Zn surfat€There has been increasing number of patents
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in the field of dendrite suppression in zaic batteries which have demonstrated

novel methods and battery designs to inhibit the -dmemation of dendrite&°

Several approaches over the years have been consigbeigtibit dendrite
formation. These include a method where zinc is bonded in place using polymer
binder and additives to prevent shape change on charge. The presence of an ion
exchange membrane can prevent the migration of zincate ions towards the air
electrode and hence reduce the tendency to form dendrites which cause shorts
circuits within the battery between the air electrode and the zinc. Studies using
in-situ methods have been shown to be effective way to image dendrite
nucleation of lead dendritesclead ions in agueous solutidiRecently it has

been shown that using phaseld modelling to simulate dendrite growth of

electrodepsited zinct®

(a) Electric quantity 3600 A-s
0.387% a8
* Maxmum heght of 2ino dendrites.

* Actvation overpotentiaf of 2ino on

03573

Height of dendrites (mm)

Figure 2-14 Mechanism of dendrite growth, (a) the relationship between de
growth and the applied voltage undee same electric quantity conditions, and (b
effect of surface energy anisotropy on the dendritic morphology of electrode

zinc13
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Dendrite growth depends on local overpotential related to electric potential in
electrolyte,so dendrites growakter when larger voltage applied between anode
and cathode. Overpotential larger at high voltage and dendrites grow more

quickly as shown in Figur2.14.13

2.5.2 Alkaline electrolyte and separator

lons produced and consumed in the ZAB nedakttransported between the two
electrodes, so that the overall reaction is ensured. lon transport in ZABs is
facilitated using an aqueous electrolyte. The electrolyte applied is usually a KOH
solution. However, different electrolytes solutions have beasidered with the

use of different salts at various pH values for application in radétdlatteries$?

The high ionic conductivity, low viscosity, and the great oxygkfifusion
coefficients makes KOH a good solution to be used as electroffgp@mum

ionic conductivity for6 M KOH solutions has been reported as 620 mS.€m
K2CGsis produced during an unwanted side reaction in KOH hinders the overall
process but is relatively mosmluble compared NaOH solutioh$ience, salt
precipitates will not occur at the air electrode. Disadvantages of using a liquid
alkaline electrolyte are that the KOH solution can form carbonate species while
losing hydroxide ions. These are importamtibn transport and reactions when

in contact with CQfrom the air. lonic liquid electrolytes can also be used for
different types of metadir batteries as weff They conduct ionic current without
being dissolved in water. Disadvantages of ionic liquid electrolytes ardndyat t

possess a very low ionic conductivity (1.26 mS'auh 298 K)%*
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The separator in ziRair batteries is a selective barrier for certain reactants and
products of each electrode. The separator needs to electrically insulate both
electrodes from each other and ensures successfisport of OHions at each
electrode. The concentration of the electrolyte affects the current density values

since higher molarity for KOH gives higher conductivity.

2.5.3 Air Electrode

The cathode or air electrode draws active mass from the ambient air-airzinc
batteries. Themajor requirements for decent catalysts for ORR and porous
materials. The catalysts at the air electrode purpose is to alleviate the activation
energy for ORPR® Hence, a gasgiffusive air and electrically conductive
electrode are major requirements in ZABs. This consists of-diffasion layer

(GDL, e.g. SGL Carbon group carbon paper), a current collector (erge3h,
Ni-foam), and a catalyst layer (active material). The diffusion occurs pores of the
carbon derived materials such as graphene oxide, CNTs, porous carbon and
activated carbon. Furtheore, a hydrophobic binder such as Nafion is used to
hold the catalyst together on the GDL, ensuring the correct loading in
experiments. Also, the diffusive carbon material should be able to endure
reactive oxygen ions from OER during charging. Oxygen atalin electrode
dissolves in the electrolyte and reacts electrochemically with water to hydroxide

ions during discharge.

For rechargeable ZABs, catalysts with bifunctional characters are needed in
order to enable both ORR (discharge) and OER (charge). In addition, the catalyst

should minimize polarization losses of the air electrode during battery operation.
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2.6.0peration of zinc-air batteries (ZABS)

In a zincair battery (ZAB), atmospheric oxygen is absorbed into the electrolyte through

a gasdiffusion electrode. Development of rechargeable ZABs focuses on the use of
porous Zn anodes and &1 based anode materials to impeothe capacity of the
battery. The positive electrode (cathode) in ZABs is composed of a porous body made
of materials such as nickel foam, carbon fibres, and carbon paper which have access to
air. Atmospheric oxygen is reduced at the cathode in the ggafeoxygen reduction
reaction (ORR). The aqueous solution is potassium hydroxide (KOH) and serves as the
electrolyte. This electrolyte is used in 6 M KOH with the addition of 0.2 M Zni@\c)
improve the kinetics of the reaction at the Zn electrode. Aratic of a typical
rechargeable zinair battery and the rates of reactions are shown in Figube 2.1

To make rechargeable MABs work, one requires an air cathode of high surface area
arising from porous structure with appropriate pore sizes that albst/gliffusion of
gaseous @yet avoids the leakage of the electrolyte, and high catalytic activities
provided by bifunctional catalysts toward oxygen reduction reaction (ORR) and oxygen

evolution reaction (OER) in discharging and charging processes, tiesfyec

. o
- e

&M KOH
+0.2M Zn(Ac)

M > M + ne-

apoyie) iy

Figure2-15 (a) Rechargeable zirair battery showing the main reactions occurrir
the airelectrodei ORR and OER; (b) rates odactions in metahir batteries whe

M=Zn and n=2 for ZABs.
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Dendrite nucleation and electrodeposition of Zn metal dendrites occurs on the surface
of zinc anode materials (i.e. foil, Zn/carbon paper, and Zn/NF). The importance of the
study of dendritic nucleation in zinc air batteries is relative to the problems encountered
with shortcircuiting the battery and eventually making the battery *faNovel
methods to improve the overall reactiprocesses by considering the role of both
electrode structures and surface functionalities, and additives materials to the
electrolyte such as polyethylene glycol (PEG) still remains a challenge in ZABs.

In ZABs, during battery discharge, the oxidatidremc occurs giving rise to soluble
zincate ions (i.e. Zn(OHY). Process usually proceeds until they are supersaturated in
the electrolyte, after which the zincate ions decompose to insoluble zinc oxide as shown

by the equations:

Negative electrode: Zn + 40H A Zn(OHY? + 2e (2.29)
Zn(OHK* A ZnO + HO + 20H (2.30)
Parasitic reaction: Zn + 2H0O A Zn(OH)+ Hz (evolving) (2.31)

Standard reduction potential: Znz Zn?**+2e  (Eo=-1.26 vs SHE)

Positive electrode: O2+ 4e + 2H,O A 40H (232
Ered’= 0.4 V vs. SHE

Overall reaction: 2Zn+ QA 2Zn0O (2.33

EU &1 B 1.66V

The parasitic reaction in zirar batteries occurbetween zinc and water and could
result in hydrogen gas generation. Reaction takes in concomitance with oxidation
reaction at the anode (Zn) and results in-setfosion of the zinc metal which lowers

active material utilization. At the positive electrod® in the surrounding atmosphere
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enters the air electrode and is reduced on the surface of the catalyst material or the
interface between electrode/electrolyte. Thermodynamically the reactions are
spontaneous and produce a theoretical voltage of 1.8&&ugh, the redox reactions

at the oxygen electrode are kinetically slow making electrocatalyst important to
accelerate the process. In practice these voltages are lower (<1.4V) because of internal
losses in the cell due to activation losses, ohmic lcssdsconcentration losses. The
electrochemical reactions cannot be reversed until a large charging voltage (2.0V) or
higher is applied. The deviation in charge/discharge voltages from equilibrium value
are mostly due to the substantial overpotentials ofgeryelectrocatalysis at the
positive electrod&®

Each structural component has its own challenges inaiimuatteries. In the cathode,

it is complicated to find a catalyst which enhances both redox reactions (ORR and
OER). Also, the presence of carbdioxide (CQ) in the air could cause a carbonation
reaction with the alkaline electrolyte and disrupting the cell environment. This could
cause pore blocks in the gdifusion layer (GDL) due to the carbonate which limits
access to outside air.

The reactions are reversed during recharge with zinc metals plated at the negative
electrode and oxygen evolving at the positive electrode in rechargeabtairzinc
batteries. The issue in ZABs is the poor cyclability of the zinc metal because its
discharge prodtt (zincate) is highly soluble in alkaline electrolytes. During recharge,
the issue arises due to the zincate not being able to return to the same location on the
electrode surface triggers electrode shape change and dendritic growth as shown in the
subsegent sections. These issues will gradually degrade battery performance or more

seriously shorbut the battery?
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Catalysts which favour bothigh activity and long durability are needed to improve the
reaction at the air cathode in ZABs. The catalysts facilitate the reduction of oxygen to
hydroxyl ions in an alkaline electrolyte with electrons generated from the oxidation of

zinc metals in anredic reactior®

2.6.1Key-performance indicators and round-trip efficiency

The keyperformance indicators in zirair batteries include the time, (ours) the
battery is able to last before it fails due to a multitude of factors including: electrolyte
leakage, carbon paper degradatod corrosionformation of zinc dendritefydrogen
evolution, CQ reaction hydroxide ions to form carbonates doethe semipen
structure of the Ziair battery leading to water evaporation and battery failline.
electrolyte composition can also have an impact on the cycle life-air Zratteries and
increase its cycle lifélhe main indicators in ZABs are durhtyi, open circuit potential
(OCV), round trip efficiency and power density. These indicators can be largely
influenced by the type of materials used as electrocatalyst at the cathode for ORR/OER;
the type of electrolyté whether with additives or plain 6 M KOH, and the type of zinc

electrode foil used.

2.7 Electrocatalysts for zincair batteries

Electrocatalysts are catalysts used to facilitate electrochemical reactions involving
charge transfer (O + n@ A R). The catalysts for ORR in zifair batteries need to
have the following requirements in order totab a desired performance. These
include high catalytic activity, high electrical conductivity, high chemical and
electrochemical stability where the catalyst should not be oxidized by proton or oxygen

at high electrode potentials, it should not dissalvethe electrolyte, must have
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favourable structural composition, morphology, high specific surface area, high
porosity, small particle size, an uniform distribution of catalyst species on the glassy
carbon substraté. There is not a unique material that can meet these requirements
concomitantly. Rbased catalysts (Pt/C, Pt/VC, Pt/CNTs) are known to be the most
effective catalysts fo ORR. However, their high cost and scarcity renders them
inefficient for largescale industrial use. 31 will talk about these in the next section.

By alternative, notprecious metal catalysts (NPM) are also really high performing for
ORR and consist mainly of transition metal nitrogiped carbon (MeNCY:’® The

third typeof ORR catalysts consists of metede materials such as nitrogen doped
reduced graphene oxide {/&0), heteroatom edoped (N/S/P) reduced graphene
oxide, and nitrogen doped carboanotubes (NCNTSY:®! The Sabatier principle is
gualitative concept where it postulates that the interactimisieen catalyst and
substrate should not be too strong, nor too weak. Weak interactions could lead to failure

of bond making between catalyst and substrate and suppressing reaction.

2.7.1 ORR catalysts

2.7.1.1 Ptbased

It has been always fatandard worldwide that Pt is the most prominent and active for
ORR. Thought its cost and scarcity makes it not ideal for mass usage in batteries,
alternatives such as alloying Pt with transition metals has been an alternative to reduce
the cosf?8* This alloying Pt approach has since seemed to be an effective strategy to
decrease Pt loading in catalyst, though this was offset by the increasing Pt price.
Therefore,the longterm solution wold not be realistic since it will be costly. Pt

nanocrystals with different types of higidex facets (e.g. {h k 0}, {h h 1}, {h k k},
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and {h k I}{h k 0} where (h>k>I>0) have shown increased ORR. These have high
density of edges, atomic steps, and kinkgheeir surface which are vital for breaking
chemical bonds in catalytic reactidfisS®The electrocatalytic activity of hexoctahedral

and concave cubic fi alloy nanocrystals with respectively exposed {h k I} and

{h k 0} high-index facets were much higher tharNRthanocubes or Pt/C and-Btack
catalysts. Therefore, the electrochemical activity eélRty based electrocatalysts in

not solely dependent on the loading but also on the morphology of the mateetds. M
nanocrystals (MNCs) with branched structures are also quite good for catalytic
applications as these exhibit large surface areas and high specific activities owing to
high densities of edges, corners, and stepped &forRsr example Ralloy
nanocrystals have been synthesized by solvothermal methods using different ligands
such as Pt(acag) C(CO), Co(acac) H:PtCk, CoChb, Pd(acac) and obtaned
different PtM (M= Co, Pd) morphologies like nanowires, flowers, hollow nanocubes,
tetrahedral as seen in Figure @%%° These used a range of organic solvents
(EthylenediamineOAm, Heptanol, DMF) and water as solutions during the reaction
stage (T=10€00°C; t= 524 hrs). Hence, theseuslies have proven that reaction time
does influence the shape of metal nanocrystals (MNCs).

Also, P&Ni single crystal with different low index surfaces has seen the activity of ORR
on PgNi {1 1 1} being higher than on ENi {1 1 0}. This was due to weak OH

adsorption arising from the decrease of tHedd centre on the platinum sRih.
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One strategy to improve durability of fased electrocatalysts is to use 1D
nanostructuresn@nowires nanorods, nanotubes) because 1D nanomaterials can avoid
carboncorrosion problems, Ostwald ripening, and aggregation compared to 0D

nanoparticle$?

2.6.1.2 Nonprecious metals (NPMs) and metafree catalysts

The development of neprecious metabased electrocatalyst has taken attention in
research world due to decrease synthesis®@d$tThese are cosiffective solutions

for metal airbatteries. To enhance the sugp@a material with high surface area is
needed as badkone in order to increase the anchoring of nanoparticles on top of it.
The research has focused on carbon nanomaterials such as carbon black, carbon
nanotubes and graphelfe® Reduced graphene oxide is an excellent support due to
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its high surface areaxcellent electrical conductivity, and mechanical stability in
operating environmer??1%4 Non-precious metal catalysts consist of transition metal
nitrogendoped carbon which include pyrolyzed and 4pgmolyzed transibn metal
nitrogencontaining complexes, transition metal chalcogenides, and metal
oxides/carbides/carbonitrides. Within these, pyrolyzed transition metal nitrogen
containing complexes on carbon materialsNMC) are considered most promising
due to highactivity and stability for ORR similar to Pt/C. Carbsupported NIN (M7

Nx/C) materials (M = Co, Fe, Ni, Mn, etc.) formed by the pyrolysis of different metal,
nitrogen and carbon precursor materials. Other-presious metal electrocatalyst
materials invetigated include noipyrolyzed transition metal macrocycles, transition
metal chalcogenides, metal oxide/carbide/nitride materials. In recent years, high
temperature heat treatment procedures MB@D°C) have been introduced to the
catalyst synthesis prosg and these have modified the carbon supported-G4
catalyst material increasing concentration of ORR active ‘SR&¥.

Figure 2.%7(a) shows pyrolyzed transition metal and heteroatom doped carbon catalysts
which show high potential to replace nebhetal catalysts for industrial scale with
reasonable performance to Pt/C in alkaline and acidic condftiol$.1%In Figure
2.17(b), the colour plate shows that a functionalized carbon material can be made
consisting of variety of metal&n, Ni, Co, Fe) and heteroatemodified (S, N, Se, P,

B) leading to different ORR active combinatidfi$!'4
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Theright-handside consists of boron (B), nitrogen (N), phosphorus (P), sulphur (S),
and selenium (Se) that have been used to change catalytic properties of different

carbons (graphene, carboanotubesfullerenesdiamond, and amorphous carbét?).
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Figure2-17 (a) ORR activity comparison of selected electrocatalysts in literature
noble metal catalysts (), metalfree catalystsq ) , and Pt/ C c

(closed symbol) and alkaline (open symbol) electrolytes. The highlighted rect:
areaindicates the reasonable range of limiting currents anewWeale potentials. (b)
colour plate representing the various transition metals (left side) and hete

dopants (right side) that are used to modify the various carbon mateeials)(*°®
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Metaklfree functionalized carbon materials (graphene, CNT) exhibit impressive
catalytic activities that are comparable to Pt catafAféts>

The structural effects arising from nitrogen doping have proven to affect the ORR
activity as well as topological defedt.By using DFT calculations, active sites for
ORR were investigated by Tang et al. and these derived from different structure factors
like nitrogen doping, topological defects and edge defects such as pyrrpiicdiinic

N, and quaternary N on edge (Q), in bulk phase (QN), five carbon ring (C5), seven

carbon ring (C7) as well fivearbon ring to seven carbon ring (C5+7) as in Figure
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Figure2-18(a) Schematic illustration of various kinds ofd€ping types or topologic
defects on graphene skeleton. (PR: pyrrolic nitrogen; PN: Pyriditicgen.) (b
Volcano plots of overpotential versus adsorption energy of OH* for ORR and Ol
Schematic illustration of optimized adsorption mode of C5+7 interacting with C
and OOH species (from top to bottom). Diagrams for showing the calduitate
energy for ORR proceeded at pH = 0 dhdraphene with C5+7 defect ar@) pyrrolic
N. The colour of elements: carbon (gray), hydrogen (white), oxygen (blue)

nitrogen (red):??
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It was found that the sites neighbouring the edge exhibited lower overpotential in ORR
implying the influence of edge defects on ORR. Heptagon and pentagon carbon rings
which are topological defects to the standard hexagonal graphene structure, can lower
the overpotential of ORR compared to pristine graphene as studied through DFT studies
in the volcano plot in Figure 2(b). Free energy diagrams of ORR sibps on the

active sites showhat the r.d.s. is the transformation of O* to OH* for pyrrolic N while
desorption of OHfrom C5+7 serves as r.d.s in Figure&d., e) implying that C5+7

defect promote adsorption of oxygen intermediates.

Nitrogendoped carbon (NC) calysts may be attributed to the larger electronegativity

of the N with respect to C atoms, and the consequent positive charge density on the
adjacent C atoms. These factors may result in favourable adsorpticmufi€zules

and improved activity for theRR. Also, CNTs have attracted much attention and great
interest for various application in addition to catalysis includingskbrage and

heterogeneous catalysis.

2.7.2 OER catalysts

OER electrocatalyst first consisted of precious métalslan et al. used a descriptor
consisting of the energy states of two subsequent intermediates @©QHO) to

study the OER activity of different compounds and this formed a volcano plot as seen
in Figure 2.8. Intermediagés cannot react in the case of weak oxygen bonding limited
to oxidation (HO) while for strong oxygen bonding intermediates are quite stable and
potential is limited by HOOspecies formation. From this we can gather that RuO
Ca304, NIO, PtQ SrCoQ, LaNiOs are the best catalysts for OER since they lie at the

top of the volcano. These oxides have metallic conductivity which can effectively
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reduce the ohmic drop whiletgpe and ptype semiconducting oxides like & due

to a possible doublayer formation.
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Figure2-19 Theoretical overpotential for oxygen evolution vs. the difference be
the standard free energy GO* t wdl@ ot

various binary oxides (left) and perovskite oxide (right).

The nonprecious metal (NPM) OER catalysts consists of transition metals and
transition metal oxides/hydroxides as these are relatively stable inddasimlyte.
Though most interest has been on oxides side, there is still more to investigate on the
role of transition metal sulphides/phosphides for OER. Yang et al. have shown good
OER activity for an amorphous cobalt sulphide nanoctdSeBor example Csb is
particularly interesting compound due to its structural similarities tokmelvn CaOs

OER catalyst?” The OER can be further improved by adding additional elements such
as cobalt nickel on electrically conductive graphene making a hydanntallic
transition metal sulphide on reduced graphene o¥ftielso, Antonietti et al. showed

that nickel sulphide nanosheets could perform highly compared te &wQrG.*?°
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2.8 Challenges and objectives

2.8.1 Challenges

The main drawbacks in rechargeabiec-air batteries (ABs) are to be able to find
efficient air electrode catalysts for the oxygen reduction reactions (ORR) and oxygen
evolution reaction (OER) for discharging and charging the ZAB respectively. The
sluggish ORR and low OER kinetics together with the large overpateontribute to

the drawbacks associated with ZAB. Hence, kéallengeis to develop novel
bifunctional air electrocatalysts that are effective for both ORR and OER processes
which in turn could lead to exceptional performances in-aindatteriesduring
discharge and charge times, respectively

Problems in the air electrode are that it is strongly irreversible with a high activation
overvoltage in aqueous solutions. Benefitting from relatively facile oxygen reduction
in alkaline solutions, ZABs utiing alkaline solutions do not need a pure noble metal
catalyst. The cathodic activation, ohmic and mass transport losses, requirement of high
activation energy for ©reduction, and relatively high O=O bond strength have
collectively hampered the ORR lgtics. The challengesn ORR catalystsysthesis
optimizationis ongoing owing to an ineffective ©@accommodation and subsequent
reduction, less electron and proton transfer rates. Nonprecious metal catalysts (NPM)
have attracted much attention owing hieit low cost and electrocatalytic activity, yet
their durability still must be significantly improved.

The challenge is to provide new surface properties and synthesis strategies for
continuously improved catalytic activity. The use of an interconne8zdarbon
porous network identified using composite of manganese oxide nanoparticles on

carbonized melaminedysteineporous materialfias shown to increase the specific
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surface area and increase in active si@sphene oxide and its nitrogen dopeed/co
doped derivatives (with nitrogen, sulphur, phosphorus) also posgess
electrocatalytic activity for ORR and they have been investigated as potential non
precious metal based electrocatalysts. Their performance for OER is questionable as
the lack of medl complexes in the metélee carbons makes it hard to achieve
reasonable current densities and low overpotentials in OER, with respect to the
thermodynamic potential (1.23 V).

For oxygen evolution reaction (OERhe challenge is to obtain electrtalgsts that

must possess a very high density of catalytic active sites accessible through fast electron
transfer processes. In other words, ideal catalyst for OERust also be a good
electronic conductor to provide oxidation equivalents at leigbugh rate to avoid
limiting the reaction rate. In addition, it must be chemically stable and resistant to
corrosion in the presence of the electrolyte at normal operating conditions (high
temperatures and applied positive potentials). In fact, mostialatare decomposed,

or transformed into less active crystalline phases, or dissolved in such harsh conditions.
In general, two main strategies are being used to improve continuously the-electro
catalytic activity: (ajctive site engineeringnd (b)condctivity optimization The first

one is based on the control of size, morphology, intrinsidattide defects, as well as

the crystalline phase, in order to maximize the density of accessible active sites; while
the conductivity is being improved by inparration of oxygen vacancies, doping with
hetereatoms and/or by incorporation of conducting materials in composites.

The challenges which need to be overcome also include the appropriate selection of
electrolyte solutions (e.g. in the presence of addijiaad how they influence the rates

of electrochemical reactions taking place at each electrodes surface. The potential in
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minimizing these losses can lead to commercialization of rechargeablaizinc
batteries. Methods to avoid dendritic zinc from forgnia through the application of
norraqueous electrolytes, especially ionic liquids. The nature of the electrolyte has a
strong influence on the structure of the deposited metal. Using these electrolytes,
carbonate formation is avoided because there abpases present. The additives inside

the electrolyte are not able to prevent dendrite formatiomé&srycycles. The problem

of dendrite growth in the case of fast charge can be overcome namely by electrolyte
flow and using a pulsating current. In additiamc ions in the electrolyte can obtain
more energy at high temperature, which can overcome the obstacles of the electric field
force and electrochemical reaction of the concentration gradient, thus retarding dendrite

growth to some extent.

2.8.2 Objectivesand resolutions

1. Theobjectiveof this thesis is to obtaielectrocatalysts for both ORR and OER
that could attain desirable characteristics such as low onset potentials, high
limiting current densitieshighly porous, 4 ‘etransfer reactionslow Tafel
slopes, halwvave potentials for both ORR and OER, electrochemically stable
and nonrcorrosivethat can withstand long cycle times and maintain strong
electrochemical properties (onset potentials, halfwave potentials,
overpotatials, limiting current densities, Tafel slopekectron transfer)

2. This has been accomplished using a methodical approach to develop
electrocatalysts for ORR/OER that have high surface areas using a technique
called pyrolysis at high temperatures tovaduce in the catalyst structure active

sites, nitrogen doping, defec&sgineering of the materials based on continuous
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4.

sample synthesiand rationalization of the optimal catalyst through physical
characterization (SEM, XPS, TEM, XRD, Raman spectrogc6dIR) and
electrochemical characterizatidme(f-cell RDE with cyclic voltammetry, linear
sweep voltammetrgnddurability tests in alkaline electrolyte solution).

Once, the ideal catalyst f&RR/OER was found it was compared to previous
literature ad existing materials in this thesi¥/here there was exceptional
performance in both ORR and OER potential windows with low potential
difference between the twpoints of interest, the materials were used as
bifunctional catalysts (ORR+OER) for zhair bateries using a closedell
configuration. This has been achieved through the integration of-suddlide
complexes (cobalt sulphides) in the catalysticture consisting of nitrogen
doped reduced graphene oxide.

The studies of theielectrochemical performance revealed that these materials
attained stronglectrochemical stability and low corrosion in both the initial
and final cycles of the zirair battery Their performance was compared to both
commercial noble metal based electtatysts (Pt/C, Ir/C) to determine their
relative stability andhe strong attachment of the catalyst on the carbon paper
electrode surfac@.he presence of cobalt sulphide nanoparticles on ttepéd

rGO revealed that these materials could be used bk \afternatives tonore
expensive materials such as Pt/C, Ir/C and Rigd both ORR and OER,
respectively. The electrocatalysts were finally compared to previous
synthesized materials as well for ORR as the OER performance was much

higher when there wasesence of cobalt complexes in the materials.
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Chapter 3. Experimental Methods

3.1. Synthesis

The methods which have been used to synthesize the materials include
hydrothermal annealing, modified Hummers method for the synthesis of
graphene oxide (GO) and carlmation/pyrolysis of the samples at high

temperature to obtain porous high surface area nanocarbon materials.

3.1.1 Hydrothermal synthesis

Hydrothermal synthesis is a solutiogactionbasedsynthesis approach important in
inorganic synthesis. It refers to synthesis through chemical reactions in an aqueous
solution above the boiling point of water. Solvothermal synthesis is @aqaeous
hydrothermal approach at relatively high temperatu@®-(000°C) and pressure-(1

100 MPa). By convention, hydrothermal and solvothermal reactions are conducted in
specially sealed containers loigh-pressureautoclave under subcritical/supercritical
conditions of solvent. Studies have mainly focused on thetivity of reactants,
experimental conditions (reaction temperature, reaction time), and their relationships
to structures and properties of produéfd? Main difference between hydrothermal

and solidstate reactions are in the reactivity. Hydrothermal reactions have reactant ions
and/or molecules react in solution while sedidte reactions depend on diffusion of
raw materials at the interface. Hencepducts of different morphology could be
obtained using same reactants but different method. A series of hydrothermal and
solvothermal approaches have become extremely popular in synthesis of inorganic
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functional materials, hybrid nanomaterials, and carbeoas (reduced graphene oxide)
materials®*13® Hence, the advantages of hydrothermal over sihite approach
include: ability to carry out synthetic reactions at pematures not possible due to
evaporation of solvent in sokstate synthesis; ability to obtain special valence states,
metastable structures, aggregation states and metastable BhaS8©ne great
advantage is the ability to reduce graphene oxide in agueous solution as well as doping
into the structure of the graphene oxide. The temperature range-84000 is in the
subcritical rangeAlso,i t 6s possi bl e to obtain perfect
equilibrium defect, controllable morphology, and particle size and makedaipimg

(e.g. B, N, P, S) in the synthetic reaction. Large variety of nanomaterials have bee
synthesized using this approach. Hydrothermal synthesis can generate nanomaterials
which are not stable at high temperatures and in turn generate high yields abtapare
conventional heat methodgVater is environmentally safe and cheaper than other
solvents and is the most common solvent in hydrothermal and solvothermal methods.
At high temperatures and pressures, the density, viscosity and surface tension of water
will be lower and ion product Wibe higher (Figure 3.13° Due to increased ionization
constant of water for increased temperature, the hydrolysis reaction for indissolvable
inorganic materials at room temperature cadibsolved at elevated temperatures and
pressuresNanoscale rare earth hydroxides, grapp€no® nanocomposites, cobalt
sulphidesreduced graphene oxieckel sulfide, iron oxide nanoparticles, tin oxide
nanoparticles, nickel oxide nanowires and many nfmaee been synthsized by
hydrothermal treatment in the past showing great catalytic perfornf#iteAt the

beginning of the reaction the concentration of metal atoms increases beyond saturation
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concentration. As concentration reaches nucleation concentration nuclei form and

metal atoms concentration decreases below nucleation concentration.
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Figure3-1 The plots of temperatw@ensity of water with pressure as a paraméte

The temperatur@asan impact on the synthesis of metal nanocrystéiscosity of
synthetic media decreases with increasing temperature, and the mobility of dissolved
ions and molecules is higher under solvothermal conditions than room temperature. The
solvent dielectric constant is reduced at high temperature and eahta# solubility

of the reactants. Materials that are inert can become active and can undergo reactions
not possible by regular synthesis methods. For example nanocrystals, can be grown
under different conditions where experimental parameters can thiéeniicleation and

growth of metal in solutioiphase synthesis and influence the specific shape of the

product!4®
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3.1.2 Synthesis of Mn@nanomaterials

Manganese oxide nanotubes were synthesized using a solution of 2.5 mmol
potassium permanganate (KMnCsigma Aldrich) and 10 mmol HCI solution
(37%, Sigma Aldrich) in 20 mL DI ¥0.1*’ The mixture was stirred for 30
minutes until a uniform solution was obtained. This solution was later transferred
in a 50 mL stainless steel Teflon autoclave for hydrothermal annealing. It was
placed in aroven for 12 hours at a temperature of 140°C. The product was then
filtered and washed several times withideized water and ethanol to remove
acidic compounds and bring the pH of the solution to 7. After washing and
rinsing, the sample was dried at 808&&ernight and subsequently collected.
MnO:2 nanosphereblave also been synthesizeohsisting of sheets using same
precursors but changing reaction time and temperature to 4 hours and 120°C

respectively

3.1.3 Synthesis of MNQ@QCNT-G (MCG) hybrid materia |

In a typical procedure for the synthesis of the M@®@arbon nanotubes
graphene sheets, MWCNTs (10 mg, Sigma Aldrich,-157nm x 0.51 0 € m)

were ground with KMn®(100 mg, Sigma Aldrich) crystallites by using a mortar

and pestle to make a uniform powder mixttffeThen, 10 mL of DI HO (18.2

MY) was added to the mixture and stir
hours. Subsequently, 200 puL of concentrate@® (95-98%, SigmaAldrich)

was added into the solution and stirred for 1 houS® was added for further
oxidisation. KMnQ, due to its higher content in the ensemble, contributes as a

weak oxidising agent. After that, the solution was heated in an oil bath at 80°C
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for 1 hour. The reaction mixture was then removed from the heat source. And
poured into 50 mL of DI water to cool down and dilute. The solution was then
filtered over a PTFE membrane (0.22 um pore size), and the remaining solid was

washed repeatedly with DI watfor several times.

3.1.4 Synthesis afiitrogen and sulphur co-doped carbon(N-C_800, NC_1000 and
N-S-C_1000

The materials used to synthesizeSNC_1000 were-tysteine (97%, Sigma Aldrich)

and melamine (99%, Sigma Aldrich) with a mass ratio of 1:dmiped ratio according

to a previous procedufé? These were successively grind in a mortar and pestle to
obtain a uniform mixture. This mixture was then placed in a ceramic boat inside the
furnace. Subsequently, a temperature of 600°C (2.5°CHmivas first set for
polymerization process (2 hours) asubsequently at 1000°C (2°C rinfor 2 hours
under nitrogen atmosphere. The procedure was used to syntheSiz€0OR0 as well

by instead usingrserine (>99%, Sigma Aldrich) and melamine (1:4). F&Z N800, the

target temperature was set at 800°C.

3.1.5Synthesis ofmanganese oxide nanoparticles on nitrogen doped mesoporous
carbon (N-S-C@MCG_ 1000, NC@MCG_1000

The manganese oxide nanoparticles onddged mesoporous carbon
(N-S-C@MCG_1000) were synthesized by grinding together in a staistiesk
morta and pestle thedysteine/melamine (1:4) with M@ CNT-G, previously
synthesized. The grinding was performed to mix the initial precursors with MCG,

the greylike powder was transferred to a ceramic boat and kept for 2 hours inside
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the tubular furnace a ramp rate of 2.5 °C mitnuntil 600°C and then 2 °C miin
1 until 1000°C (Figure 3.2). At each temperature step (600°C, 1000°C), the
samples were kept 2 hours at the respective constant temperature for the

polymerization and carbonization processes to complete.

1000°C, 2 hours

Nitrogen atmosphere

0 ° g 2°Cimin
[*] [+ . + [e] .
o (o] 600°C, 2 hours
| KMnO, MWCNT )
6 hours (10 mL DI Hz0) .5° i
oh
w2
/ | \
MnO: layver _—————_ {’-—- e
. (804)2 . Ie II “k : NH, SH
® o 1 o 1t wa oo
. . _pﬂ . - Hl ) 4 | I H,N/'\N//l\ﬂH, H H
. . 80°C, 1 hr . . 1 I ) )
. N v MnO.@CNT-G melamine L-cysteine

Figure3-2 Schematic illustration of the synthesis steps fe€&-R@MCG_1000

3.1.6 Graphene oxide (GO)

3.1.6.1 Graphene oxide (G€1)

Graphene oxide (G was synthesized using a previously reported procé&dure
(Hummers Method). Materials and chemicals used were graphite powder (3 g,

<20 p Sigma Aldrich), concentrated sulphuric acid (5 H>.SQs, Sigma Aldrich),

potassium permanganate crystallites (15 g, KMnO 099 % Si gma Al dri ch
peroxide solution (30 mL, ¥#. Sigma Aldrich, 30 wt.%), 0.1 M hydrochloric acid

(HCI, Sigma Aldrich), 0.1 M sodium hydroxide (NaOH pellets, Sigmdriah) and

deionized water (DI kD).
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The initial synthesis starts by taking a round bottom flask and mixing graphite powder
with HoSOy at 800 rpm overnight till all the particles are full dispersed in the solution.
The temperature of the solution is catigf monitored throughout the synthesis process
using a calibrated thermometer. The potassium permanganate crystallites are
subsequently added to the solution in a very slow process in order to keep the reaction
temperature below 20°C. In a typical procdd€sg of KMnQ are added in a time frame

of 12 hours each to allow for a uniformly dispersed solution. This has been done in
order to avoid an abrupt increase in temperature due to the presence of the KMnO
oxidising agent. To allow for a complete oxidaatiof the graphite precursor, the
mixture is left stirring overnight. The colour of the solution gradually changed from
dark black (uroxidised graphite) to dark green after the addition of the potassium
permanganate. Subsequently, the solution is traesfeio an ice bath. Once the
solution temperature reachd®-0°C, 115 mL of daonized water will be added to the
reaction mixture very slowly as before. After adding the initial few drops, there will be
noticeable bubbles at the solutions surface ingigahe oxidation reaction occurring

due to acieheutral reaction. In this step, the reaction temperature will be kept at 95°C
for 2 hours. The dark green solution will gradually start oxidising in time and this will
be noticeable by a colour change tokdgellow-light brown. This indicated that the
initial graphite has been oxidised, where hydroxyl and carboxyl functional groups have
been added to the initial carbon structure creating an interconnected lattice of carbon
atoms ligated with-OH, -COOH, andnitrile groups. Afterwards, the solution was
transferred to an oil bath for subsequent reaction step. The temperature was set at 40
45°C and the mixture was left for 6 hours under constant stirring. The colour of the

solution gradually changes and starescdiming lighter with increasing oxidation
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reaction time. The final step will be the addition 30 mL of hydrogen peroxide solution
(30 wt.%) where there will be a remote control of the temperature of the solution since
the oxidation process has been compleféhe addition of kD, is to oxidise any
unoxidized graphite. The solution was kept stirring overnight for further treatment and
purification. Subsequently, the G®olution was washed using 0.1 M HCI to remove
any leftover metal impurities. Then, it waspeatedly washed using76L DI water to
neutralize the solution and bring the pH to approximately 7. The solution was filtered
to remove the supernatant. The solid product was fréeed to collect the G&sample
denoted as GQ.

3.1.6.2 Graphene oxid (GO-2)

GO was synthesized in three more batches to validate the reproducibility of the
experiments using the modified Hummers Method and varying experimental
parametersuch as ES5Qs, NaNOs, KMnO4 and temperatures used. The G®atch

was syntlsized usingraphite powder4 g) stirred with cold concentratecb&5O (48

mL) in an ice bath. Afterwardd2 g of KMnQ were addedensuring that the
temperature ditiot exceed ZTC. The solution then had a colour change from black to
dark green. The solution was then removed from the ice bath and left 2 hours stirring.
The following day the solution is kept at°@uniformly across the reaction vessel and
then water (90 mL) is gradily added dropwisto ensure the temperature did not pass
100°C. The solution turned brown at this point. The solution was then stirred for more
time and finally more water (300 mL) was addedgOH30 mL) was then added slowly
which resulted in foamingra solution turning light browsyellow. Solution was then
stirred for 30 minutes at 3G. The solution was then left overnight where GO particles

at the bottom of the flask were separated by centrifugation. The solution was then
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washed until the pH was nieal and subsequently freeze dried. The sample was denoted

as GO2.

3.1.6.3 Graphene oxide (GEB)

Next batch consisted of G& This was synthesized using the same previous modified
Hummers method butith the addition of NaN@(2 g) agent. Here NaNfdvas added

to H.SQy concentrated (60 mL) and stirred until it was dissolved in the solution.
Afterwards, 2 g of graphite powder was added to the solution under stirring. KMnO4
(12 g) was subsequently added to the solution slowly in order to keep theaemgper
below 20C. This resulted in the solution turning dark green as expected from previous
batches and afterwards stirred at@5or 4 hours. Then, ¥, was added gradually
dropwise to the solution where it resulted in turning to dark yellow and lsfirtat
constant temperature of I5 for 2 hours. The solution was then washed with 0.1 M
HCI solution to remove any remaining salts followed by washingliroRwater until

it was pH=7.

3.1.6.4 Graphene oxide (G&X4)

The final batch was G@, a furthervalidation of modified Hummers method and the
main GO precursor used in the synthesis of optimized catalysthapter 5 and
Chapter 6 ofhis thesis Here, the optimized graphene sample was syntheassiag
graphite powderZ g) stirred with HSQ4 (10 mL) in an ice bath and then KMN@5

g) was added gradually to the solution. Subsequently the solution was ke &80

4 hours. The solution had a gradual colour change from black to dark green as the
oxidizing agent was added. This resulted gradual oxidation of the graphite starting
material. The solution was left for 4 hours at@%nd later to cool overnight and be

observed the subsequent day. It was observed afterwards that the solution remained
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dark green implicating the strong oxidigirffect of the agents used in the synthesis
procedure. To the solution was addetDH(15 mL) resulting in a colour change from
dark green to yellovlight brown as expected from previous batches.

The sample was then collected, washed, freeze dried aed idr air. GO4 was

obtained from thisynthesis proceduig&igure 3.3).

Figure3-3 (a) Graphite powder turning dark green upon oxidation with KMnO-«
The four different batches of GO synthesized including- @02, GO 3, anc
GO-4. (c) A prepared solution of GOwhere it can be observed the light breyatiow
colour of graphenexide. (d) An illustration of the G@ and G®4 synthesis where

can be observed the much lighter (guaslow) colour of GG4 on the right flask.
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3.1.7 Reduced graphene oxide (rGO)

3.1.7.1Chemical reduction

Reduction ofgraphene oxide can be carried out both using chemical method and
hydrothermal reaction'$*1>° The first method consisted of adding 1 gLescorbic
acid(ACSreagenD 9 9 StgmaAldrich) to the graphene oxide solution. After stirring

for 1 hour, the reaction mixture was removed from gtie plate in order for the
graphene to settle down and the reaction mixture changing colour from brown to black
indicating the partial reduction of graphene oxi#fégure 3.4) Subsequently, the
solution was placed to heat at 95°C for 2 hours. After ngalown, the solution was
centrifuged and washed in order to remove any acid and metal impurities left at 6000

rpm.

rGO by chemical reduction
of graphene oxide (GO) with

L-ascorbic acid or vitamin C.

Figure3-4 Chemical reduction of graphene oxide by udingscorbic acid\(itamin
C) depicting the successful reduction of GO to rGO as can be noted by the da

colour in the sediment of the solution.
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3.1.7.2Hydrothermal re duction

In another scenario, 10 mg of GO was mixed with 10 mL of DI water (1 mY).riihe
solution was stirred for 1 hour to allow a complete dissolution of GO particles in
solvent. Subsequently, tls®lution was transferred to a 25 mL Teflon stainrigsel
autoclave for hydrothermal annealigigure 3.5) The GO solution was treated at
160°C for 15 hours in air. When the reaction completed, the dark brown GO solution
will change into a hydrophobicadbon (rGO) in water solution. Once collected, the
sample was repeatedly washed using DI water and afterwards freeze dried. In the final
step, reduced graphene oxide is subjected to high temperature pyrolysis at 800°C
respectively for 2 hours in Ar atmosgie. This enhances the complete exfoliation of

the graphene oxide and subsequent reduction to graphene. The pyrolysis step enhances

the porosity of the carbon and creates a carbon network.

b)

Figure3-5 (a) Hydrothermal reduction method of graphene oxide to reduc re
oxide (rGO) depicting the reaction vessels made of Teflon. Here, three sampl
considered using GQ, GO3, and G®4. (b-c) High temperature annealingf

graphene oxide to yield rG800-1-step, rGG300-3-step
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3.1.8 Nitrogendoped (NrGO) and co-dopedsulphur and phosphorus(N-S-rGO,

N-P-rGO) reduced graphene oxide

3.1.8.1N-doped rGO

N-doped rGO was synthesized first by making a soluio@0-4 (4 mg mL?) in DI

H20. Then, this was sonicated and stirred for 50 minutes. Subsequently, melamine
(99%,Sigma Aldrich) and urea(99-100.5%, Sigma Aldrichyvere used as nitrogen
agents for incorporation of nitrogen functionalities in GO structure. Melamine was
stirred with the GO solution in a weight ratio 1:3 for 50 minutes and subsequently
sonicated for 30 minutes to obtain®DwveL solution. For the ureaase, a similar
procedure was used where GO (4 mginlvas stirred urea in weight ratio 1:5 and
sample denoted as@Oyrea Nitrogen doped reduced graphene oxide was produced by
hydrothermal reduction of 4&O0mer and NGOurea Where these were placed in two
different 50 mL Teflon lined hydrothermal chambers and heated at 160°C for 15 hours
in stainless steel autoclaves. The resulting productshyosothermal treatment were
centrifuged and then dried in air at 60°C overnight. Theldained products were
denoted as N'GOmel and NrGOyrea In a third step, NGOnd and NrGOurea Were
pyrolyzed in a horizontal tube furnace at 800°C for 2 hours under Ar atmosphere at a

ramp rate of 5°C mihto obtain NrGO-800neiand NrGO-80Qrea

3.1.8.2N-S-dopedrGO

Nitrogensulfur cadoped reduced graphene oxide was synthesized first by dissolving
GO in DI O at a concentration of 4 mg midenoted as solution A. Solution A was
stirred for 50 minutes and sonicated for 30 minutes. Subsequently, thiourea (weight

ratio 1:25 SigmaAldrich) and melamine (weight ratio 1:3igma Aldricl) were stirred
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in solution A for 30 minutes and subsequently sonicated for 30 minutes to obtain a
uniform solution. This sample was denoted aS-8O. To reduce this, the solution was
subsguently transferred to a Teflon liner of 50 mL volume and heated at 160°C for 15
hours. Posheating, the sample was washed and centrifuged with Ol &hd the
sediment product was dried in oven at 60°C overnight to obt8rrGlO.

N-SrGO was further redred by pyrolysis carbonization process in a high temperature
tube furnace at temperature of 800°C at a ramp rate of 5°€uniter Ar atmosphere

to obtain NS-rGO-800.

3.1.8.3N-P-dopedrGO

Nitrogenphosphorus caoped reduced graphene oxide wasthesized first by
dissolving GO in DI HO at a concentration of 4 mg MLSubsequently, ammonium
dihydrogen phosphate (ADP, 500 njgma Aldrich was mixed in the GO solution

and sonicated for 30 minutes to obtain a uniform solution. This sampleewated as
N-P-GO. To reduce this, the solution was subsequently transferred to a Teflon liner of
50 mL volume and heated at 160°C for 15 hours.-Reating, the sample was washed
and centrifuged with DI FO and the sediment product was dried in oven 4C60
overnight. The reduced sample was denoted-&8r@0O. N-P-rGO was pyrolyzed at
800°C for 2 hours at a ramp rate of 5°C thimder Ar atmosphere to obtairPNrGO-

800.

3.1.9 Cobalt sulphide nanoparticles on Mloped reduced graphene oxide

3.1.9.1 CoxS,-NRG-4

First, graphene oxide was prepared as previously indicated through modified Hummer

method.From previous experiments, GDwas used as the optimal graphene oxide
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precursor materialn a typical synthesis, graphene oxide (@820 mg) was added

to anaqueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol
ratios of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL
It was then stirred for 50 minutes and sonicated for 30 minutes. The flask was not
subected to any external heat treatment, and sonication was carried out at low
temperatures. To reduce the G@4 mg mL?'), the solution was subsequently
transferred to a Teflon liner of 100 mL volume and heated at 160°C for 15 hours. After
hydrothermal treatment, the sample was washed and centrifuged witsODdrid the
sediment product was dried in oven at 60°C overnight. The GO was converted to rGO
upon hydrothermal reduction, and the sample was denoted8sNXRG-4.

Samples were alsgsthesized using GQ, GO-2, and GG3. A comparison has been

made also with commercial GO.

3.1.9.2 C0,S,-NRG-1

First, graphene oxide was prepared as previously indicated through modified Hummer
method. From previous experiments, &Qvas usedas graphene oxide precursor
material. In a typical synthesis, graphene oxide ;320 mg) was added to an
agueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol ratios
of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL It was
then stirred for 50 minutes and sonicated for 30 msgiukbe flask was not subjected

to any external heat treatment, and sonication was carried out at low temperatures. To
reduce the GQ (4 mg mL?), the solution was subsequently transferred to a Teflon
liner of 100 mL volume and heated at 160°C for 15 hoéfser hydrothermal

treatment, the sample was washed and centrifuged with2DI &hd the sediment
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product was dried in oven at 60°C overnight. The GO was converted to rGO upon

hydrothermal reduction, and the sample was denoted,&-88G-1.

3.1.9.3 CoxS-NRG-2

First, graphene oxide was prepared as previously indicated through modified Hummer
method. From previous experiments, @@Was used as the graphene oxide precursor
material. In a typical synthesis, graphene oxide €320 mg) was added to an
agleous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol ratios
of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL It was
then stirred for 50 minutes and sonicated for 30 minutes. The flask was not glibjecte
to any external heat treatment, and sonication was carried out at low temperatures. To
reduce the GQ (4 mg mL?), the solution was subsequently transferred to a Teflon
liner of 100 mL volume and heated at 160°C for 15 hours. After hydrothermal
treatmen, the sample was washed and centrifuged with BD ldnd the sediment
product was dried in oven at 60°C overnight. The GO was converted to rGO upon

hydrothermal reduction, and the sample was denoted,&-88G-2.

3.1.9.4 C0,S,-NRG-3

First, graphene oxide was prepared as previously indicated through modified Hummer
method. From previous experiments, B3@Was used as the graphene oxide precursor
material. In a typical synthesis, graphene oxide €320 mg) was added to an
agueous solution afobalt acetate tetrahydrate, thiourea and melamine in mmol ratios
of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 wis

then stirred for 50 minutes and sonicated for 30 minutes. The flask was not subjected
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to any exteral heat treatment, and sonication was carried out at low temperatures. To
reduce the GQ (4 mg mLY), the solution was subsequently transferred to a Teflon
liner of 100 mL volume and heated at 160°C for 15 hours. After hydrothermal
treatment, the sampleas washed and centrifuged with Db and the sediment
product was dried in oven at 60°C overnight. The GO was converted to rGO upon

hydrothermal reduction, and the sample was denoted,&-0RG-3.

3.110 Molecular structure of reagents and precursors used irthe synthesisof

electrocatalysts
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3.1.11 Summary diagrams

3.1.11.1 Graphene oxidesynthesis

KMnO4

NaNO; H2504(98%) Hz02

G v \'”'/ roe rse L
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ICE BATH

Wash with 0.1 M HCI
to remove remaining
salts and then with

H.0 water.
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Figure3-6 Schematic diagram for the synthesis of Graphene oxide (GO) by modified Hummers Method.
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3.1.11.2 Nitrogen-doped reduced graphene oxide and edoped (nitrogen-sulphur,

nitrogen-phosphorus) reduced graplene oxidesynthesis

——— e e e e e e e — —

GRAPHENE OXIDE |
| (GO-1, GO-2, GO-3, GO-4)

\ TR |. ]
| : |
Reduction of GOx 1o | Reduction of GOx to doped (N, S,
reduced graphene oxide . P} reduced graphene oxide
(rGO) by hydrothermal : (rGO) by hydrothermal treatment
treatment at 160°C for 15 | at 160°C for 15 hours. [with
hours. [no dopants route] dooants routel
GO [160°C, 15hr] _A— N eessschesssssy SEEssTssssssess
| | 't Melamine :  Melamine : : Ammonium :
I o P : : dihydrogen :
s : ¢+ I : phosphate :
Heat treatment in horizontal '} Pl © 1 (ADP)
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min~, Ar atmosphere,
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H-rG{hq. NrGowmes NISIGO NP1GO
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N-rGO-B00, N-SrGO-B0), N-P.rG0-800

Figure3-7 Summary of synthesis routes for heteroatom doped reduced grapher

nanocarbon electrocatalysts in Chapter 5.
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3.1.11.3 Cobalt sulphide nanoparticles on nitrogenrdoped reduced graphene

oxide (rGO)

2
O=w

& &

[ e e e e e

Graphene Melamine +
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+

Co(ac):4H:0

(GO)
. GO-1, GO-2, GO-3, GO-4
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Reduction of GOx with cobalt salt and dopants @160°C for 15
hours to obtain ensemble of cobalt sulphide nanoparticles on
nitrogen doped reduced graphene oxide

l

C0xS,-NRG-1; C0xS,-NRG-2; C0xSy-NRG-3; CoxSy-NRG-4

Figure 3-8 Summary synthesis routes for cobalt sulphide nanoparticles on nH

doped rGO in Chapter 6.
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3.2 Physical characterization methods

The characterization methods used to analyse the samples were XRD, XPS,
SEM, EDS, TEM, BET, TGA, Raman and FTIR. Thesevthoroughly used to

investigate the structural, morphological, and physical properties of the samples.

3.2.1 Xray diffraction (XRD)

XRD is a useful technique used to identify the crystalline phase and orientation of
nanomaterials. XRD is based on ciustive interference of monochromaticrys

and a crystalline sample (Figuré@B.X-rays are generated by a cathode ray tube and
filtered to produce monochromatic radiation directed towards the sarhplée

interaction of incident rays with sample produces constructive interference when

conditions satisfy Braggods | aw:
na- dsinz (3.2)
where nis aninteger & i s t he warayg d &anhg tnterplamdr t h e

spacing generating the diffraction, ards the diffraction anglelThe positive
aspects of XRD are that it allows to determine the structural properties including

lattice parameters, strain, andho size.

A typical XRD instrument consists of amray tube, a sample holder, and an x
ray detector. When electrons have sufficient energy to dislodge inner shell
electrons of the target material, characteristiayxspectra are produced. Spectra

consst of several components including; End K. The unit cell is the basic
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building unit that defines a crystal and is used to determine its properties of

crystallinity such as faces and orientation.

X-ray 1
X-ray 2 4
]
0 AB+BC = multiples of n1
— + —_ - —_— i
A /7 C
/
; d
4
— - — —

Figure3-9 Principle of XRD operation where an incident beam of monochromat
rays strike upon aligned lattice planes in a crystalline sample. Planes are separ

distance d, anthe beam touches the plane at argle the plane.

Parallel planes of atoms intersecting the unit cell are used to define directions
and distances in the crystal. These crystallographic planes are defined by the
Miller indices (hkl). Diffraction occus when each object in a periodic array
scatters radiation coherently, producing concerted constructigefdrence at
specific anglesElectrons in an atom coherently scatterays. Electrons interact

with the oscillating electric field of the-Kay. Atams in a crystal form a periodic

array of coherent scatterers. XRD was carried out using a Bruker D4 Endeavor

95



with Cu K-Alpha X-ray source of 1.54 A and also on a Mealpha source of

0.71 A.

3.2.2 Xray photoelectron spectroscopy (XPS)

XPS is a spectraspic technique used to measure the elemental composition,
chemical state and electronic state of the elements of a material. A primary beam
ofsoft Xr ays (e.g. Al KU with photon ener
species (Figure 30). This leads to enttation and subsequent ejection of low

energy electrons resulting from photoionization of the atoms molecules or ions

in the samples. The irradiation of beams allows to obtain XPS sp&ddfaoton
energy given by Einstein relation: E =
is the frequency (Hz) of radiation phetacite a 1s electron of binding energy

Eer el ati ve to the Fer mi | evel ansdhe an ad
Is needed to remove the electron from species. Hence conservation of energy

requires that:
Ee= MBI A (3.2)

The determined electron binding energy is independent of the work function of
the sample. The binding energyassociated with each core atomic orbital where
elements present in the sample give a set of peaks in the photoelectron spectrum.
The kinetic energies are determined by the photon energy and the respective
binding energies. The presence of peaks at paatiemergies therefore indicates

the presence of a specific element in the sample under sfudhermore, the

intensity of the peaks is related to the concentration of theeglewithin the
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sampled regiornThese spectra are plotted with the intensitthefphotoelectrons
(y-axis) as a function of the binding energyaxs). Different binding energies
correspond to different atomic core orbitals. In core s orbitals, the spectra is
always a singlet peak since the angular momentum number (I=0). In other

scenarios (I1>0), there will be a doublet peak due to spin orbit coupling.

XPS characterization was done in a two
a monoc hr oma tray dsourgel A #alple Xsport was chosen by
considering a location with species oangple charging across the samples was
prevented by using a dual beam flood gun. Binding energies were calibrated
using Cls peak 284.6 eXCasaXPSsoftware provided by University College

London (UCL) software database has been used to analyse the san{#&; in

and obtain their fitting peaks with corresponding FWHM.
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Figure3-10 Operating principle of Xay photoelectron spectroscopy (XPS).

97



3.2.3 Scanning electron microscopy (SEM)

SEM is used to visualize the surface of solid samples with resolutions that can
reach 1nm. SEM scans a focused electron beam over a surface to create an image.
In the SEM, electrons interact with the sample producinguarsignals which

are used to obtain information about the surface topography and composition.
When electrons strike the surface, they produce diffesggtals, and the
detection of these signals produces an
The main signals in SEM are secondary electrons, backscattered electrons, and
X-rays. Secondary electrons are emitted from atoms occupying top surface and
produce a radily image of the surface. High resolution images are obtained since
the main electron beam has a low diameter. The backscattered electrons are
reflections of the primary beam electrons. Image used to show distribution of

different chemical phases in sal&p

The SEM used in this thesis was a JEOL JBMOF with a field emission gun
(FEG) electron source. Equipped with secondary electron detector for
topographic contrast imaging, a retractable backscattered electron detector for
atomic number contrast imag and Oxford INCA EDX system for
compositional analysis. Resolution up to 3.5 nm, an accelerating voltage of 0.5

30 kV and specimen size of 125 nm.

3.2.3.1 EDX: Energydispersive Xray spectroscopy

EDX is an analytical technique used for elemental amlyor chemical

characterization of a sample. The characterization capabilities of EDX are due to
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the fundamental principle that each element has a unique atomic structure
allowing unique set of peaks on itsr&y emission spectrum. In EDX, a high
energy leam of charged particles such as electrons or protomay<beam) is
focused into the sample being studied. At rest, atom in sample contains unexcited
electrons in discrete energy levels (electron shells bound to nucleus). Incident
beam can excite an ekeon in inner shell, ejecting it from the shell and creating

an electron hole where electron was. Electrons from outer (higher energy shells)
fills the hole and the difference in energy between higher energy shell and lower
energy shell can be releasedféom an Xray. Energy and number ofrays
emitted from sample is measured by an energy dispersive spectrometer. Since
the energies of-xays are typical of the difference in energy between two shells

and of the atomic structure of the emitting element.

3.2.4 Transmission Electron Microscopy (TEM)

A transmission electron microscope is an analytical tool allowing visualization
and analysis of specimens in the scale of nanometre (<100nm). TEM can give
micro-structural information by using very high resotunts magnifications, high
vacuum, and detecting the electrons that are transmitted through the sample. By

using a TEM, one can see the columns of atoms present in crystalline samples.

Compared to SEM, TEM is a much more powerful technique to analyse the
structures of nanomaterials including nanotubes, nanospheres, and nanoflakes.
TEM specially allows the user to characterize lattice and surface structures owing

to its ability to draw inages at higher resolution than SEM. TEM is based on
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electron beam passing through the specimen. The sample is prepared on a mesh
grid through which the highly energetic electron beam passes. As the energetic
electrons make their way through the grid, s@reslost due to the deflection or

the absorption made into the specimens on the grid. The images are created by
unscattered electrons and absorbed electrons depicted as bright image and dark
image, respectively. Besides, some grey parts of an image digeifcatter of
electrons during the way through. The electron beam is generated through the
electron gun (similar to of SEM) and positioned top of the instrument. EDS TEM
was also used to characterize the samples for elemental mapping and colour maps
of dements. The most commonly used feature of TEM ishilgb-resolution
imaging (HRTEM). HR-TEM can magnify to a specimen up to 0.5nm and

allows the user to navigate in its crystallite structure.

The TEM used in this thesis was a JEOL 2100.

3.2.5 Brunaueri Emmetti Teller (BET)

In BET, the specific surface area of a powder is determined by physical
adsorption of a gas on the solid surface by calculating the amount of adsorbate
gas which is the monomolecular layer on the surface. Physical adsorption results
in weakforces (Van der Waals forces) between adsorbate gas molecules and
adsorbent surface area of powder. The amount of gas adsorbed is measured by a
volumetric or continuous flow procedure. Muttbint measurements used where

the data is treated using the BEdsarption isotherm equation:
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S (3.3)

Where:

P = partial vapour pressure of adsorbate gas in equilibrium with the surface at

77.4 K (b.p. of liquid nitrogen), in pascals,
Po = saturated pressure ofsmtbate gas, in pascals,

Va= volume of gas adsorbed at standard temperature and pressure (STP) [273.15

K and atmospheric pressure (1.013 x 105 Pa)], in millilitres,

Vm = volume of gas adsorbed at STP to produce an apparent monolayer on the

sample surfacen millilitres,

C = dimensionless constant that is related to the enthalpy of adsorption of the

adsorbate gas on the powder sample.

A value ofVsis measured at each of not less than 3 values ef FiEen the BET

value is =—— is plotted against P4PThis plot yields a straight line usually

in the approximate relative pressure range 0.05 to 0.3. The data are considered
acceptable if the correlation coefficient, r, of the linear regression is not less than

0.9975: that is,?is not less than 0.995.

Surface area BET measurements of powders were carried out on a Quantachrome

Autosorb iQc and also Micromeritics ASAP 2020.
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3.2.6 Thermogravimetric analysis (TGA)

TGA is a technique in which the mass of a substance is monitor@duastion of

temperature or time as sample specimen is subjected to a control temperature program

in a controlled atmosphere. TGA measures
cooled in a furnace. This consists of a sample pan that is supported ansepre

balance which is held in the furnace and is heated/cooled during the experiment. A
sample purge gas (e.g. airp)dontrols the sample environment. This could be inert

or reactive and flows over tlsample anexits through an exhaust.

The TGA instument used in this thesis was a TA instruments TGA Q500 (TA).

3.2.7 Raman spectroscopy

Raman spectroscopy is used to study the vibrational, rotational, and low frequency
modes properties in samples (Figur&l}. It is a spectroscopic technique based on
inelastic scattering of monochromatic light, usually fradaser source. It is widely

used in characterization of carbon nanomaterials. Inelastic scattering means that the
frequency of photons in monochromatic light changes upon interaction with a sample.
The Raman Effect is due to the interaction of electromagnetic field of incident beam
with species on glass substrate. Raman spectroscopy is sensitive to highly symmetric
covalent bonds with little or no dipole mome@arboncarbon bonds in carbonaceous
materials fit this requirement perfectly and as result Raman can provide information
about their structure. Every band in Raman spectrum corresponds to specific
vibrational frequency of a bond within a molecuRaman scattered light contains

different infomation on molecules in a substance.
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Raman spectrum data was collected using a Renishaw inVia Raman microscope with

an Ar i1ion |l aser (&= 514 nm).
_________________________________ Virtual

oy Ty Energy states
Vibrational

+ ibration
v Energy states

Anti-Stokes Stokes
Raman Scattering Raman Scattering

Figure 3-11 Scattering processes of light including Stokes and3tolkes Rame

scattering.

3.2.8 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a technique used to obtain infrared spectrum of adsorption or emission of a
solid, liquid or gas. It is a useful technique in organic chemistry becaasabtesa

user to identify different functional groups. Each functional group contains certain
bonds which show up in the same places in the IR spectrum. An FTIR spectrometer
collects igh-spectral resolution data over a spectral range. The objective of an FTIR
is to measure how much light a sample absorbs at each wavelength. Different

frequencies of infrared light are passed through the sample and then the transmittance
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of light at eacHrequency is measured. The different functional groups present bond
absorptions at different locations and intensities on the IR spectrum.
The FTIR instrument used in this thesis was a Perkin EImer Spectrum 2000 and data

was recorded in a wavelength rangf: 4064000 cm'.

3.3 Electrochemical characterization

Since a zinair battery is an electrochemical device, electrochemical methods play
important roles in characterizing and assessing the cell and components such as the
electrode, membrane, and the catalyst. Most used electrochemical characterization
method include potential sweep, potential step, potential cycling and rotating disk
electrode. Electrochemical reactions involve these steps: transport of reactants to the
surface of the electrode, adsorption of reactants onto the surface of the electrgae, char
transfer through either oxidation or reduction on the surface of the electrode, and
transport of products from surface of the electrode. Hence, electrochemical methods
are used to determine the specifics of these steps.

Characterizations are usuallyrgad out in 3 types of cells: single cells, half cells and
three electrode cells. In these cells, the catalyst to be characterized forms the working
electrode (WE), the potential of which or the current passing through which is
controlledi making the WEBhe sole interest of investigation for catalyst performance.
The working electrode and the secondary electrode (counter electrode, CE) form a
circuit and current flows through this circuit which causes a reaction on the CE as well.
The secondary reactiomdhe CE has not to interfere with primary reaction on WE.

Then, a third electrodereference electrode (RE)s used to minimize the impact of
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electrolyte solution resistance on potential at the WE. The RE forms another circuit

with the WE. The RE is wslly norrpolarizable and keeps a stable potential.

3.3.1 Threeelectrode cells

The typical experimental conditions for eelectrode celareshown inFigure 312

The surface exposed to the electrolyte solution at the WE consists of an electronically
conducting dish such as glassy carbon, platinum or gold sealed in an inert material. A
Ptfoil with a larger surface area compared to WE is then used as the CE. This surface
area requirement for the CE is due to ensure that the electrochemical reactisn occu
quickly so that it does not interfere with the main reaction at the WE. The RE is usually
held in a Luggin capillary whose fine tip can be placed close to the surface of the WE
in order to suppress uncompensated electrolyte resistance without prevestiagts

from reaching the surface of the WE. Most popular reference electrodes are
Ag/AgCI/CI (silver, silver chloride electrode) and Hg/i4@/Cl™ (calomel electrode).

In zinc-air batteries and fuel cells, this cell is used to select potential satayd to

study the reaction mechanisms and kinetics by coating the WE with a layer/film of the
catalysts. The catalyst is usually mixed with other components in a solvent consisting
of 9:1 HO/EtOH though agitating and sonicati@onication and agitativare used to
increase the temperature of the mixture which could change the physical properties like

viscosity. Afterwards, the catalyst is applied on the surface of the WE.
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Figure3-12 Schematic diagram of typical threéectrode electrochemical cell.

To increase adhesion, additives are used in the catalyst ink formulation. The
perfluorinated ionomer, Ni@n, is commonly the most used additive for catalyst

characterization in electrochemical cells. The electrode is then dried at room
temperature or in the oven at 50°C. Typically, glassy carbon is inactive to

electrochemical reaction which is importantcgrihis should not catalyse the reaction.

3.3.2 Cyclic Voltammetry (CV)

Electrochemistry mostly involves the use of electricity as an input or output signal. The
electrochemical instrument (e.g. potentiostat/galvanostat) is to generatectical

signal and measure an output signal. Signals are voltage, current, and charge. Charge is
the inegration of current with timdnput electrical signals cause the electrochemical

reactions at the WE and CE. This rate of reactions can be maagbhatcontrolling
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the amplitude of the input signal, and then measured at the output. Cyclic voltammetry
(CV) indicates the cycling between chosen low and high points and then recording the
current in that potential cycling region. Resulting potentialugeirrent plot is then
called a voltammogram. This sweeping is carried out linearly and can be chosen
between large ranges (e.g. 1 P00 mV &Y. The WE is held at steady state before
scanning starts so that it d reaetiomsGotbe c au s e
investigated. After the start of scanning, potential goes higher (or lower) and when it
becomes high (or low) enough to cause oxidation (or reduction) of electrochemically
active species, an anodic (or cathodic) current appears. The érrozhthodic) current
increases as the potential goes higher (or lower) due to reaction kinetics becoming
faster. As potential reaches standard potenfiatie concentrations of oxidized and
reduced forms of electrochemical active species become eqsaifane of electrode.
Highest anodic (or cathodic) current is reached when potential reaches a value at which
all reduced or oxidized form of electrochemically active species reaches maximum rate,
due to largest concentration gradient between bulk coratiemt of electrochemically
active species and surface concentration of species.

In order to carry out a cyclic voltammetry run, a potentiogteufe 313) is required

which controls the voltage and measures the current. The potentiostat keeps the
potental of the WE at a prescribed value with respect to the potential at the RE. Current
will flow between WE and CE in response the potential at the(MWtre 3.14. A

series of resistors in electric circuit are used to adjust and maintain potential &.the W
To keep the potential at the WE constant during a potential step experiment this
involves varying current, resistance (R) of resistors will change so voltage drop (iR) on

resistor is the same. Electrometer is used to measure potential difference befEveen
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and WE. This has a high input impedance so input current is nearly zero which enables

RE to keep a constant potential. Ohmés |

fal)

through WE and CE by measuring the voltage drop through a known resistor. If the
circuit is modified such that the current (l) is controlled and the potential at the WE is

measured, this becomes a galvanostat.

GA—:—

Figure 3-13 lllustration of the electronic circuitry of a potentiostat used

electrochemical cells.

Figure 3-14 Oxygen reduction reaction (ORR) and oxygen evolution reaction }
setupswith Metrohm Autolalpotentiostatised to obtain cylic voltammetry (CV) ¢

linear sweep voltammetry (LSV) data f@) ORR andb) OER, respectivgl
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3.3.3 Rotating Disk Electrode (RDE)

Transport of reactants to/from an electrode usually proceeds through diffusion and
convection. Diffusion is the main process for transport of species around surface of an
electrode immersed in an electrolyte solutiddonvection could occur due to
environmental vibration/noise and uneven temperature distribution in the electrolyte.
Diffusion is used to study the mass transport process. Mass transport rate is significantly
when a forced convection is applied to thewtechemical cell. This can be applied by
creating a relative motion of the electrode with respect to the electrolyte. This can be
achieved by rotating the electrode, hence the name of the method rotating disk electrode
(RDE). Here, the electrode rotatesdathe reactant is pulled to the surface of the
electrode while the product spins away from the surface. A static reaction layer could
also cover the surface of the electrode, while reactant transports through here by
diffusion. The thickness of layer igwmtrolled by the angular velocitypgm) of the

el ectr od e, fisthe Aumber of reMoletions parinute  When ¥ i s | ar
diffusion layer is thinner. Electrode rotation rate is controlled in such a range that the
flow reactant alongurface of electrode follows a smooth pattern between 400 and 2000
revolutions per minute (rpm). Diffusion and convection are used to determine the
overall mass transport rate of a reactant to the surface of the electrode. Convection
controls the thicknessf the diffusion layer and diffusion controls the transport rate of
reactant thr oug Ifc /diicdrréesponds donthe Iflix yn@mal to e U
el ectrode surface due to df B€CULBX DAswhede f
diffusion coefficientof speciesC is the bulk concentration of species, apds the
solution velocity along the x direction which is normal to electrode surface. Linear

potential sweep voltammetry (LSV) in RDE, the potential of WE is scanned from a
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potential where no redonh occurs to a potential that causes the reaction to occur.
Limiting current is obtained when the overpotential is large enough so that reaction rate
is determined by mass transport rate of reactant at particular rotation rate of electrode.
Here, the sugce concentration drops to zero and steady mass transport profile is
obtained as C/L, where L is the diffusion layer thickness. When the electrode rotation
rate is steady, L is constant and C/L does not change. Hence, asttadyiffusion
controlled curent is obtained as described by the Levich equation:

ie= 0.620nFAB Y2y 6C  (disk current) (3.4)
whereg is the kinematic viscosity of the electrolytg:= d (¢ @dd are the viscosity
and density of electrolyte solution, respectyelA is the electrode area in ém
Typically, the potential scan rate must be slow enough with respect to electrode rotation
rate to obtain a steaghtate reactant concentration profile. Before disk current reaches
limiting value (iim), the current is &tcted by both reaction kinetics and mass transport
rate. At reaction potential, current is controlled by reaction kinetics and has no influence

on mass transport rate. Kinetic current is as follows:

= NFAKC (3.5)

whereks is the rate constant and is a function of the potential. Therefore, the total current
equation for the full potential scanning window is given by the Koutéekych (K-

L) equationt®® A plot of it v e r s%fis a straight line, the slope which can be used

to determine D, and the intercept of which on the ¥ i '€=0 ®nables to determine

ks. KouteckyLevich (K-L) equation for current density (J) is then used to determine
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the numbers of electron transfertite oxygen reduction reaction using the following

equation:

o _ _ (3.6)

where J is the measured current densitygntl & are the diffusiodimited and
kinetic current densities, respectively, F is the Faraday constéa8%9s A
mol'Y), Cois the bulk concentration of dissolvedi® 0.1 M KOH (1.2x10° mol
L™), Do is the diffusion coefficient of ©n 0.1 M KOH (1.%10°cnm? s 1), gis
the kinematic viscosity of the electrolyte (0.02 &h'), and¥ is the angular
velocity (in rad &). Figure 315 showsthe key performance indicators in ORR

such as onset potential ofse), limiting current density (J and halfwave

potential (&/).

=

Current density (mA/cm’)

08 086 04 02 0.0 02
Potential applied vs. Ag/AgCI (V)

Figure3-15 ORR polarization curve at 1600 rpm for 20 wt.% Pt/C.
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3.3.4 Procedure for reproducibility of experiments for ORR and OER

measurements

Electrochemical cell for rotating disk electrode (RDE)

N: and O: purged in 0.1 M KOH (ORR);
and 1 M KOH (OER)

N2 gas purged initially

Conditioning cycle:

V=100 mV 5, 50 scans for ORR (-0.8 Vio 0.2
V vz, Ag/AgCl) and for OER (0 V o 1 V vs.

L 3

Initial cyclic voltammetry (CV) for all catalysts.
Scan rate V= 100 mV s for both ORR (-0.3 V
to 0.2 V) and CER (0 ¥V 1o 1 V) potential

O
O
O

-

Background CV for all catalysts acquire at
20" eycle (after stability obtained) in both
ORR and OER potenfial windows.in Mz gas.

Switch gas to O;

w

Linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) for ORR and OER using the
following scan parameters:
scan rate = 10 mV s in both ORR {-0.5 V to
0.2V)and OER (0V 1o 1 V) potential windows.

Figure3-16 Schematic procedure to obtain reproducible data for both ORR an
measurementssirst three points (1 to 3) the electrolyte solution was staticyfolic
voltammetry studies, while fgroint (4)linear sweep voltammetry (LSV) tlweorking

electrodg WE) rotation rate was 400 rpm to 2000 rpm.
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3.35 Zinc-air batteries assembly and testing

Zinc-air cells(Figure 3.7) wereassembledand their charge discharge performance
was evaluated on a Neware G008 battery testdiFigure 3.B). The air electrode is
prepared by dropast (pipette) the catalyst solution onto adifsision layer (carbon
paper, SGL Carbon grouparbon paper 2x2m, catalystactive ara 0.79 crf) to
obtain a desired loading (1 mg @mThe electrolyte used in the zia@r battery is 6

M KOH + 0.2 M zinc acetate and a polish&lx 60 x 5 mnzinc plate is used as the

anode with a hydrophilic 500 m thick PTFE memiane (pore size 0.2 m, Merck

Millipore, Burlington Massachusetts, USA) serving as a separai@mnium mesh
current collector (Ti, 80 mesh, Alfa Aesar, Haverhill Massachusetts, USA) was placed
next to the air cathode, with a Teflooated hydrophobic daon paper backing layer
(SIGRACELL, SGL Carbon, Wiesbaden, Germany) preventing electrolyte from
leaking out or flooding the cell under high humidity environmemhte measurements
were performed at room temperature using recurrent galvanostatic -clisniggrge
method, where one cycle consists of a discharge step (10 min, 10 H)Aatiowed

by a charge step (10 mitD mA cm?). The ink solution used to prepare the- air
electrode consisted of tleatalyst and the binder (5%, Nafion perfluorinated) in a
solution of HO/EtOH (1:1). Battery tests are conducted at 25°C.

Postmortem studies of the zirair batteries were conducted, including analysis of
SEMscans of the Zelectrode to determine the presence of dendrites and carbonates

including passivation layer formation.
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Figure 3-17 (a) Diagram illustration of Zair batteries with all components (anc
cathode electrolyte,and separator. (iyhotograph illustration of Zair bateries to|
view, (c) Znair geometric parameters, (d) view of injection hole for electr

insertion.

114



Figure 3-18 Neware CT3008 battery tester used to testain batteries. Four Zair

batteries are pictured here on four different channels of the battery tester.
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Chapter 4. Manganese oxide nanoparticles on
nitrogen doped mesoporous carbon alighly efficient

electrocatalyst for oxygen reduction reaction

4.1 Introduction

Fuel cells and metal air batteries are promising technologies for future generations of
electric vehicles and the gricElectrocatalysts are a main factor influencing the
pefformance of such electrochemiaalergy conversion and storage devi€ase of

the main reactions at the oxygen electrode of fuel cells and rechargeablaimetal
batteries is the oxygen reduction reaction (OERT.he reduction of oxygen and the
improvement of the associated kinetics continue to be a challenge issue because of the
complexity of the fowtelectron transfer procgsThe sluggish ORR kinetics limits the
overall efficiency of a fuel cell or a metair battery. Hence, the development of active
ORR electrocatalysts is vital to enhance the performance of these electrochemical
devices. The problem can be tackled by degelopment of new neprecious metal
electrocatalysts, which need to show high electrocatalytic activities, matching the
traditional precious metals (Pt/C) for ORR. Carbon based materials-@l4gCNTS,
graphene), transition metal oxides (e.g. MnQy®L, Cx0O4), perovskite and spinel
oxides have been considered as more economical alternatives {8 Pt/C.

Graphitic carbons doped with heteroatoms (i.e. N, S, and P) tend to create catalytic
active sites that facilitate oxygen adsorption and then &RRhe excellent ORR

activities for Ndoped carbons cape attributed to the unique electronic properties,

arising from the synergistic effec-t betw
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conjugated system of graphft®: 1%2Carbon alloy catalysts (CACs e.g. Ndoped
carbon, B/S/P/Nloped carbon) show a relatively high and strong oxidation resistance,
but leading to relatively high £adsorption barriers, compared with'PtThe degree

of sp’ hybridization as well as the bond angle dependence around the reaction site is
favoured when CNTs are used as carbon supports. The ORR activity has been shown
to improve with CNTs of relatively small diameters since the populationaddpéd

SW defects is increasétf: 1° Nitrogendoped carbon materials improve the edge
defects and introduce functiongltoups, such as pyridinic, pyrrolic and graphitic
nitrogen species in the carbon matrix which help to enhance the ORR
performancé® 174 The availability of five valence electrons present in nitrogen allows

the formation of strong covalent bonds in nitrogiped carbon and thus increase its
stability 1> Oxygen adsorption occurs at the resulting defect sites with the edges or in
the basal plane. Pyridinic nitrogen that is located at the edge sites just possesses two
scarbons and only g mrysviedne switthe oglame phidlia
graphitic nitrogen is able to provide t w:
with an ntype dopant, such as nitrogen in a graphitized carbon substrate will result in
a donation of electrons to;@hat enhances the ORR activity. The ORR is facilitated by

an increase in pyridinibl content by adsorption of the intermediate products, th
formation of GO bond, and disassociation of@bond!’517®

Transition metabxides (TMO, e.g. MnO) supported onrdéped carbon (M) have

been recently investigated as possible alternatives to Pt/C, since these are able to
achieve dour-electrontransfer with excellent charge transfer and kinetics during ORR.
Though manganese oxides on their own shows a very low conductivity, this lack can

be improved by adding CNTs and carbon nitride/graphéne.
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Here, in this wrk, we developed electrocatalysts with much enhanced ORR
performance by introducing a hybrid material (M@CNT-G) to nitrogerrich
precursors. The composites,-NC@MCG_1000 and M@MCG_1000, were
subjected to a twstep carbonization process, consistfign initial step at 600°C and

a subsequent step at 1000°C. The thermally treated materials produce well dispersed
manganese oxide nanoparticles (NdBtsN-doped porous carbon networks with a high
specific surface area and pore size distributions, lgadisignificant improvement of

ORR in an alkaline electrolyte. CNTs were used as a conductive support for the
electrocatalysts due to their high electronic conductivity, rich surface anchoring sites,
and stability.L-cysteine was selected due to its styatability at high temperatures

plus the presence of a thiol groupSRI, for porous carbon formation to enha@iRR.
Melamine was employed as N dopant source, and to increase intrinsic porosities as it
is transformed into a graphitic carbon nitride ugymolysis®®183 The results were
comparatively analysed by means of structural, spectroscopic and electrochemical

techniques.

4.2 Experimental

4.2.1 Catalyss synthesis

Catalyst materials were synthesized as described in Chapter 3.1.2 to 3.1.5.
4.2.2Physical characteriation

Powder Xray diffraction (PXRD, STOE Stadi P, €alpha) was used to determine
the microstructure and crystallinity of the samples. The morphology of the powders

was examined by scanning electron microscopy (SEM, JSM6301F, Japan),
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transmission elémn microscopy (TEM, JEOL2100, Japan) with Bruker electron
diffractometer for energy dispersiverdy (EDS) elemental mapping and analysis.

X-ray photoelectron spectroscopy (XPS, Abkoha, Thermo Scientific) was used to
determine the surface chemicalngoosition and elemental valences of the samples.
Raman spectra were collected usingniaro-Ramanspectrometer (Renishaw), where
excitation had been achieved using a 514 nm laser. Thermogravimetric (TGA) analysis
has been done using a TA Instruments Q50MN4 atmosphere at a ramp rate of
10°C/min. Nitrogen sorption isotherms were recorded at 77 K using Quantachrome
instruments volumetric physisorption system. The Brun&memettTeller (BET)
surface area was calculated analysing the isotherm in the pressure range 0 to 1. The
total pore volumes were calculated from the amount of nitrogen adsorbed at a relative
pressure of 0.99. The porosity and gas adsorutésorption istherms up to 1 bar were

determined at 77 K using liquid nitrogen on a Quantachrome AutaQ&b

4.2.3Electrochemical Characterization

The electrochemical investigation was carried out using a Nova Autolab Potentiostat
(Metrohm Autolab 302N Bipotentiosjatinder cyclic voltammetry (CV) and linear

sweep voltammetry (LSV). A rotating disk electrode (RDE, Metrohm)¢wllfsetup

was used to investigate the ORR catalytic activity. The working electrode was
fabricated by casting Nafieimpregnated catalyst inkbnto a glassy carbon disk

el ectrode, 4 mg of <catalyst waGconmalnihgp as oni
5 wt. % Nafion to form a catalyst ink. 5
disk (GC, 3 mm diameter, A= 0.07068 %rilethrohm) and ded at 60°C. Before every
measurement, the glassy carbon electrode (GCE) surface was polished usin@a

slurry and rinsed with DI water. The electrode was subsequently washed with DI water
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with the assistance of an ultrasonic bath. The workingrele was then immersed in

O, saturated 0.1 M KOH aqueous electrolyte. A platinum foil was used as the counter
electrode (CE), and Ag/AgCI (saturated with 3 M KCI) as the reference electrode (RE).
Catalyst activity towards ORR was evaluated by bubbliag@ for 30 minutes for

each experiment to make an oxygen saturated electrolyte. The potential scan windows
werebetween0.8 V to 0.2 V vs. Ag/AgCI for ORR. The staate for CV was set at

100 mVs?! and for LSV, 10 m\s?. Nitrogen gas was purged beforertin CV under
nitrogen atmosphere to determine the effect on the reduction peak. Ohmic drop (iR)

correction was performed on all measured data.

4.3 Results and discussion
4.3.1 Physical and structural characterization

4.3.1.1 MnG and MnO2@CNT-G hybrid nanomaterials

Manganese oxide nanotubes were synthesized as reported previously.thdere,
rationale behind starting with Mn@anotubes is to evaluate the performance of every
component foloxygen reduction reaction, as explained in later sectibmsstimate
this, nanotubes were used as a referenceclmsttransition metal oxide alternative to
more expensive Pt/C. First, the structure of the nanotubmsserved and explained
and then the electrochemical performance is evaluated with refecesioglar hybrid
nanostructures (Mn{®CNT-G). These two materials will be compared between each
other to evaluate the effect on their performance (active sites, carbon content,
nanostructure) and their relation as to optimization with porous carbonglasmesd
later.For MnO, nanotubes ite morphology and crystal phase were confirmed both by

SEM & TEM (Figure4.1ab) and XRD analysis (Figt.1¢c). The SEM showed an array
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of nanotubes overlapping agpected since these tend to agglomerate on the surface,
depending on the quantity of powder placed on the sample holder. The TEM showed
nanotubes with average diameters of approximateh20L®im. The XRD pattern
showed that all major diffraction peaks wfatthe standard peaks of the tetragonal
MnOz nanotube, as can be seen by comparing it to the standard diffraction peaks for
JCPDS 440141. XPS analysis was carried out to identify the chemical composition of
the MnQG nanotubesXPS of Mn2p for the Mn@narotubess shown in Figre 4.1¢),

where it is noted that the binding energies for both Mf2pnd Mn(2p2) match
accordingly for MnQ in its oxidation state. The Mn(2p) XPS spectrum has two main
peaks with binding energy values at 654 eV and 642 eV, which are in agreement with

the reported data of Mn(2p) and Mn(2ps2) in MnO;,

C) a -MnO, nanotubes

Intensity (a.u.)
Intensity (a.u.)

JCPDS (44-0141)
||

N NN e
10 20 30 40 50 60 70 80 660 655 650 645 640 635
29 () Binding energy (eV)

Figure4-1 (a) SEM and TEM (b) for Mn@n anot ubes. ( ¢ )Mn®&>

nanotubes. (d) MnRmMOndMBbes pectrum f o
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Furthermore, manganese oxide nanospheres nanosteuetare also synthesized to
compare the effect of reaction temperatures and times in determining the micro/nano

structure of thefinal material (MnQ nanospheres)The SEM image for MnO»

nanospheres (120°C héurg is shown in Figurd.2

MRE B I 0KV X4.000 WD B Imm i MRE 2 SEM  SHE 30KV  X35000 WD 61mm

Figure 4-2 SEM images of MnO2 nanospheres (a) low magnification, and (b

magnification.

Next in the catalyst optimization process (after the synthesis of nanotubes and
nanospheres) was the integration of a carhgpaert to MnQ nanomaterialsThe
integration of the carbon support to the starting material which gave
MnO.@CNT-G is shown in Figre 4.3a, b). The reasoto add a carbon support is that
metal oxides (Mn@) on their own have poor electrocatalytic activity and lead to an
intermediate peroxide @®.) pathway.The MnQ@CNT-G hybrid did not possess any
porosity or high surface area, and this wildgain an influencing factor in determining
ORR electrocatalyst performandée XRD pattern forMnO.@CNT-G (Figure 4.8)
indicates the presence of both carbon (CNTs) and Mhke Mn2p spectrum (Fige

4.30d indicates the presence of Mn (2+) and Mn (3+) phases corresponding to the Mn

2p*2for different oxidation states of Mn. Also, the binding energy gap betweérthe
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2p(¥2) and Mn 2p(3/2) is equivalent to 11.34 eV. ThesXPLs spectrum (Fige 4.2),
showed different peaks corresponding t&€€CC=C, and €@ bonds. The gpbond
among the carbon atoms allows for the delocalization of orbitals. The Ols XPS
spectrum (Figre 4.3) shows the presence of bonds 4@Mn, Mn-O-H, ard C

0O/C=0/0C=0.

C) MnO,@CNT-G d)
—~ + _ Mn 2p,,
5 >
s g
> 8
k7 2
c %]
g * 5
IS * MnO2 E
+ CNT
* —
. -
11.48 eV
1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 660 655 650 645 640 635
2q() Binding energy (eV)
e) Cis f) O1s
Mn-O-Mn
3 3
8 S
> 2
E E
0-C-0/C=0 /

1 1 1 1 1 1 1 1 1 1 1 1
292 290 288 286 284 282 280 278 538 536 534 532 530 528 526 524
Binding energy (eV) Binding energy (eV)

Figure4-3 (a, b) SEM for MNG@CNT-G. (c) XRD pattern for MN@@CNT-G; (d)
XPSspectra Mn2p, (e) C1s, and (f) Ols for M@CNT-G.
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4.3.1.2 Nitrogen doped carbonN-C_800, NC_100Q and nitrogen-sulphur co-
dopedcarbon (N-S-C_100Q nanomaterials

Porosity and high surface areas have shown as previously mentioned in literature to be
influencing factors inenhancingthe catalyst performancef carbon materials.
Strategies to obtain highly porous carbon materials include stdp=attreatment at

high temperatures to increase the carbon content/lower oxygen content and also
enhance the conductivity of the materials. To carry out this process, it is vital the
accurate selection of precursor mater@mprising nitrogestarbon bonds that could

lead toeffective pyridinic N, pyrrolic N, and graphitic N when heat treated at high
temperatures (>800°CThe strategy here was to obtain porous nitrogen/sulphur co
doped and single doped (only nitrogaming stable precursors such as melamine
(strong Nbonds)and latetheat treat the samples and obtzanbon nanosheets at high
temperatures, It has been proven from past research, as previously explained in the
literature, that the high temperature annealing step could have a strong effext in
reallocation ad establishment of sp2 carbon amdh levels of pyridinic N, pyrrolic

and graphitic N. The effect of high temperature steps will be an influencing factor in
determining the ORR performance, as explained.lat@ough MnQ nanotubes and
MnO>@CNT-G hybridsmight have aelatively good performangéow overpotentials

- See Appendix A OERfor oxygen evolution reaction (OER), their lack of strong
porous carbon networks in their nanostructure will later show to have a negative effect
on their oxygemeduction reaction (ORR) performance. Henle,new batch of carbon
materials was obtained as previously explained in the synthesis section, involving a
two-step high temperature annealing process.mhterials obtained incladN-C_800,

N-C_1000, and N&-C_1000which showedlow impurities levels. To obtain low
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impurity levels samples, thegh temperature annealing steps were repeated for three
times toobtain optimized sampleBigure4.4 shows the SEM images for the nitrogen
doped and caloped (nitrogensulphur) carbon nanomaterials includingON800,
N-C_1000 and Ns-C_1000. It can be noticed that a lamellar structure is present for all

three porous carbon materials

Figure4-4 (a) SEM for NC_800; (b) NC_1000, and (c) N-C_1000
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The XRD patterns fothe porous nitrogen/sulphur doped carbon samples are shown in

Figured51 t i s evident

t

he

28° (Oe2)ag expectaddue to p e a k

the reduction of oxygen groups at high temperatures, leading to characteristic peaks for

XRD at larger saaning anglesThe peaks arpositioned relatively closer to each other

for all the four samples, indicating thdbped porous carbon nanomaterials were

obtained in each instance-®d800 showed a relatively strong peak in XRD, probably

due to the lower teperature used and hence there crystalline sample. For the rest

of the materials, the peaks were more broad peaks, indicating more amorphous carbon.

N-C@MCG_1000

N-S-C_1000

N-C_1000

Intensity (a.u.)

A
"

N-C_800
oty

60

Figure 4-5 XRD diffraction patterns for BC_800, N_C_1000, d-C_1000, an

N-C@MCG_1000

The XPS analysis of the highest temperature treated samples at 1000°C is shown in

Figure4.6, with the correspondiniifted peaks to determine the chemical environments

present in the optimized doped porous nanocarbon materials.
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Figure4-6 (a) C1s and (b) N1s high resolution XPS spectrums f@@MCG_100(

(c) and (d) NS-C_1000, and () N-C_1000.
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The XPS spectra further confirehehe presence of strong carbon bonds for all three
optimized samplesAs seen in Figurd.6 @)., the C1s spectrufior N-C@MCG_1000
showed a strong C=C(8arbon)eak at a binding energy of 284.8 eV. The paak
binding energy of 285.7 edan be attributed to-Gl/C-C bonds The last two intensity
peaks aralue to C=0 and O=0, indicating the las presence of oxygen functional
groups in the composite structurédhe N1s spectrum, in Figurd.6 () for
N-C@MCG_1000 shows three deconvoluted peaks which can be attributed to
pyridinic N (398.4 eV}, pyrrolic N @401 e\), and graphitic N405.5 e\J. Therelative
concentrationsire 44.6 %, 48.4, arkbo, respectively.

Figure4.6 () shows the C1s spectrum for®SNC_100Q indicating as expected a strong
carbon C=C(sp2) peak at a binding energy of 284.8T&¥.other peaks asgdtributed

to C/N-C/S bonds present in tmeaterial and located at binding energies of 2&3/4
(C-C), 286.2 eV (CN/C-0), 287.8 eV (C=0) and290eV (-COO). The N1s spectrum
for N-S-C_1000Q in Figure4.6 (d), shows five different peaks corresponding to different
nitrogen environments in the material. The peaks for pyridinic N (398 eV), pyrrolic N
(399.8 eV) quaternanyN (401.3 eV) graphitic N(404 eV) and oxidized406.1 eV)
show that high temperature treatment ofritigensulphur cedoped sample was able

to achieve strong bonds that could enhance the electrochemical performance in ORR.
The relative concentrations of the peaks in N1s wWé¥ and43% for pyridinic N and
pyrrolic N, respectivelyThe C1ls spectrum for48_ 1000 is shown in Figur4.6 €)
where the C=C strong sp2 peak is located 284.5 eV. The remaining peaks ai¢ for C
(286.3 eV) andD=C-O/C=0(288.2 eV). The N1s (Figu#6f) for N-C_1000 shows

peaks for pyridinic N (398.2 eV), pyrrolic M@1.3 eV}, and graphitic N404.8 eV} as
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expected.The relative concentrationfor N1s were 39.5%, 50.5 %, and 10 %,
respectively.

4.3.13 Metal oxide (MnO/Mn30Os4 nanoparticles) on doped nitrogen carbon
nanomaterials

The structure of NS-C@MCG_1000 was analysed byray diffraction (XRD). The
XRD pattern (Figurd.7) further confirmed the evidence of the presence of manganese
oxide nanoparticles in1$-C@MCG_1000. The imptant peaks present are identified
from the XRD pattern correspond to porous graphitic carbon (6862428), and the
manganese oxide nanoparticles MnOgdnpresent in NSC@MCG_1000. The2=

40.58’ (200) corresponds to the MnO phase white24.7 (111) and 36.1 (211) to

MnsOa. The peaks at-258.7(220) and 2=17.95 corresponds to MyDs (101)184

yC
D#MnO

Intensity (a.u.)

29(°)
Figure 4-7 XRD pattern of NSSC@MCG_1000 comprising manganese 0

(MnO/Mn304) NPs on Ndoped mesoporous carbon.

N-S-C@MCG_1000 shows an evident formation of a porous carbon network with
pores presence across the regions as seen in the SEM in Fgfarie)4A mesoporous

carbon structure with a vast presence of manganese oxide nanoparticles is illustrated
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through the TEM (Figuré .8 (c, d). The TEM image in Figuee8(d) shows a wrinkled
carbon formation after thermal treatm@ntN-S-C@MCG_1000. The porousaphitic
carbon lattice fring of 0.345 nm (002) is shownigure4.8(e). The manganese oxide
nanoparticle size distribution for a selected region f&~@MCG_1000 is shown in

Figure4.8(f) where the patrticle size transitioned between 15 and 50 nnawdkerage

value of 35 nm.

Figure 4-8 (a, b) SEM and TEM (e) for NSSC@MCG_1000. (f) Particle si

distribution for NSS-C@MCG_1000. (¢h) TEM of manganese oxide nanoparticl

N-S-C@MCG_1000 (HRTEM shown in irset).
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The TEM for NSSC@MCG_1000 evidences the formation of manganese oxide
nanoparticles (MnO manganosite, ¥ hausmannite). The high magnification view

of an individual MnO/MBO4 nanopatrticle is shown in FigureBdg) and Figuret.8(h)

with a diameterof 37.21 nm and 22.4 nmlThe HRTEMs (insets) images for
N-S-C@MCG_100 further confirm XRD data and the presence of MNO an®®Mn
nanoparticles with lattice fringes corresponding to Miller indices: (200), (111), and
(211) and lattice spacing of 0.223 and 0.285 nm. FogMMNP there were four
different Miller indices corresponding to (111), (211), (101) and (226 underlying
graphene like nanosheets enhance the stability and structure of the composite with their
high surface area and porosity. The nanoparticles on top of the sheets enhance the active
sites and createsynergistic effect between them and the underlying carbooshaets

which effectively increase exposurand site reliability. This indicates that
N-SC@MCG_1000 has optimized properties compared to previous synthesized
catalysts (NS-C_1000 and NC@MCG_1000)For comparison, the Mn{hanotubes

and MnO2@CNTG hybrid material, had no porosity at all and surface areas were low.
Though the structure of the materials was more crystalline for Na@omaterials,

their performance due to lack of active sites, surface areas, rich carbon content make
them less desirabltn comparison tats analogous porous carbon doped material where
I-serine was used insteadMN@MCG _1000), th& EM nanostructure was less ordinate

but similar in that porous carbon networks with graphesmgosheet like structure were
present as illustratad Figure4.11 (a-d). The typical manganese oxide (manganosite,
hausmannite)nanoparticle size for lL@MCG_1000 was equal to 3® nm,

approximately 10 nm larger than®SC@MCG_1000
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The presence of manganese oxide nanopatrticles is further evidenced in the manganese
(Figure4.9(b) and oxygen (Figuré.9(c) TEM EDS elemental mapping. The effective
incorporation of nitrogen doping and is shown in Figu®éd) EDS colour map. Figure

4.9(f) shows the TEM elemental line spectrum feSNC@MCG_1000.

M Map Sum Spectrum

(=1 |

/I |

A

Mo

Wenghl % 1HFX.

Cu (from TEM grid)

: lpm :
Figure4-9 EDS TEM electron image (a) and colour mapping for (b) mangane

oxygen, (d) nitrgen and (e) carbon. (f) Spectrum and elemental analysis in E

N-S-C@MCG_1000.
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The EDScolour mapping (Figuret.10) shows the presence of tubulike structures

corresponding to possible carbon nanotudremanganese oxideanoparticles.

a) b)

v

! 500nm ! f 500nm !

! 500nm ' ! 500nm '
Figure4-10 (a) EDS TEM electron image of-8C@MCG_1000 indicating preser
of CNTs and manganese oxide nanoparticles. Elemental maippaggs illustratin

the presence of (b) carbon, (c) manganese and (d) oxygeS8®&MCG_1000.

The TEM mapping of NG-C@MCG_1000(Figure 4.10)in a second instance
confirmed the presence of singtenoparticle of manganese oxide on a carbon
nanotube The presence of a thtarbon nanosheet is present below the nanoparticle
which is due to presence of porous carbon network in the material. Toausdris
similar to NC@MCG_1000 where there are socaebon nanotubes present as well as
graphene like nanosheets comprising regions of dark metal nanopaictesting of

manganese oxides in the previously mentioned phases.
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Figure4-11 (a-d) TEM images of NC@MCG_1000.

X-ray photo electron spectroscopy (XPS) was performed to further confirm the
successful nitrogen doping and presence of manganese oxide nanoparticles in
N-S-C@MCG_1000. Figurd.12 shows a relative XPS survey comparison between
MnO>@CNT-G (MCG) and NS-C@MCG_1000 where regions have been indicated

to demonstrate the relative larger nitrogen content f&G@MCG_1000 (N: 5.93

at.%) and the lower oxygen content (O: 4.67 at.%) compared to MCG.
N-S-C@MCG_1000 had the highest pyridinic N (48.32%) content.reigd3 shows

a relative comparison of the survey spectra forSIE@MCG_1000 and

N-C@MCG_1000.
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Figure4-12 XPS survey spectra for-8-C@MCG_1000 and Mn§@CNT-G.
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Figure4-13 XPS survey spectra for-8C@MCG_1000 and L@MCG_1000.
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Figure4-14 XPS C1s spectra ford8-C@MCG_1000.

282 280

Figure4.14 shows the higliesolution C1spectrum for NSSC@MCG_1000. The peak

at 2846 eV is attributed to Spsp’ carbon. The peak at 85 eV is ascribed to the-S

bond. The weaker peaks at 2B8V may refer to defects and functional group€Q

and C=0. Thed w

intensity peak

-abd

29tlerddtmagn g.e

bonds may contribute to the active sites of the catalyst system, where these form bonds

with nitrogen through a mechanism which leads to an exposure of the edge/basal planes

of the resultat N-doped carbon.

The O1s and

the S2p spectrum

for-SNC@MCG_1000 is shown

in

Figure4.15(a) and Figuret.15(b), respectivelyThe O1s spectrum shows three distinct

peaks corresponding toQ (532.2 eV), GOH (633.7 eV) and C=0(530.4 eV).The

sulphur is bound to the carbon in two distinct forms i8&8@MCG_1000, one being

S atoms connected with carb@iS-C- (164.1 eV, 165.7 eMthiophene $and the other
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oxidised sulphurC-SO-C- (161.3 eVx=2 and 18.8 eW=3) such as in théorm of

sulphate or sulphonate.
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Figure 4-15 XPS spectra (a) Ols, (b) S2p, (c) Mn2p, and (d) Ni¢

N-S-C@MCG_1000.

Figure4.15c) shows the Mn2p spectra forHC@MCG_1000 illustrating the two
valence states of manganese. The two peaks at 641.8 eV (M1) and 653.6 (M3) are
attributed to the M#f 2p splitting, while the other two at 84 (M2) and 6581 eV

(M4) to Mn*™*, where the 2p separation, peak shape and binding energy match with
MnO/MnzOs. Moreover, the specific area ratio of RMn*" peaks in XPS is
approximately 1/1.37, indicating a possible combination of MnO angDMahich is

further confirmed by the XRD pattern. This observed shift in binding energies could
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potentially be attributed to the post hitgmperature treatment. Fromghkire 4.15(d)
for the N1s XPS spectrum, it can be clearly seen tHawmIs are present for pyridinic
N (398.6 eV), pyrrolic N (400.8 eV), and graphitic N $4D eV) - edge sitesin
N-S-C@MCG_1000. Pyridinic nitrogen on its own may not be the activdasitine
ORR but may be a marker for edge plane expostré?® A fourfold decrease in
nitrogen content was observed irN800 (N:19.08 at.%) and-N_1000 (N:5.49
at.%). The relative at.% content of pyridinic nitrogen species is highest-f&r N
C@MCG_1000 (48.3%) compared to-Q@MCG_1000 (29.47%), 4$-C_1000
(46.16%) N-C_1000 (34.46%) and4&_800 (30.24 %).

Raman spectroscopy has been used-@&MN@MCG_1000 to investigate the graphitic
structures, defects, and disordered phases of catalysts. Bigjarghows the Raman
spectrum for NS-C@MCG_1000. This has two chateristic peaks at
1350 cm! and 1598 cm, which are associated with the D and G band, respectively.
The Dband was associated with thagAn-plane breathing vibrational mode and
correlates to structural defects and partially disordered structureseddk of the $p
carbon domain. The-Band is attributed to thegvibration mode of spcarbon domain
and corresponds to degree of graphitization. The band at 643ncthe Raman
spectrum is associated to asymmetric stretching vibrations edMshich confirms
the presence of manganese oxide speciessO®@MCG_1000The intensity of the
peak forthe presence of manganese indicates that the material is incorporated in the
structure of the nitrogedoped mesoporous carboneaning that it is a further

confirmation of the effective synthesis process.
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Figure4-16 Raman spectrum for48-C@MCG_1000.

100

80

60

40 -

Weight (%)
Heat flow (mL/min)

20

T T T T T T T T
200 400 600 800 1000

Temperature (°C)

Figure4-17 TGA and heat curves for{8-C@MCG_DO00 at heating rate of I0/min

under N atmosphere.
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The thermogravimetric analysis (TGA), Figutdl7, shows that thermal treatment of
N-S-C@MCG_1000 causes a loss of sample due to pyrolysis, a decrease in nitrogen
content and an increase in surface area. The formation of porous carbon networks is
further aded by the C-S-C bonding through thedysteine in NSS~C@MCG_1000.

The mesoporous carbon structure feBNC@MCG_1000, is further confirmed by the

BET isotherm curve (Figu.18(a) where through the average pore size is equal to 4.9
nm as seen in Figard.B(b). For NC@MCG_1000, the average pore size was 5 nm

as shown in Figure 48(c). BET specific surface area (SSA) porosity measurements,
showed that NS-C@MCG_1000 had a SSA of 30&git and pore volume of 1.078
cm’gl. N-C@MCG_1000 had a SSA db0 nfg* and a pore volume of 1.032°g.

It is noted from the BET isotherm for the Mp@anotubes (Figurd.13(d), that the
specific surface area (30°gY) and pore volume (0.148 égv) is notably lower than

both NS-C@MCG_1000 and NC@MCG_1000 (Tabld-1).

Table4-1 BET Specific surface area (SSA) and pore volumes for mesoporous carbon

electrocatalysts and nanotubes.

Catalyst Specific surface area SSAm?/g) | Pore volume (cni/g)
N-S-C@MCG_1000 306 1.078
N-C@MCG_1000 400 1.032
U-MnO; nanotubes 30 0.148
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The hysteresis loop ford{S-C@MCG_1000 and C@MCG_100 isotherms (Type 1V)

further confirmed the presence of mesoporous carbon formation.
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4.3.2 Electrochemical catalytic activity towards oxygen reduction reaction (ORR)

43210RR per f or maledNEs amMNnOI@CNT_G.

By ¢ o mp arMn@@RR perormahceo the MnO,@CNT_Ghybrid catalyst
structure, it is noted that there is a large effect on the current densities and onset
potentials (Figre 4.19. The current densities a0.3 V (1600 rpm) are higher in
MnO@CNT-G (45 mA cm) compared to Mn@ nanotubes

(2 mA cm?). Hence, thé show that the addition of CNTs inside the catalyst substrate
enhances the ORR onset potentials. It is noted that there is a sharp increase in current
densities in the diffusiciimited region €0.8 V t0-0.2 V) when the CNTs were added

to the MnQ implying their contribution to the electrocatalytic activity of the optimized

samples.
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4.3.2.2 ORR performance of nitrogen-doped porous nanocarbon materials
(N-C_800, NC 1000, NS-C 1009 and manganesebased nanoparticles on
N-doped nanocarbongN-C@MCG_100Q and NS-C@MCG_1000

In order to understand the electrocatalytic performance Q0@ MCG_1000, cyclic
voltammetry (CV) was performed irp@nd N saturated 0.1 M KOH aqueous solution.

As illustrated inFigure 4.20 in N2 saturated 0.1 M KOH the curve exhibits typical
capacitance behaviour due to double layer capacitance of €aalsed material. When

the Q is purged in the electrolyte solution, there appears the cathodic reduction peak

due to reduction of dissolvedO

6.0
= = = WNzsaturated
4.0 Oz saturated
E opglL

[ ]
]
T

current density (mAJc
R

0.8 I -0.6 I -04 I -0.2 I 0.0 I 0.2
Fotential Applied vs. Ag/AgCl (V)

Figure 4-20 Cyclic voltammetry (CV) in @saturated and Nsaturated 0.1 M KO

electrolyte at 100 mV-5scan rate for N\S-C@MCG_1000.
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In Figure4.21, a comparison of the CV curves for e obtaineelectrocatalysts and
Pt/C is illustrated. As can be noticed;ON 1000 shows the poorest ORR catalytic
activity due to lowest reduction potential. There ishétdn onset potential when
comparing NS-C 1000 {0.108 V vs. Ag/AgCl) and MC_1000 {0.113 V vs.
Ag/AgCl). In the presence of manganese oxide nanoparticl&SERROMCG_1000),
the curve exhibits a positively shifted onset potentidb (mMV vs. \bnset, pe) While it

was-52 mV vs. \bnset, pvdfor N-C_MCG_1000.

R PY/C

j N-C_1000
‘ ‘ N-S-C_1000

N-S-C@MCG_1000

Current density (mA/cm?)

* *—dh Kk Kk Kk k %k .k e
*—k—d Kk Kk Kk
* %% N.C@MCG_1000
T T T T T T T T T T T
08 0.6 0.4 0.2 0.0 0.2

Potential applied vs. Ag/AgCI (V)
Figure4-21 CV curves for NC_1000 NS-C_1000, 20 wt.% Pt/C,IC@MCG_100

and NS-C@MCG_1000. Scan rate= 100 mV, £, saturated 0.1 M KOH.

In comparison to NMC_1000, the incorporation dACG to N-C_1000,to yield
N-C@MCG_1000 enhances oxygen adsorption and improves the electrochemical
activity of the catalyst by increasing the current density (+1.3 mAiogsrease) at the

O2 reduction peak. There is an onset potential shift of +21 mV fre8iQ\ 1000 to
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N-SC@MCG_1000, attribted to a decrease in overpotential that improves the ORR.
Also, the higher current densities and higher potential for the ORR could be attributed
to the larger active surface area and low diffusion resistAh8eC@MCG_1000 has

a relatively larger conterof pyridinic N (48.32%) compared to pyrrolic N (42.45%),
which could be a reason for the favourable réaction pathway. It is noted that a
pronounced shift in the Oreduction peak (+0.76 V) was observed forSN
C@MCG_1000 compared to-8@MCG_1000. Ale, there is a sharp increase in
current density at the oxygen reduction peak fe8-R@MCG_1000 (5.1 mA crf)
compared to Pt/C (2 mA cA. These results show that-déping on mesoporous
carbon can enhance the activity towards ORR due to a combinatimpraiiement in
electronegativity of carbon and the synergetic effect of manganese oxide nanopatrticles
in N-SC@MCG_1000. The effect of carbonization temperature (800°C, 1000°C)
affected the intensity of thec@duction peak (Figur€.22) for N-C_800 (2.45nA cn1

2) and NC_1000 (3.9 mA c).
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Figure4-22 CV for N-C_800 and NC_1000. Scan rate = 100 mV &1 O; saturate
0.1 M KOH electrolyte. Scan rate = 100 mV. s
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Rotating disk electrode (RDE) voltammetry was used to gain further insight of the ORR
activity. In order to understand the kinetic procestieear sweep voltammetry (LSV)
tests were conducted at different rotating speeds from 400 rpm to 2000 rpm.

In the LSV curves, NC_1000 had higher limiting current densities (4.5 mAZiand

onset potential-0.16 V) compared ttN-C_800 (d4=3.6 mA/cn?t, Eonset -0.22 V),
shown in Fgure 4.23(b) and Figure 4.23(a), respectivelylso, the limiting current
density for NS-C_1000 (5.4 mA cr) is larger compared to-8_1000 (5.16 mA/cr),

as seen in Figuré.23). The ORRplot for NS-C@MCG_1000 is shown in Figure
4.23(d), where the diffusielimited region is much smoother indicatibgtter stability

compared to the previotisree.
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Figure4-23 ORR polarization curve fdia) N-C_800;(b) N-C_1000;(c) N-S-C_1000
and(d) N-C@MCG_1000 in @saturated 0.1 M KOH at scan rate= 10 mV s
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Figure 4-24 ORR polarization curves at 1600 rpm of-NC@MCG_100(
N-S-C 1000, NC@MCG_1000, and MC_1000 in @Q saturated 0.1 M KOH acar

rate = 10 mV 3. Inset graph shows the regieh25 V to-0.14 V.
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Figure4-25 ORR polarization curve for 20 wt.% Pt/C in €aturated 0.1 M KOH

scan rate= 10 mV’s
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The curves at different rotating speeds forSIC@MCG_1000 are shown in
Figure 4.26, where the increase in rotating speed leads to an increase in difusion
limiting current. The @ molecules are reduced taHOat high overpotentials which
lead to the diffusiodimiting current. As the rotating speed is increased, the O
diffusion rate to the electrode surface is quicker, which results in the larger reduction
current densitiesAs can be noticed, thenset pagntial for NS-C@MCG_1000 is
relatively low(-87 mV) and near to the Pt/C onset potenti#2 (mV from Figure 4.2).

The next indicator is the halfave potentiaIN-S-C@MCG_1000 had a halfave
potential o162 mV while Pt/C wasl39 mV indicating a 23 Mgap in reactiospeed.

The saturating current density f¢S-C@MCG_1000 wass.5 mA cn¥ while for Pt/C

-5.2 mA cn?.

N-S-C@MCG_1000

Current density (mA/cm?)

-4 400 rpm
. |
2000 rpm
-6 |
N 1 N 1 N 1 N 1 N
-0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential Applied vs. Ag/AgCI (V)

Figure4-26 ORR LSV for NS-C@MCG_1000 (scan rate 10 m¥)sn O, saturate
0.1 M KOH.
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Figure 4-27 KouteckyLevich (K-L) plots for NSC@MCG_100

at-0.4 V,-0.5V, and-0.6 V vs. Ag/AgCl.

The K-L plots for NSSC@MCG_1000 (Figure .27) show a linear relationship
between 3 a n d*2 from slope of KL plot. The KL curve at different potentials
(-0.4,-0.5 and-0.6 V vs. Ag/AgCI) was used to calculate the electron transfer number
(n). The values of n are near 4 at these potentials-SQ@MCG_1000, indicating a
uniform fourelection transfer pathway and OWas the ultimate product rather than
peroxide during the £reduction process.

The electrocatalytic performance towards ORRa®synthesisedlectrocatalysts and
Pt/C at 1600 rpm is illustrated in Figur@8. From the LSV cwes at 1600 rpm in O
saturated 0.1 M KOH electrolyte, the onset potentials eé5-Cl@MCG_1000,
N-C@MCG_1000 and Pt/C ar8.067,-0.098, and0.042 V, respectively, and their

current densities at0.2 V are 3.67, 3.54, and 3.40 mA émrespectively.
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N-S-C@MCG_1000 shows a more positive onset potential compareeSt€ NLOOO

and close to Pt/C. Possible explanation could be the higher pysidicontent in NS-
C@MCG_1000 (48.32%) compared te@MCG_1000 (29.47%). Strain and defects
sites occur due to khur in the carbon material, which could facilitate charge
localization and chemisorption of oxyg&d. The halfwave potential for
N-SC@MCG_1000 is only 23 mV more negative than Pt/C, confirming its excellent
ORR activity.

The uniform distribution of active sites in®#C@MCG_DO00 is further confirmed by

the flatter diffusionlimiting current compared to I L@MCG_1000. These results are

comparable to those obtained in CV analysis.
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Figure4-28 LSV ORR plots at 1600 rpm for-8-C-@MCG_1000, NC_MCG_100(
N-S-C@Mn_1000, NC_800, NC_1000, NS-C _ 1 0 GNnQ2 n&hotubes and Pt

(scan rate: 10 mVv’s O, saturated 0.1 M KOH).
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Figure 4-29 KouteckyLevich (K-L) plots at -0.5 V wvs. Ag/AgCl fo

N-S-C@MCG_1000, NC@MCG_1000, NS-C_1000, NC_1000, and Pt/C.

The corresponding electron tré&s number (n) values for 48-C@MCG_1000,
N-C@MCG_1000, NS-C_1000, NC_1000, and Pt/C are 4.02, 3.98, 3.74, 3.6, and 3.9
respectively as shown in Figur29.and reported in Table-Z. The nitrogen sites and

C-N bonds have shown to enhance the catapgidormance, where pyridinid and
pyrrolic-N provide an increase in the number of active sites in the carbon network. The
graphitic edge sites have shown to have a much faster electron transfer rate high
electrochemical activity than basal plane s&®yridinic nitrogen has shown to play

an active role in the electrochemical performance towards @REing charge
redistribution and enhancing masansport of reactant8? 1°The hinding states are
responsible for the activity and electron transfer process \&. & €) selectivityl9:
Pyridinic edge sites can enhance ORR since the edge planes facilitate oxygen

chemisorption. DFT calculations suggest nitrogen isitsetf the catalytically active
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site but that the high electronegativity of nitrogen polarizes tix lidnd, and the
adjacent carbon atom therefore has a reduced energy barrier toward$>ARR.
enhanced oxygen reduction activity forSNC@MCG_1000 can be attributed to its
higher pyridinieN content, and the sgrgetic effect between manganese oxide
nanoparticles anddoped carbon, along with high porosity and larger pore volume. A
summary of the ORR performance of electrocatalyst synthesized in this work and
compared to literature is shown in Talfle88. A decrease in nitrogen content with
increasing heatreatment temperatuded to an increase in limiting current densities
(for N-C_800 and NC_1000). Therefore, the ORR activity is not uniquely dependent
on the total amount of doped nitrogen, but possibly meleged to the doping position

and local electron environments. A higher electron transfer number was calculated
when the pyrolysis temperature increased from 800 (n= 2.5) to 1000°C (n= 3.6), as well
as a positive shift in the onset potential. Also, theRObehaviour was analysed in

N-S-C@Mn_1000, where the CNTs were excludaslillustrated in Figure 4.30.
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Figure4-30 ORR polarization curve for {C@Mn_1000 at scan rate = 10 m\t
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The current densities foN-S-C@Mn_1000 (2.2 mA c @ -0.5 V) are lower
compared tdN-S-C@MCG_1000 (5 mAm?) and the onset potential is also shifted
morenegatively(-172 mV vs. \4nset, pvg. In Figure 4.30 inset, the KL plot for N-S-
C@Mn_1000 is shown whera average n= 2.37 was obtainddhis shows that the
ORR proceeds by the 2geroxide pathway and thus the reawtis slower for NS-
C@Mn_1000.

Tafel plots for ORR at 1600 rpm forSEFC@MCG_1000, NC@MCG_1000, and Pt/C

are shown in Figure 1. The Tafel slopes for lC@MCG_1000 (88.9nV/dec) was
relatable to NSSC@MCG_1000 (82.7 mV/dec) indicating a markedly improved
performance compared to Pt/C (92 mV/dec) with an enhancement in selectivity and
ORR Kkinetics in the high overpotential region. The Tafel slopes for all the ORR

catalysts gnthesized in this work is shown in Figur&@2.
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Figure4-31 Tafel plots for NSC@MCG_1000, NC@MCG_1000, and Pt/C deriv
from LSV at 1600 rpm. Linear fitting range betwe®ri5 to-0.2 V vs. Ag/AgCI.
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Figure 4-32 Linear fitting for the Tafel plots of M-C@MCG_1000, N
C@MCG_1000, N5-C_1000, NC_1000, NS-C @Mn _ 1 0-KirD; naridtubes ar
Pt/C at 1600 rpm in 0.1 M KOH. The Tafel slopes are calculated in the potentic

of -0.15 t0-0.2 V vs. Ag/AgCl.

The average electron transfer numberasrsynthesizedlectrocatalysts in this
work is shown in Figure 83 (a) The relationship between the ETN and the
onset potential in the selectivity for ORR pathway (e 2¢€) is shown in Figure
4.33(b), indicatng the impact of each factor (temperature, nitrogen doping,

precursor uselL-cysteine vsL-serine-, and CNT presence/absence).
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N-C_800/1000, NC/N-S-C_1000, MMiO2@CNTFG (MCG), N-C@MCG_1000 N-S-
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Eonet potential.
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The longterm durability of NS C@MCG_1000 is studied through the
chronoamperometric response at the ORR potentigd.815 V (vs. Ag/AgCl in @
saturated 0.1 M KOH), shown in Figure34. The permeability of the electarctive
species at the electrodes surface is studied threugteasurements. It can be noticed
that NSSC@MCG_1000 exhibits superior durability compared Pt/C catalyst. There is
lower degradation in time compared to Pt/ @ahe slope is smaller compared to Pt/C
indicating the higher permeation level to the glassy carbon electrode surface.

In the first 2 hours, the current retention is 93.3% fe&R@MCG_1000, while it
drops to 85% for Pt/C. After 7 hrs, the NC@MCG_1000 electrode has a notable
stability (maintains 90.2% activity), compared to Pt/C (80.5%). In-teng studies,
after 22 hours the current is still relatively high folSNC@MCG_1000 (88.4%) while
for Pt/C it significantly lowered to 74% he longterm stability measurements indte

that NS-C@MCG_1000 can replace Pt/C as both a-effsttive and durable catalyst.
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Figure4-34 Chronoamperometric-f) response of S-C@MCG_1000 and 20 wt.

Pt/C at-0.315 V vs. Ag/AgCI for stability testing.
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4.4 Summary

In summary, an efficient and stable compositeX8@MCG_1000) made of highly
porous Ndoped carbon with manganese oxide nanoparticles (NPs) has been
synthesized, which showsrauchrenhancealectrocatalytic activity towards ORRhe
samples synthesized ithis work were thoroughly investigated using advanced
characterisation tedmues such as XRD, XPS, SEM, TEM, Raman spectroscopy,
FTIR, and BET SSA to confirm their structure, chemical composition, morphology,
and surface areah€ study in this work begaby analysing the ORR performance of
carbonfree MnQ nanotubes and then integrating a carbon support including
CNTs/graphene sheets to obtain M@ICNT-G (MCG) hybrid materialThis was
done initially to investigate the role of the carbon structarghe composite in
enhancing the ORR performance, as noticed @RBfcnte>ORRuno2. Hence, from
here the realization to create a carbon network with nitvfsgphur doping in the
material structure was idealized since pyridiNidhas shown to enhance the ORR
performance. This led to the production of two distinct catalyst€@MCG_1000,

and NS-C@MCG_1000, whicltan outperform previous reported catalysts due to the
synergistic effect between manganese oxide nanoparticles and -theped
mesoporous carbon. Tipgrolysis at 1000°C enhanced the catalytic ORR performance
for N-SSC@MCG_1000, with théowestonset potentials and achieving a #ansfer.

The electrocatalytic activity and performance obtained from theym@thesized
catalysts can be attributed to altitude of factors including: high specific surface area
(SSA), high pore volume of i $C@MCG_1000 that act as interconnected paths

providing a quick and fast transport towards catalytic sites for both reactants and
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product s, c a-oribtal mterabtions arid spgarbon” bonds), and relative

pyridinic nitrogen concentration.

Table 4-2 List of the materials and reagents used in Chapter 4 along with their

suppliers.
Material/Reagent Supplier
Potassium permanganate KMnOs( O 9 9 %) Sigma Aldrich
Hydrochloric acid HCI (& 37 SigmaAldrich
Multi-walled carbon nanotubes (MWCNTS) L 7-15 nm x 0.5- | Sigma Aldrich
10 &m
Sulphuric acid H2SO4 (95 - 98 %) Sigma Aldrich
DI Water H20 (18 Mq cm) Water purifier
L-cysteine C3H7NO2S (97 %) Sigma Aldrich
Melamine C3sHsNes ( 99 %) Sigma Aldrich
L-serine C3H7NOs ( >99 %) Sigma Aldrich
Ethanol C2HsO (absolute) Fisher
Scientific
Micro-polish Alumina (0.05 pm) Buhler
Micro-polish Alumina (1 pm) Buhler
Nitrogen gas BOC
Oxygen gas BOC
Potassium hydroxide KOH pellets(O 8 5 %) Sigma Aldrich
Nafi onE perfluorinated r esi|SigmaAldrch
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Table4-3 Summary of catalysts, synthesis methods and electron transfer numbers (n) and comparisons with recent published &HRcles on O

electrocatalysts.

Loading

(mg/cm?) | ETN?
Sample Description Synthesis method Ref.
Calculated | (n)

Value
Hydrothermal synthesis with KMn@and This
| -MnO2 nanotubes Manganese oxide nanotubes 0.565 2.2
HCI for 12 hours at 140°C. work
MnO@CNT-G KMnO4 + MWCNTs with SOy oxidation This
MnO-/carbon nanotube/graphene sh 0.565 3.81
(MCG) at 80°C for 1 hour. work

1 ETN: Electron transfer number
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Grind in mortar and pestle to make uniforr

This
powder in mass ratio of 4:1 (melamine/l
N-C_1000 <L-serine+melamine_1:4>@1000°C 0.565 3.6 work
serine). Then ramp at 1000°C for 2 hours
& 176
N2
Grind in mortar and pestle to make uniforr
powder in mass ratio of 4:1 (melamine/l This
N-C_800 . <L-serine+melamine_1:4>@800°( serine). 0.565 2.5 | work
Then, 800°C at a ranmate= 2°C mirt for 2 &14°
hours under Natmosphere
Grind in mortar and pestle | 3.98
serine/melamine with MNE®CNT-G. @04V
<L-serine+melamine_1:4 + This
N-C@MCG_1000 Polymerization in nitrogen atmosphere fo  0.565 0-0.6V
MnO,@CNT-G>@1000°C work
hours (600°C, 2.5°C mib) + carbonization Vs
Ag/AgCl

in N2at 1000°C (2 hours at 2°C min
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Grind in mortar and pestle to make uniforr 3.74
powder in mass ratio 4:1 (melamine/I @04V | This
N-S-C_1000 <L-cysteine+melamine_1:4>@1000° cysteine). 0.565 | ©96V | work
Subsequent carbonization at 1000°C for 2 vs. &14°
hours at 2°C mitiunder N atmosphere. Ag/AgC
Only MnO, nanotubes, no CNTs present i
<L-cysteine+mei af This
N-S-C@Mn_1000 powder ensemble, calcined at 1000°C for|  0.565 2.37
MnO2>@1000°C work
hours (in N atmosphere).
4.02
Grind in mortar angbestle 4 @04V
N-S-C@MCG_1000 Polymerization in Matmosphere at 2 houry ~ 0.565 | ©%°V
MnO.@CNT-G>@1000°C _ S work
(600°C, 2.5°C mim) + carbonization in N vs.
at 1000°C (2 hours at 2°C min -
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This

Pt/C 20 wt.% Pt/C - 0.2 3.9
work
CoosFensS@N
- see ref. 0.8 3.8 193
mesaoagraphitic
Nio.sC0o.5F€204 - see ref. 0.4 3.9 194
LaNiO3s/NCNT - see ref. 1.22 3.94 195
3.2
N-doped G/CNT - see ref. 0.25 196
3.3
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Table 4-4 Summary of the oxygen reduction reaction (ORR) performances of catalysts synthesized in this work and comparison to previous

literature.
Shift in onset potential | E12
Loading Onset potential
Catalyst Synthesis method compared to PUC|(V vs. | Electrolyte | Ref.
(mg/cny) (V vs. Ag/AgCl)
(mV) Ag/AgCl)
3 Hydrothermal This
UMnO2 nanotubes 0.565 -0.196 -154 -0.340 0.1 MKOH
annealing work
This
MnO2/CNT/G (MCG) | Precipitation 0.565 -0.102 -60 -0.150 0.1 MKOH
work
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Polymerization

This
N-C_800 carbonization 0.565 -0.120 -78 -0.215 0.1 MKOH
work
(600°G800°C)
Polymerization
This
N-C_ 1000 carbonization 0.565 -0.113 -71 -0.204 0.1 M KOH
work
(600°G1000°C)
Polymerization
This
N-C@MCG_1000 carbonization 0.565 -0.094 -52 -0.174 0.1 MKOH
work

(600°G1000°C)
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Polymerization

This
N-S-C_ 1000 carbonization 0.565 -0.108 -66 -0.196 0.1 MKOH
work
(600°G1000°C)
Polymerization
This
N-S-C @Mn_1000 carbonization 0.565 -0.214 -172 -0.251 0.1 M KOH
work
(600°G1000°C)
Polymerization
This
N-S-C@MCG_1000 | carbonization 0.565 -0.087 -45 -0.162 0.1 MKOH
work

(600°G1000°C)
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This

Pt/C / 0.2 -0.042 / -0.139 0.1 MKOH
work
MnxOy(CoxOy)/N- Porphyrins
- -0.115 - - 0.1 MKOH | %7

doped carbon synthesis, pyrolysis
N-S- mesoporous

Nanocasting - -0.115 - - 0.1 MKOH | 1%
carbons

Solvothermal -50
Mn304/N-rmGO - 0. 12 - 0.1 MKOH | 1%°

process

(Eonset for = -0. 07V)
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N-graphene/CNT

CVD growth

-0.085

-117

(Eonsetfor Pt/C— 0.032V)

0.1 M KOH

196
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Chapter 5. Influence of heteroatom (N, S, P-) doping
iIn reduced graphene oxide for oxygen reduction
reaction: role of active sites, porosity, and defects in

enhancing the four (4e) transfer process

5.1 Introduction

Graphene, a single layer of carbon atoms and reduced graphene oxide (few layers)
covalently bonded exhibit range of excellent physical properties such as thermal
conductivity and charge carrier mobility. The energy world has shifted in the past few
years b alternative routes to obtain efficient materials that can outperfobie metal
basedcatalysts such as Pt/C, Ir/C and Ru®is well known that noble metals have

high catalytic properties. Pt on its own can effectively catalyse the ORR via a éirect 4
transfer pathway, however it is pricy and limited. Hence, the research to study the
reduced graphene oxide has shifted in a direction where functionalities are introduced
at the edges and corners of the hexagonal graphene structure through a hydrotherma
process, where nitrogen/sulphur/phosphorus containing compounds (i.e. melamine,
urea, thiourea, ammonium dihydrogen phosphate) are added and mixed with graphene
oxide to obtain a composite structure with high porosity, conductivity and
functionalities. @mputational studies have shown that doping atoms in graphene can
alter the chemical and electronic propertf¥g°2 Graphene doped with heteroatoms

like sulphur, nitrogen, boron and iodine has shown to yield enhanced electrochemical
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activity towards ORR. This can be explained by the fact that the electronegativity of
the atoms (N: 3.04, S: 2.58, 2.19) differs from tlarbon electronegativity (2.55) which
breaks carbon electroneutrality. This in turn creates charged sites and favours the
oxygen adsorption during the ORR. Thedmping of phosphorus and nitrogen in the
graphene structure has shown to create a synegfédct and enhance the ORR.

In this work, both monedoped (N) reduced graphene oxide by using two starting
precursors (melamine and urea) and then heteroatom doped reduced graphene oxide by
using thiourea and melamine®irGO) andammonium dihydrogen phosphate-fN

rGO) have been synthesizethe electrocatalytic performance toward ORR has been
evaluated using rotating disk electrodes and cyclic voltammetrjh@tkeoatom doped
reduced graphene oxides were characterized using SHD, XPS, FTIR, TEM,
Raman spectroscopy, thermogravimetric analysis (T&WBET specific surface area
(SSA) The graphene oxide starting material was synthesized in four different batches
(GO-1, GO2, GO3, and GX4) to both confirm the reproducibilityfahe Modified
Hummers method and also to obtain graphene oxideslestihable interlayer spacings.

It was discovered that G@ wasthe optimized graphene oxide due tohigh level of
oxidation from graphite to graphene oxide, which was considerabbyr ltaw the GO

1 to GO3 batches. Therefore, GOwas used as starting graphene oxigecursorto
synthesize the nitrogetioped, nitrogersulphur cedoped, and nitrogephosphorus
co-doped composites-irst, the physical properties (structure, chemicairenment,
functionalities) of graphene oxide and reduced graphene oxide derivatives weré studie
in depth to determine the effective reduction of GO to rGO. Then, once these were
optimize, the heteroatom doped graphene materials werestigated in their

electrochemical performance towards ORR.
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5.2 Experimental

5.2.1Catalysts synthesis
The catalysts were prepared according to the procedures previously described in
Chapter 3.1.6 to 3.1.8 schematic diagram of thersthesisprocedures shown in

Figure 5.1.

+ L-ascorbic
acid

(Vitamin C)

Figure 5-1 Schematic routes starting from graphene oxide (GO) to «

N-rGO-800, NS-rGO-800,and NP-rGO-800.
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5.2.2Physical and electrochemical characterization

The materials were physically characterized using the same instruments as in
Chapter 4. A Nova Autolab potentiostat (Metrohm)swa#sed to characterize the
electrochemical properties for ORR of thesgsthesized catalysts. A rotating disk
electrode (RDE) with a glassy carbon electrode (GCE)ddlfsetup was used to
investigate the kinetics of ORR, where the WE was the GCE. Dhling electrode

was fabricated by pipetting a dose of Nafatalyst ink solution on the GCE (5 mm
diameter, A= 0.196 cf Before dropcasting the catalyst ink on the surface of the
GCE, the surface was polished with alumina powder solution and thieatsahfor 10
minutes in DI water to obtain a clean surface. The catalyst ink solution corfid@d

mg catalyst, 40uL Nafion perfluorinated 5 wt.%, and 1 miOHEtOH (9:1). The
catalyst ink solution was sonicated prior to analysis. 5 pL of the ink desresited on

the GCE and then dried at room temperature. The catalyst loading was determined to
be 0.255 mg cm The catalysts were each tested under the same conditions for cyclic
voltammetry (CV): 100 mV ' scan rate in @saturated 0.1 M KOH at potéalt
window-0.8 V to 0.2 V vs. Ag/AgCI. Linear sweep voltammefngV) was conducted

in Oz satd. 0.1 M KOH at rotation rates: 400, 800, 1200, 1600, and 2000 rpm at a scan
rate of 10 mV 3. A Ptfoil was used as counter electrode and Ag/AgCl (saturated 3 M
KCI) was used as reference electrode. Both electrodes were properly washed with DI
water several times before use. Ohmic drop (iR) correctiosm pesformed on all

measured data
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5.3 Results and discussion

5.3.1 Physical and structural characterization

5.3.1.1 Graphene oxide (G&L, GO-2, GO-3, GO-4)

Figure5.2 shows the XRD pattern of graphene oxide (§5&anhd graphite. It can be
noticed that there is a peak at 2d=21.12A
to graphene oxide, the 002 reflectignea k s hi fts to | ower ar
d-spacing= 0.774 nm). Increase irsplacing is due to water molecules intercalation

and formation of oxygen containing functional groups between the graphite layers.

Upon reduction of graphene oxide to reduced gnaploxide (rGO), the XRD pattern

shows a distinctive broad peak at 25.4° that corresponds to (002) plane of graphitic
interlayer spacing and a smaller intensity peak at 43.4° for (14t}ane hexagonal

atom arrangement of graphene.

— Graphite (<20 mm)
:5 2q=2172°
8
2 - )
‘@
2 R "
2 240
=
N
| L | L | L |
10 20 30 40
—~ (002) Graphene oxide (GO,)
S
8
2 S
[T} — —
- 9 10 10 12 1:
= 200) (100)
| 1 | 1 | 1 |
10 20 30 40
(9}
29()

Figure5-2 XRD patterns for graphite (top) and graphene oxide (bottom).
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The graphene oxide samples were synthesized in four different batches to understand
the reproducibility and effectiveness of the experiment to obtain GO from modified
Hummers methodXRD resultsconfirmed that as the oxidizing time increased and

the methodised for eackample(GO-1 to GO4) was varied, there was a shift in the
carbon peak of g4l@dp hesuttiry ina decrdase in irkedlaydr .
spacing (d) The interlayer spacing for GOto GO-4 was calculatedising Brag® s

Law:

Qi [Qe

whereA is the wavelength of the-Kay beam (0.154nm), d is the distance between

the adjacent GO sheets or layafss the diffraction angleThe 2-theta value was
measured at the peak correspondingréphene oxide in the regi®ft-11°. Hence the
corresponding interlayer spacing valugd were as follows dco1=0.939 nmfor

GO-1, dco2=0.818 nm foiIGO-2, dco-3=0.841 nm foiIGO-3, anddco4=0.849 nnior

GO-4. These values of interlayer spacing do agree with reported values for graphene
oxide indicating that graphene oxide was successfully obtained as final product and
not derivatives such graphite oxidagure5.3 showsthe XRD patterns for graphene
oxide samfes (GO1, GO2, GO3, and G®) illustrating the shift in lattice peak

(001) for graphene oxide, implying a better oxidized graphene oxide material.
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> — GO-1
@ — GO-2
= — GO-3
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k= — GO-4
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2q(°)
Figure5-3 XRD patterns for graphene oxide synthesized in four different batche:

1, GO 2, GO 3, GO4) indicating the reproducibility of the modified Hummers me

and the effective oxidation of graphite to graphene oxide thrtheghse of H2SO4.

The graphene oxidgGO) samples were further characterized using-ry
photoelectronspectroscopy(XPS) to determine the chemical composition and
oxidation levels for GEL to GQ4. Figures.4shows the XPS survey spectra aingh-
resolutionC 1s, and O 1s spectiar GO-1 (Figure 5.4a-c), GO2 (Figure 5.4d-f),
GO-3 (Figure 5.4g-i), and GG4 (Figure 5.4j-I). It can be noticed that thatensity

of oxidationlevelsincreasesvhen going fronsamples GE&L to GO4. The samles
were recorded in twdifferent spots on the XPSample holder to determirtbe
uniformity which was similar across all sampéslysedThe increased oxidatias
confirmed by an increased concentratiorepbxy, hydroxyl, and carboxylic on the

graphene basal plaa@d edge using XPS spectroscopy.
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Figure5-4 XPS survey spectra, C 1s and O 1s hgolution spectra for graphe

oxide materials including {e) GO-1, (df) GO-2, (gi) GO-3 and (}l) GO-4 with

corresponding fittingpeaks.

175



5.3.1.2 Reduced graphene oxide

Reduced graphene oxide was obtained using both cheméchiction and
hydrothermal reduction processes. The chemical reduction of GO to rGO was carried
out using dascorbic acideducing agent as explained previgusiiere the yield was
definitely larger compared to the hydrothermeluction method where the yield ratio
was 3chemicaireduction Lhydrothermareduction 1 hough the chemical reduction method is
preferable to obtain larger quantities of rGO, the negasieke effectis the
introduction of acids in the graphene oxide which lower the pH value of the final
product. Hence, washing with water (3 L) the rGO (1 L) solution definitely reduces
the yield though marginally compared to the hydrothermal methigaire 5.5@)
shows the XRD patterns for reduced graphene oxide tisgtgydrothermal method
andfor the carbonizedGOsat high temperature (800C) using both-atdp (800C
ramp direct) and-3tep (115, 450, 80C) approach. As can be noticed from XD,

the GO peak in the regionl2=-82° has vanished due to the effective reductida ©f

to rGO. The new peaks present amethe region2 d = 229.5°5representing the
carbon peak for graphene/rGO indicating an effective decreasterlayer spacing

(d) between the graphene nanosheets using Braggs Law to obtairspiaeinlg.
Hydrothermally reduced graphene oxide (K&&D-15h) showed aarbon peak (002)
at2 d25.49 and another peakfgr1 0 0 ) a n d 426ka0du3.7, respectlealy=
The hightemperature annealggaphene oxides using thestiep and &tep reduction
methods (rGEB00-1-step, rGG800-3-step) showed similar peaks as expected, with
more broad peaks in the same scanning regions in XR®.XRD peaks for rGO
8001lstep wer e 258d002) and4l.8 (L00R EbrrGG800-3-step the

XRD peaks wer 26.7(000aad4246° (B00). 2 d =
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Figure5-5 (a) XRD patterns for rG@00-3-step, rGG800-1-step, and rGEL60-15h
(b) FTIR spectra of graphene oxide (GO), graphite, &80 1-step and rGE300-3-
step. (c) Raman spectra for r&8D0-3-step, rGG800-1-step. (d) Raman spectra

graphite powder.

The HIR spectra for GO, graphite, rG&80-1-step, and rGEB00-3-step. Figure

5.5(). For graphite there were no evident peaks as there wasyaroxyl and
carboxylgroups present as expected. Graphene oxide (GO) showed a characteristic
hydroxylpeak at 340G cm-1, a C=0 peak at 1731.2 elpand a €C peak at 1621.5

cm-1. More peals werepresentat later wavelengths due te@ functional groups in

GO, as expecteddoth rGO800-1-step and rGEB00-stepshowed no hydroxyl peak

in the region 3008500 cml, indicating the effective reduction amkcrease in

carbonaceous content in the starting graphene oxide. The intensity peaks were
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detectable a12501500 cm1 wavelength range that can be attributed to Csp2)

and GC functional groups in both @&800-1-step and rGEB00-3-step.

Figure 5.5() shows the Raman spectra for reduced graphene oxides at different
temperatures (160, 8a03-step). It carbe noticed the characteristicfi2ak and G

peak present in graphene oxide/graphene nanomaterials that are attributed to the level
of disorder and graphitization in the carbon material, respectidslyllustrated, it

can be noticed that the effectiveioat of D-peak to Gpeak intensity (ealGpeay)
effectively increasegoing fromrGO-160-15-h to rGO800-3-step The D/Ggo-160-15h

was equal to 0.86; DiGo-goo1-stei=0.89 and D/(xo-8003-ste=0.91.Figure5.5(d) shows

the Raman spectrum for graphite powder.

Next, the chemical composition of rG&D0-1-step and rGEB00-3-step was studied
using XPSsurvey and higitesolutionscans.Figure 5.6(a) shows the XPS survey
spectra for GO, rG@00-1-step, and rGEB00-3-step. The net increase in C1s intensity
peak is observed when transitioning from GO to f&8ID3-step indicating the
effective reduction of graphene oxide to graphene/reduced graphene oxide. The O1ls
intensity peakconsiderably lowers when going from GO to r8Q0-3-step indicating

the removal of oxygen groups in both reduced graphene oxides material structures.
Figure5.6(b) shows the C 1s higresolution spectrum for rGB00-1-step where it is
noticed from theurve shape that the characteristic4peak curve present in graphene
oxidesis not present in reduced graphene oxides, indicating the suppression/lowering
of oxygen functional groups and bondgjraphene. Here, instead a single peak curve

is present fo C 1s, wiere peak fitting is applied tiit the XPS scann six different
peaks which are attributed to different chemical environments present iR8@X1-

step. The main peaks are located at binding energies corresponding to 284.8 eV (C=C),
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285.7 &/, 286.5eV, 2874 eV, 288.3eV and 28% eV. Figure5.6(c) showsthe Cls
high-resdution spectrum for rGEB00-3-step The main peaks are located at binding
energies corresponding 284.1 eV (C=C), 285.2 eV (C), 2&.1 eV (CO), 287.5 eV

(C=0), and 288.5 eV (0O=0). It can be noticed that the relative intensifythe C=

peak is three times as large as the rest of the peaks. This indicates the effective
carbonization of graphene oxide to graphene, introducing erthapecarbon groups

in the material structurd’he carbon content was 98.2t.% while the oxygen content

was 2.72 at.% in rG®B00-3-step.
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Figure5-6 (a) XPS survey spectra for GO, r&D0-1-step and rGeB00-3-step. Cor

level highresolution C1s XPS spectra for (b) reé800-1-step and (c) rGE&00-3-step

Reducedyraphene oxide at high temperature (8)Owas obtained for the first four
graphene oxide batch (GOQ GO2, GO3, and GX4) to leadto rGO-800-1, rGO
800-2. rGO800-3, and rGGB00-4. The XPS survey spectaad highresolution C 1s
and Oldor the reducedraphene oxides at 800 areshown in Figure 5.71t can be
noticed that the ratio of carbon to oxygen pedk&nsity (C/O) in reduced graphene
oxidesis largely increased when compared to the graphene oxideg {6GG4) in
Figure 54. Ratios started vging from C:95%/0:5% in rGOs while for GO this was

C:60/%0:40%.
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Figure5-7 XPS survey spectra, C 1s and O 1s kigéplution spectra for graphe
oxide materials including {e) rGO-800-1, (d-f) rGO-800-2, (gi) rGO-800-3 and (}l)

rGO-800-4 with corresponding fitting peaks.
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Table 51 shows the relative concentrations of carbon (C) and oxygesp@g)es in

the graphene oxide sahes (GO1 to GO4) and the thermally reduced graphene
oxide samples at 800°C using a thstep methodology. It can be noticed that for
graphene xide the O/C ratio increases going from G@ GO4 indicating the higher
oxidation levels for G&. The O/C ratio was equal to 0.46 for &Qvhile it was 0.28

for GO-1 indicating that the graphene oxide material was more oxidized using the
fourth synthesis method-urthermorethe GO1 to GGO4 samples were thermally
reduced at igh-temperature usingtabular furnace in controllegas environment to

obtain rGG800-1, rGG-800-2, rGG-800-3, and rGG300-4.

Table5-1 XPS surface elemental analysisgrphene oxide samples (&Q GO2,
GO-3, and G&4) andreduced graphene oxidamplegrGO-800-1, rGO-800-2, IGCG
8003, and rGG800-4). Average value is obtained from the spectra measuradbat

random spots on each sample.

Sample C (at.%) in average | O (at.%) in average | O/C ratio | C/O ratio
rGO-800-1 | 96.64 3.36 0.03 28.76
rGO-800-2 | 93.92 6.08 0.06 15.45
rGO-800-3 | 95.85 4.15 0.04 23.10
rGO-800-4 | 95 5 0.05 19.00
GO-1 78.19 21.81 0.28 3.59
GO-2 75.68 24.32 0.32 3.11
GO-3 74.89 25.11 0.34 2.98
GO-4 64.97 30.05 0.46 2.16
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The C 1shigh-resolution spectra indicate the formatiorfair, five different types of
bonds in the thermally treated reduced graphene oxides&BQ to rGG800-4),

as illustrated in Figure 5.(b, e, h, k) It can benoticed that the main peak for C=C
sp3 carbon occurs in the region ZBth 2846 eV. Theremairing peaks are attribedl

to C-O/C-OH (285.7 eV to 286.7 eVand C=0/CO0O(287.9 eV 10289.2 eV)

The O 1s highresolution spectréor thermally reduced graphene oxides are shown in
Figure 5.7 (c f, i, [) The main peaks are attributed@O (533 eVto 533.5 eV),

C=0/O-H/C-O-C (532 eV)and C=0 (528 eV)).

Table5-2 XPS carbon functional groups analysis of reduced graphene oxide samples
(rG0O-8001, rGO800-2, rGO8003, and G0O-8004). The atomic percentage is

estimated from the C 1s peaks.

Sample C=C/C-C C-O/C-OH C=0/COO0-
(284 eV t0 284.6 eV) | (287 to 288 eV) (288.5to 290 eV)
rGO-800-1 | 67.43 19.37 13.2
rGO-800-2 | 62.89 27.99 9.12
rGO-800-3 | 66.60 10.68 22.72
rGO-800-4 | 76.68 15.62 7.70

Figure5.8(a) shows thehermogravimetric analysis (TGA) curve for graphene oxide.
The evaporation of water molecules adsorbed in GO resulted in a weight loss at 100°C.
The decomposition of oxygen containing groups occurs at approximately 200°C, and

afterwards a gradual weights® is observedtigure5.9(b) shows the TGAcurve for
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reduced graphene oxideor rGO there is an initial decrease till 100°C, followed by a

second decrease in weight with greater slope at approximately 300°C (ii).
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Figure 5-8 Thermogravimetric (TGA) curves fqia) graphene oxide (GQand (b)

reduced graphene oxides0O).

Figure 5.9 shows the BET N adsorptiordesorption isotherms for graphene oxide,
reduced graphene oxide (withcorbic acid), and higlemperature annealgdaphene
(rGO-800). It can be noticed that the BET SSA for graphene oxide (G@)atvely
really low as expected, since tiiaterialhas not been pyrolyzelf.can be noticed that
the relative intensity of the quantity adsorbed and hepeeific surface are&88A

increased the order SSA0<SSAGcoL-Aa< SSAGo-800.
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Figure 5-9 N> adsorptiordesorption isotherms for (a) GO, (b) réé&luced by L

ascorbic acid, and (c) rG800.
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5.3.1.3 Nitrogen doped reduced graphene oxidenitrogen-sulphur co-doped
reduced graphene oxide, and nitrogen phosphorus edoped reduced graphene
oxide

The XRD patterns for the uthoped rGG800 and nitrogen doped {NGO-800urea, N
rGO-800mel) pospyrolysis are shown in Figure1®(a). It can be noted that the
characteristic peak at 2 ddoped and opedd rGDs. 5 A i s
The graphitic carbon structure is wathintained across the three samples and it shows
that even though decomposition may occur due to melamine and ureaisthet a
detrimental effect on its graphitic properties.

Figure 510(b) shows the XRD patterns for-8rG0O-800 and NP-rGO-800. Similar
peaks were observed here as well though they bedwosder and less intensity

indicating the successful reductiongriphene oxide to doped graphene oxide.

— N-P-rGO-800
— N-S-rGO-800

—— N-rGO-800,,, b)

a)
—— N-rGO-800,,,,
—— rGO-800

Intensity (a.u.)
Intensity (a.u.)
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Figure5-10 (a) XRD patterns for rGE00, NrGO-80Qirea and NrGO-800nei and (b

XRD patterns for NS-rGO-800 and NP-rGO-800.
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X-ray photoelectron spectroscopy (XP38)as used to identify the chemical
environments in thealcined high temperature nitrogdoped, iitrogen/sulphurco-

doped, and nitrogen/phosphorsdoped samples, as seen in XS survey spectra

for N-rGO-80Qureqa N-rGO-800neiaming N-S-rGO-800, and NP-rGO-800in Figure 5.1.

This shows the presence of nitrogen, sulphur, and phosphorus in the corresponding
samples Substitution level of heteroatoms was calculated from the relative intensities
of N1s, S2p, and P2p within the survey spectrum of the heteroatom doped reduced
graph@&e oxide materialsAs can be noticed, the N1s peak for nitrogesharper and
increases in value when going from GO te®0-800. This indicates the effective
incorporation of nitrogen functionalities in the doped sam@éso it can be noticed,

two pe&s each for NS-rGO-800 for sulphur (S2at 160 eV and S2s at 225 eV). In
N-P-rGO-800, two peaks also are noticed for phosph@R2p at 132 eV and P2s at

190 eV) indicating the effectivehosphorusloping in the graphergased samples

—— N-P-rGO-800
—— N-S-rGO-800
——N-rGO-800, ,
N-rGO-800,
——rGO-800
—Go

Intensity (a.u.)

et v .y

10|OO I 8C|)0 I 6(|)0 I 4C|)0 I 200 I 0
Binding energy (eV)
Figure 5-11 XPS survey spectra of GO, rG&0, NrGO-800ne, N-rGO-80Qrea,
N-S-rGO-800 andN-P-rGO-800.
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The Cls elemental XPS spedivathe nitrogerdoped, nitrogen/sulphwo-doped, and

nitrogen/phosphoruso-dopedsamplesare shown in Figure B2(a-d).
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Figure 5-12 Cls XPS highresolution spectra of (a) -NGO-80Qireq

(C) N-rGO-800he;, (d) N-S-tGO-800, and (e) NP-rGO-800.

The C1s spectrum fordN50-800Qure5 in Figure 5.2(a), indicates the presence of strong
C=C bond at binding energy of 284.5 &Y sp2 hybridized carbomhepeak at 286.2
eV can be attributed to-C/C-N, while the remaining peaks 287.8 eV to GO and at
289.1 eV for C=00O=C-O functional group.Figure 5.2(b) shows the C1ls for
N-rGO-800mel, Where the corresponding peak for sp2 carbon is locatadbatding

energy of 284.5 eV. The remaining peaks a®@/C-N(286.4 eV), CO(287.8 eV) C=0
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(289.2 eV) and O=CO (290.8 eV).Figure 5.2(c) shows the C1s for 1&rG0O-800

indicating the presence of four peaks for-sp2bon 284.5 eV), CS/GN (282.8 eV),

C-0(285.8 eV) and C=0/0O=@0 (287.5 eV).Figure 5.2(d) shows the C1ls spectrum

for N-P-rGO-800, where the spZadbon peak occurs at 284.5 evid the remaining

peaks are attributed to-C(285.8 eV) C-0O(286.7 eV}, and C=0/0=E0(289 eV).

To confirm the incorporation and doping mfrogenin the graphendasedstructures

(N-rGO-80Qsreasmej N-S-rGO-800, and NP-rGO-800), highresolutions scans of N1s

were conducted in XPS as shown in Figus5.
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Figure5-13 XPS N1s higkresolution spectra for (a)-NGO-80Qire5 (b) NrGO-800el,

(c) N-SrG0O-800, and (d) NP-rGO-800.
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Figure 5.B(a) shows the N1s high resolution XPS spectrum fo65-80Q,.cawhere
three distinct peaks can be noticed for pyridiNi¢397.2 eV), pyrrolic N 398.5 eV,

and graphitic N 400.7 eV. Figure 5.B(b) shows the N1s for MGO-800melamine,

and two peaks are noticed for pyridihNc(397.8 e\J and pyrrolieN (399.4 eV). Figure
5.13(c) shows the N1s spectrum for-83irGO-800 where four different peaks are
present after fitting indicating the presence of pyridiNi(396.5 eV) pyrrolic-N (398.5

eV)), graphiticN (399.8 eV) and oxidize-N/Q-N(402 eV).Figure 5.B(d) showsthe

N1s spectrum for NP-rGO-800, where three distinct peaks are present for pyridNnic
(396.2 eV, pyrrolic-N (397.8 eV}, and graphitieN(399.8 eV). The variation in peak
position from literature could be attributed to the effect of high pyrolysis temperature
introducing defects in the graphene structure, and hence altering the relative binding
energies of this N functionalitieshe relative nitrogersontent is significantly lowered
when comparing the poesiydrothermal treated samples-(EO, NS-rGO, N-P-rGO)

to the carbonized samples-(80O-800, NS-rGO-800, NP-rGO-800) indicating that
thermal decomposition of melamine, urea, thiourea, and ADHisagrtly destabilizes

and eventually degrades. The relative nitrogen concentration -f@Qyea and N
rGGOmel are 4.41 at.% and 4.54 at.%, respectively. FepP-i6O-800, thenitrogen
content was found to be 3.16 at.BeS-rGO-800 had a N content of 9.95%. It can

be seen that pyridinibl is not degraded with pyrolysis at high temperature.
N-rGO-800nel had a higher concentration of pyridificcompared to NGO-80Q,rea

due to a possible resistance to degradation by melamine. -Coatlint is higher in
N-S-rGO-800 due to a combined effect of both nitrogen precursors used during its
synthesis in hydrothermal that effectively enhanced thd Gond strength and

increased resistivity to thermal degradation. Pyridiviwas found to be lower in-N
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rGO-80Qirea compared to NGO-800ne. For NS-rGO-800, pyridinic N was 42.59%
(relative to other N species) while forPNrGO-800, it lowered to 31.16 %.

Next, theco-doped NS-rGO-800 and NP-rGO-800 samples were analysed for their
sulphur and phosphorgsirface chemistry in XPShe highresolution X°S elemental
scans for NS-rGO-800 (S 2p)and NP-rGO-800 (P 2p) respectively, are shown in

Figure 514.

a) S2p b) P2p

\ / N-P-rGO-800 ‘ ‘\‘w |
N-S-rGO-800 /1 I
[ V|

Intensity (a.u.)
Intensity (a.u.)

172 170 168 166 164 162 160 158 142 140 138 136 134 132 130 128 126 124
Binding energy (eV) Binding energy (eV)

Figure5-14 XPS highresolution spectra for S2p (a) for®rGO-800. The bottom pli

(b) shows the P2gpectra for NP-rGO-800.

As it can be seen, the main peaks in S2p correspond i@ 82¢p S2p» (Figure 5.14

a). These occur at binding energies of 161.8 eV and 163 eV. Other peaks are obtained
as well for oxidized sulphur (SO.-C) at binding engjies of 164.5 eV and 169.2 eV.

For N-P-rGO-800, the P2p specim (Figure 5.14 b)shows two main peaks
corresponding té-C(131.8 eV)and RO(133 e\). The relative intensities show that

P-C is greater content compared teCR indicating the effect of higtemperature

treatment in favouring formation crbon bonds over oxygen bonds.
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The SEM morphologies for graphite powdsrshown in Figure 53%(a). It can be
noticed that upon oxidatioto graphene oxide (GO) there are mexdoliated sheets
and lamelladike sheets in the sampl@igure 5.15 h) Nitrogendoped reduced
graphene oxides @NGO-80Q,caand NrGO-800ve) were further investigated for their
morphology using SEM (Figure B (c-d). It can be seen that lamellar like graphene
sheets are produced upon pyrolysis at 800°C for bbtlEO-80Q;ea and NrGO-

800ne|amine

Figure 5-15 SEM imags for (a) graphite powdernb) graphene oxide (GC

(c) N-rGO-80Qures and(d) N-rGO-800mel.

The transmission electron microscopy (TEM) images for graphene oxide (GO) and
rGO-800-3-stepare shown in Figure 561 As it can be noticed, the petal like graphene

oxide sheet shows layer structure.
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Figure 5-17 SEM (a) and TEM (b) for nitrogedoped reduced graphene o

N-rGO-800ne. The TEM images for (c) #-rGO-800 and (d) NP-rGO-800.

The SEM and TEM irages for NN\GO-800me, N-S-rGO-800 and NP-rGO-800 are

shown in Figure 54 Transparent like sheets are visible for both single doped and
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heteroatom doped reduced graphene oxides. It is possible that a formatiomhegEfswv
graphene was obtained fol tidle pyrolyzed samples.

Raman has been used to clarify the vibrational, rotational, and othdrdguency
modes in a system, and has been used characterize the structure of carbon iaterials
defects and degree of ordering of carbon. Thea@d isrelated to the Evibration

mode of sp carbon domains, which is used to explain the degree of graphitization,
while the Dband is associated with structural defects and partially disordered structures
of sp domains. Figure 58lshows the Raman specfoa rGO-800, NrGO-80Qure5 N-

rGO-800me, N-S-rGO-800 and NP-rGO-800.
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Figure 5-18 Raman spectra of rG800, NrGO-80Qres N-rGO-800nel,

N-S-rGO-800 and NP-rGO-800.

The Gpeak position shifts from 1598 chfor the urea sample to 1592 ¢rfor the

melamine sample. This factor could describe the increased number of defects in the
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latter. The b/l values for NS-rGO-800 and NP-rGO-800 were equal to 1.09 and 1.1,
respectively.

Next, the textural and porosity characteristics of the samples usingnES studied
The corresponding nitrogen adsorptadesorption isotherms for -NGO-800e,

N-S-rGO-800 and NP-rGO-800 are shown in Figure ®.1
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Figure 5-19 N adsorptiordesorption isotherms for (a) -MGO-800mer
(b) N-SrGO800 and (c) MNP-rGO-800; (d) poresize distributio

for N-P-rGO-800.

N-rGO-800mel consisted of a mix of macropare (>50 nm pore size) and mesoporous
carbon (250 nm). The heteroatom dopedYN-P-rGO-800 showed both mesoporous

features as indicated by the pore size in the rarg@ Bm. The highest BET SSA
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(specific surface area) was achieved foiSIKGO-800 where his was equal to
275 nt g'. By comparison, NGO-800ne had a BET SSA of 91.4 figt while
N-P-rGO-800 was equal to 241.1%2m*. The pore volume for MGO-800nei Was equal

to 0.51 cr g* while for N-S-rGO-800 it was equal to 2.51 égt. The highest pre
volume was obtained for{R-rGO-800, where this totalled to 3.82 &gil. The initial
properties of graphene oxide (GO) show Ilow surface areas
(<20 nt g1) and by comparing peak ratios/(t) with Raman spectroscopy, these

showed an increase in value implying higher disordered carbon structures.

Table5-3 BET Specific surface area (SSA) and peotumes for graphene oxide- N

doped reduced graphene oxide and heteroatom doped rSONI®).

Catalyst BET specific surface
Pore volume (cnt g?)
area SSA (nf g1)
Graphene oxide (GO) 21 0.03
N-rGO-800el 914 0.51
N-S-rGO-800 275 2.51
N-P-rGO-800 241.18 3.82
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5.3.2 Electrochemical characterization

In order to explore and understand the electrocatalytic activity of the single doped rGO
(N) and heteroatom doped rGO-@ N-P) for ORR, cyclic voltammetry experiments
were conducted on a bare GCE and on the coated GCE with GO8GGO
N-rGO-800melurea N-S-rGO-800 and NrGO-800 in 0.1 M KOH (Q saturated). Figure

5.20 shows the CV curves foN-rGO-800ne, N-SrGO-800 and NP-rGO-800
electrodes with each having an oxygen reduction peak. The ORR peak potential
positively shifted from-0.28 V for NrGO-800Qyel to -0.21 V for N-S-rGO-800. For
N-P-rGO-800, the peak was located-8t203 V and attained a higher current density

compared to N5-rGO-800.
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Figure 5-20 Cyclic voltammetry (CV) curves for IGO-800ne, N-S-rGO-800, an

N-P-rGO-800. Scan rate = 100 m\AsO; saturated 0.1 M KOH.
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The more positive peak for-RrGO-800 and higher current density could be attributed
to a pasible enhancement effect of nitrog@mosphorus caloping that enhances the
catalytic activity of the wrdoped rG@800. The relative CV area of-RrGO-800 was
greater than GO and rG8D0, suggesting that there was more electroactive species
which confirms BET results.The influence of the surface ara on the shape and
electrochemical activityowards ORRas measured using cyclic voltammeisyof
capillary importance in electrochemistryhe electrochemical active surface area
(ECSA) is theeffective area of interest when considering the electrochemical reaction
in question.

Next, the linear sweep voltammetry performance (LSV) performance curves for both
the undoped and doped rGO samples in oxygen saturated 0.1 M KOH electrolyte
solution ata rotating speed of 1600 rpm for the rotating disk electrode (RE
measuredA comparison of LSV curves for the doped;doped rGO and Pt/C catalysts

is shown in Figur®.21. As can be noticed,4R-rGO-800 had much more positive onset
potential anchigher limiting current density compared to the rest of the catalysts and
Pt/C as well. This indicates that the heteroatom doping of phosphorus and nitrogen on
graphene enhances deeply the ORR compared to jdstpdd rGOs. There was a
similar onset poterdl observed for NGO-80Qireaand NrGO-800nel, but the limiting
current density was higher for the latter. As can be noticed, graphene oxide (GO) has
very low ORR activity even compared to the glassy carbon electrode (GCE). -The un
doped graphene, rGB00, had a very bad onset potential which was shifted negatively
by almost 0.2 V compared to Pt/B:-S-rGO-800 had almost 25 mV negative shift in
onset potential compared to Pt/C and attained a limiting current densBy98fmA

cm?. The limiting current dnsities for all studied catalysts are as followwss mA cm

196



2 (N-P-rGO-800), -4.6 mA cm? (Pt/C),-3.6 mA cm? (N-rGO-800me), -3.4 mA cn?
(N-rGO-80Qure9, -2.6 MA cm? (rGO-800), and1.1 mA cm? (GO). The onset potentials
values for the electrocatalysts are as follovdsD2 V (N-P-rGO-800),-0.05 V(Pt/C),

-0.11 V (NrGO-800he), -0.126 V (NrGO-80Que), -0.22 V (rGG800), and-0.3 V

(GO). The onset potential for-8rGO-800 was equal te0.1@® V. It can be noticed

that the current density is proportional to the BET surface area for the doped rGO
samples in agreement to electroactive area of species to enhance the oxygen adsorption

at the electrodelectrolyte interface.
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Figure5-21 Linear sweep voltammetry (LSV) curves at 1600 rpm fodaoped an

doped reduced graphene oxides. Scan rate = 10'm®:saturated 0.1 M KOH.

To further investigate the ORR kinetics of-ANrGO-800, the LSV curves were
conducted at different rotating speeds: 400 rpm, 800 rpm, 1200 rpm, 1600 rpm, and
2000 rpm as shown in Figure23. This was done to study the diffusion current density

effectcorrelation with convection in Ssaturated 0.1 M KOH. The Kouteckyevich

197



(K-L) plots at different electrode potentials were used to calculate the electron transfer
number (n) as in Figure Z8. The diffusion current density rapidly increases with

increasing rotation rate as predicted by theoretical equations.

2 N-P-rGO_800

Current density (mA/cm?)
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Figure 5-22 LSV curves at different rotation rates for -mNrGO-800

Scan rate = 10 Wis?!, Oy satd. 0.1 M KOH electrolyte.
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Figure 5-23 KouteckyLevich (K-L) plots for NP-rGO-800 at-0.5 V, -0.6 V, ant

-0.7 V vs. Ag/AgCI.
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Figure5-24 Tafel plots of NP-rGO-800 andPt/C.

The electron transfer number forPrGO-800 was found to be equal to 4.1, 4.08, and
4.02at-0.5 V,-0.6 V, and-0.7 V.Using these values, the kinetics for ORBre further
investigatedusing Tafel slope analysis as shown in Figug4.5The Tafel slopes for
N-P-rGO-800 and Pt/C were equal to 87.4 mV/dec and 98.2 mV/dec, respectively.
These values are expected to show the effect on the overpotential and current density.
Typically, higher Tafel slope indicates a faster rate of increas®/éerpotential with
respect to the current density. When the potential range is high, typically Pt possesses
two regions where it is 60 mV/dec or less (high potential region, low current density)
and 120 mV/dec (low potential region, high current denéity)

Previous research has shown that the existence of synergistic effecayding atoms

in carbon structure has been a factor influencing ORR electrocatalytic activity.

Nitrogen, sulphur, and phosphorus are able to bring strain and defect sites in carbon
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