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ABSTRACT

Recent increase in demand of power source for portable devices has increased momentum in
research for microfluidic fuel cells (MFC). Electrochemical oxygen reduction reaction (ORR)
via non-precious catalysts has the potential for significant cost reduction in commercialization
of fuel cells. Towards this end, dense, multi-layered poly(vinyl) alcohol (PVA) nanofibers
dispersed with catalytically active carbon nitride (CNx) nanoparticles are synthesized using
electrospinning process. In electrospinning, the polymer solution is passed through high
electric field, whereby, electrostatic forces generated stretch the polymer solution into
nanofibers, evaporating the solvent. Significant improvement in the electrocatalytic activity of
CNy nanoparticles dispersed in the PVVA nanofibers as compared to its native form is observed
towards ORR. ORR activity of CNy is further improved by using polyacrylonitrile (PAN) as a
supporting polymer for electrospinning. PAN portrays good spinnability and serves as a
secondary source of nitrogen, augmenting the physical and electronic properties of CNx/PAN
nanofibers. In order to disperse CNx nanoparticles in nanofibrous structure, no high
temperature is used in the present work.

ORR activity of CNx/PAN nanofibers is found to improve further due to addition of fillers,
e.g., carbon black and Nafion® dispersion (referred to as CNx nanofibers) and gives comparable
ORR activity to that of Pt/C catalyst. While carbon black enhances electronic conductivity,
Nafion® provides proton conductivity to CNx nanofibers required for ORR. ORR study for all
the catalysts is carried out using linear sweep voltammetry (LSV). SEM, TEM and XPS are
carried out to understand the size, morphology and the form of N groups present in the native
CNx nanoparticles and the CNx/PVA, CNx/PAN and CNy nanofibers catalysts. In order to
understand ORR mechanism, RRDE and in-situ FTIR coupled with cyclic voltammetry (CV)
is carried out. RRDE confirms occurring of 4-electron pathway mechanism for ORR and FTIR

studies confirms the dominance of ORR in the active potential range by showing the increase



in water formation for the CNx/PVA, CNx/PAN and CNx nanofibers catalysts. The stability of
all the nanofiber catalysts towards ORR is confirmed by 5000 repetitions of LSV coupled with
FTIR.

MFC with active area of 0.11 cm? is fabricated using Y-shape polydimethylsiloxane (PDMS)
microchannel, aligned and soft bonded with metallised electrodes. Polarization and power
density measurements are carried out for MFC using carbon nitride (CNx) nanofibers, Pt and
Au as cathode catalysts. Formic acid is used as fuel, KMnQOs as oxidant and H2SOs as
supporting electrolyte. MFC flow architecture is optimised such that the diffusion of anolyte
and catholyte, which adversely affect the MFC operation at low flow rates is negligible. The
maximum power density is achieved at the flow rate of 300 uL min™*as compared to flow rate
of 400 puL min*tand 500 puL min™. CNyx nanofibers, as cathode catalyst, exhibit better ability to
withstand fuel crossover effect as compared to Pt and Au as it is not active towards formic acid
oxidation. Moreover, CNx nanofibers enable MFC to operate at a wider range of flow rates of
fuel and oxidant as compared to Pt and Au. MFC utilising CNx nanofibers as cathode catalyst
exhibits maximum power density of 3.43 mW cm and current density of 9.79 mA cm, as
compared to MFC that utilises Au (2.72 mW cm, 6.04 mA cm) and Pt (3.09 mW cm2, 6.18

mA cm) as cathode catalyst.

Vi



AR
qiéTer 3RO & AT forstel & Al T ART A gTel & & g o AShIFSSH SereT
PIRARTI (TATHEN) & fIT sregaenet 7 arfar gar & &1 IN-3TAer 3R & ATEIH &
SoldcIchidiehel JTardTolel RSl U fohdT (3TR3TR) H SUT HITARIAT o SITTATIIRIOT
H HEcaUT oIl H AT hi AT 51 H 36aT & [T, Flee AScrss (HTved)
AArRu & T o gU g, agmﬂ'zr giell (faeTSe) 3fedlgd (AEIT) AIhEsSR
ol Ted 3T TfShalT T 3TN hech TR TN Bl & | ST (9T H, SEeleh AT 3T
T &t & ATegH @ uIRd foham ST &, fored, gereiee e dell o faeigen st arsdierior
F AT, AAHISIR F TgeIT FATITA HT TGIIT| HTATHH Ao & FAFerhTeH
AT 7 HEcaqoT GUR NeTT A-AThTgaRT H TR I1T 2T, Fi o 58k el & hl Joell
33N T 3R @M 37137 § | AT $Hr 3N3BR Afaf3f i saeaieafae & fov
Wwﬁw$mﬁﬁmﬁﬁ'&ﬁ(ﬁﬁ)ww*@ﬁ?&smﬁo‘mw%l
T 3TaT RAfaariateer aildl ¢ 3R Avavaa/d Ay & Hifas 3R seaciics
T[0T ST TG, FATSEIoTol T Ueh HTEGTHe AT oh & H A Xl ¢ | AT BISTH T &

WTATFH AT et & fAIT, TAAT PRI & IS 3T dTIHTT T 3TAT T81 fHar
STl

HresTueFa/da AAmEead H AIRBR AR rer & 3rarar, FHIe soieh 3R ATfaee
o thelld (HTATFH SaIhISad & &9 H Haid) o AR GUR i o ferw 3R drér/r

3O S SIEY 3NIRBR AfAfafer &ar &1 STafe FIa seleh Selacifaie ATelehdT &l STdl
g, ATThIT® NI & T TS NTATFH AAPISTY Y WeisT ATetehdTl TSl hldl
g1 T 3cRF & TIT NIRAR 37T IWF T dlecHET (TATTdT) T 39197 fohar
STl & | THSUHA, ST 3R varadivg &1 31T, 3Tehfc faire 3R Geft duearverd sttt
3R AreaAverd/NT, roavad/ds 3R AU AABgad 3ce H 3UTEId Tl gl




& T I GHST & [T FRaT SATAT & | 3MRBRETS 3R 371-FA¢ THENTSIN A1 Thra atee AT
(YY) & ATy AR FHST STl §1 RIRES YIS AT § o 4-Soleere AT dF &
333N 3R THETBSIN T o foIT WTaTuera/ v, Hiuavera;/ds 3 Hvaeard
AATHZTE 3 & foIT aTell & aTaeT 7 gefr femrey afsha wenfad dar & 3N3mem &
3cd I IS AT 1 HNIRAR Y 3T FHY AATHIISR S A FEARCAT TRIIINGIHR
1Y AT TelTadT &I 5000 TeTdl GaRT S 1 15 g

0.11 TP & ATHT &1F & AT TATHHT TTE-3MThRR el SHATS AT (FETATH)

HISShIIeTol, SFCIS o AT 7IH TSI T ST dleh [ A [T IAT| FleeT SCISS
(HTTTFH) AATBIS, TelfesTar 3R AIAT T 3TN FAUTS 3UF & €9 H TATHH & folw
YeRT0T 3N TSsTell TeTed AT T fohaT ST &1 BIfFeh TS $UeT & & 7 SEAATS fohar
ST &, hUATA3N, Idedse 3R T,ua3M, & & H Soaciarse Hl AT adl ¢
THUGH! Fell HTTeheaFaT T 3felehelel [T I1T §, TS8R Taileise 3R $HTerse &l 9o,
i S FelTg X IX icTehel & § THUBET AR hl FHTTd &l &, A0 & | 400 pL AT
1 31X 500 L fAsTe? T gaTg & Y JefelT # 31feehc# ey geied 300 pL fAeTe &1 yarg &X
TR TCCT TRl STTelT § | TS 3T & &9 & U0 d serhrged, 9IET 31X g T Jofelr &
ST HIGIaT THTT ! kel T I§AT &THAT T U FId & Fifh Ig BIidw Ufas
3T & Ui TfhT 81 &1 39 37T, TATTFT AAThsad THTRAT S @ 3R
T T JofolT H S X ST o YaTg &Y T edT9eh Tof TR HTeIcl Shlat H FaTH Selrell
& | THUGH! o VUTUFH RS shT 3TN HATS 39 & §9 H 3.43 THSSoY A2
37fRIehcrd Ula Eeicd 31 9.79 THT QT2 3 31 Heled I GRTAT §, S TAUHH & Jofall

H T (2.72 THSSeY AT, 6.04 TAT HAT?) 3N IIET (3.09 THSSY A2, 6.18 THT AHT2)

HATS 3Uh & &I H|



CONTENTS

Page No.
Certificate [
Acknowledgements iii
Abstract %
Contents vii
List of Figures Xiii
List of Tables xxiii
Chapter 1: Introduction and Background 1-29
1.1. Introduction 1
1.2. Literature review 6
1.2.1. Microfluidic fuel cell 6
1.2.2. Oxygen reduction reaction 10
1.2.3. Carbon nitride and nanofibers 14
1.2.4. Electrospinning 17
1.3. Objectives of the thesis 19
1.4. Thesis organization 20
References 20
Chapter 2: Electrospun Carbon Nitride Supported on Poly(vinyl)
Alcohol as an Electrocatalyst for Oxygen Reduction Reaction s
2.1. Introduction 31
2.2. Experimental 31
2.2.1. Materials 31

2.2.2. Preparation of CNx nanoparticles 32

vii



2.2.3. Electrospinning

2.2.4. Physical Characterization

2.2.5. Working electrode preparation

2.2.6. Electrochemical characterization for oxygen reduction reaction
2.2.7. Scanning electrochemical microscopy

2.3. Results and discussions

2.3.1. SEM and TEM

2.3.2. FTIR

2.3.3. XPS

2.3.4. Raman spectroscopy

2.3.5. Voltammetry

2.3.6. In-situ FTIR voltammetry studies

2.3.7. Scanning electrochemical microscopy

2.4. Conclusion

References

Chapter 3: Electrocatalytic Activity of Electrospun Carbon Nitride-
Polyacrylonitrile Nanofiber Towards Oxygen Reduction Reactions
3.1. Introduction

3.2. Experimental section

3.2.1. Synthesis of CNx/PAN nanofibers

3.2.2. Physical and electrochemical characterization

3.3. Results and discussions

3.3.1. SEM and TEM

3.3.2. XPS

3.3.3. BET measurements

32

33

33

34

36

36

36

38

40

41

42

47

52

53

54

55-70

55

55

55

56

57

57

59
60

viii



3.3.4. Scanning electrochemical microscopy 60

3.3.5. Linear sweep voltammetry 61
3.3.6. In-situ FTIR with cyclic voltammetry 63
3.3.7. Raman spectroscopy 64
3.3.8. RRDE studies 05
. i 67
3.3.9. Durability studies (LSV)
3.4. Conclusions 69
References 69

Chapter 4: Improvement in Electrocatalytic Activity of Oxygen Reduction
Reaction of Electrospun Carbon Nitride/Polyacrylonitrile Nanofibers by 71-95

Addition of Carbon Black and Nafion® Fillers

4.1. Introduction 71
4.2. Experimental 71
4.2.1. Materials /1
4.2.2. Synthesis of CNx nanofibers 72
4.2.3. Physical characterization 72
4.2.4. Electrochemical characterization for oxygen reduction reaction 73
4.2.5. Scanning electrochemical microscopy 73
4.3. Results and discussions 73
4.3.1. TEM and SEM 73
4.3.2. XPS 75
4.3.3. Voltammetry 76
4.3.4. RRDE studies 77
4.3.5. In-situ FTIR studies with cyclic voltammetry 79

4.3.6. Durability studies (LSV) with in-situ FTIR voltammetry 81



4.3.7. Raman studies 83

4.3.8. Scanning electrochemical microscopy 84
4.4. CNx nanofibers as cathode catalyst for direct formic acid PEM fuel cell 87
4.4.1. Experimental section 87
4.4.1.1. CNy nanofibers synthesis, characterization and half cell studies 87
4.4.1.2. Direct formic acid PEM fuel cell testing 88
4.4.2. Results and discussions 89
4.4.2.1. KMnOg as oxidant in fuel cell testing 89
4.4.2.2. Direct formic acid PEM fuel cell results 91
4.4.3. Conclusions 93
References 93

Chapter 5: Direct Formic Acid Microfluidic Fuel Cell that Utilises

Electrospun Carbon Nitride Nanofibers as Cathode Catalyst P
5.1. Introduction 95
5.2. Experimental section 96
5.2.1. Fabrication of microfluidic fuel cell 96
5.2.2. Flow interfacial studies and MFC activity measurements 99
5.3. Results and discussions 101
5.3.1. CNx nanofibers as cathode catalyst 101
5.3.2. Flow behaviour and MFC operation 105
5.4. Conclusions 112
References 113
Chapter 6: Conclusions and Future Prospects 115-118
6.1. Conclusions 115

6.2. Future prospects 117



References 118

Appendix A: Electrocatalytic Activity of Electrospun Carbon Nitride-
119-121
Polyacrylonitrile Nano Fibre Towards Oxygen Reduction Reactions

Appendix B: Reduction mechanism of potassium permanganate on carbon
123-124
nitride, platinum and gold catalyst

Curriculum Vitae 125-126

Xi



Figure No.

Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 2.1

Figure 2.2

Figure 2.3

List of Figures

Title

Schematic of hydrogen-oxygen fuel cell

Schematic of microfluidic fuel cell

The possible N-configurations in N-containing carbon materials;
N1: pyridinic N, N2: pyrrolic N, N3, N4: graphitic N and N5:
oxidized pyridinic N

The N-configurations: N1: pyridinic N, N2: pyrrolic N in the
synthesized carbon nitride nanoparticles

Graphitic carbon nitride structure as suggested by Kroke et al.
Schematic of electrospinning process

Chemical structure of (a) PVA and (b) PAN

In-situ FTIR setup used to carry out in-situ FTIR with cyclic
voltammetry

(a) SEM image of CNy, (b) TEM image of CNy, (¢) SEM image
of CNy/PVA nanofibers (d) TEM image of CNx/PVA nanofibers
showing nanofibers of diameter ~ 150 nm, (¢) TEM image of
CNx/PVA nanofibers with CNx nanoparticles embedded in the
CNy/PVA nanofibers and (f) TEM image of CNx/PVA
nanofibers with CNx nanoparticles entrapped within two aligned
nanofibers

FTIR of native CNx nanoparticles, PVA nanofibers and

CNyx/PV A nanofibers

Page No.

13

14

15

18

18

34

37

39

Xiii



Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

XPS spectra of CNx nanoparticles for (a) C1s peaks and (b) N1s
peaks; XPS spectra of CNx/PVA nanofibers for (c) C1s and (d)
N1s peaks

Raman spectra at 514.5 nm wavelength of native CNy
nanoparticles, CNx/PVA nanofibers and PVA nanofibers, (b)
Raman spectrum of CNx nanoparticles: Raw data and smoothed
data

(@) Linear sweep voltammograms of CNx/PVA nanofibers
(catalyst ink) CNx/PVA-AP nanofibers, native CNx
nanoparticles, Pt/C, PVA nanofibers and bare glassy carbon
electrode in 0.5 M H,SO4 solution at scan rate of 20 mV s for
ORR. (b) Expanded portion (I) of the voltammograms of native
CNyx nanoparticles, PVA nanofibers and bare glassy carbon
electrode

Linear sweep voltammograms of CNx/PVA nanofibers for ORR
showing the variation of current density with rotation speed and
that of Pt/C at 1600 RPM on a rotating ring disc glassy carbon
electrode in 0.5 M H2SO4 solution at scan rate of 20 mV s: (a)
Disk current; (b) Ring current; (c) number of electrons
exchanged versus voltage for CNx/PVA nanofibers (equation
2.1) and (d) Koutecky Levich plot for ORR for CNy/PVA
nanofibers (equation 2.2)

(@) In-situ FTIR spectra at potentials 0.9 V, 0.8V, 0.7 V, 0.6 V
and 0.5 V with (b) cyclic voltammetry of CNx/PVA nanofibers

in nitrogen and oxygen purged 0.5 M H>SO4 for ORR. Expanded

41

42

44

45

48

Xiv



Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

portion of FTIR bands: (c) X at 3410 cm™ (d) Y at 2590 cm* and

(e) Z at 1980 cm™

Plot of band X at 3410 cm™ vs potential (mV) of in-situ FTIR
spectrum of CNy/PVA nanofibers in O, saturated H>SOs
corresponding to CV shown in figure 2.7 (a)

(a) Polarization curves of CNyx/PVA nanofibers for ORR at
different LSV repetitions and (b) FTIR spectra observed at 700
mV at different LSV repetitions

TEM images of CNx/PVA nanofibers dispersed in isopropyl
alcohol (a) before ORR voltammetry (b) 2000 LSV repetitions
for ORR and (c) 5000 LSV repetitions for ORR

(a) Current-distance curve as the Pt microelectrode (25 pm) is
approaching the CNx/PVA nanofibers coated carbon paper and
blank carbon paper, (b) SECM plot showing variation of current
with electrode area surface (XY) keeping the height (Z) constant
TEM image of (a) native CNx nanoparticles and (b) CNy/PAN
nanofibers

SEM image of (a) CNx/PAN nanofibers and (b) PAN nanofibers
XPS spectra of N1s region for CNx/PAN nanofibers. The dot
lines represent the raw data for the XPS

N2 sorption isotherm of CNx/PAN nanofibers

(a) Current-distance curve as the Pt microelectrode (25 pm) is
approaching the CNx/PAN nanofibers coated carbon paper and
blank carbon paper, (b) SECM plot showing variation of current

with electrode area surface (XY) keeping the height (Z) constant

49

50

51

52

58

58

59

60

61

XV



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

Linear sweep voltammograms of CNx/PAN nanofibers, native
CNx nanoparticles, Pt/C and bare glassy carbon electrode in 0.5
M H2SOq solution at scan rate of 20 mV s for ORR

(@) Cyclic voltammogram of CNx/PAN nanofibers in nitrogen
and oxygen purged 0.5 M H2SO4 for ORR. FTIR bands of in-situ
FTIR spectra at potentials 0.9 V, 0.8 V, 0.7 V, 0.6 V and 0.5 V:
(b) X at 3420 cm™?

Raman spectra at 514.5 nm wavelength of CNx/PAN nanofibers
(before and after cyclic voltammetry), PAN nanofibers and
native CNy nanoparticles (inset)

Linear sweep voltammograms of CNx/PAN nanofibers for ORR
showing the variation of current density with rotation speed on a
rotating ring disc glassy carbon electrode in 0.5 M H>SOq4
solution at scan rate of 20 mV s™: (a) Disk current; (b) Ring
current; and (c) Koutecky Levich plot for ORR for CNx/PAN
nanofibers; and (d) number of electrons exchanged vs voltage
(a) Polarization curves of CNx/PAN nanofibers for ORR at
different LSV repetitions and (b) FTIR spectra observed at 700
mV at different LSV repetitions

SEM image of (a) CNx nanofibers, (b) PAN/CB/Nafion®
nanofibers

TEM image of CNx nanofibers

XPS spectra of CNy nanofibers: (a) wide scan with S 2p core

level spectrum shown in inset, (b) N 1s core level spectrum

62

63

65

66

68

74

74

75

XVi



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Linear sweep voltammograms of CNyx nanofibers, CNy/PAN
nanofibers, native CNyx nanoparticles, Pt/C and bare glassy
carbon electrode in 0.5 M H2SO;4 solution at scan rate of 20 mV
st for ORR

Linear sweep voltammograms of CNx nanofibers for ORR
showing the variation of current density with rotation speed on a
rotating ring disc glassy carbon electrode in 0.5 M H2SOq4
solution at scan rate of 20 mV s*: (a) Disk current; (b) Ring
current; and (c) Koutecky Levich plot for ORR for CNx
nanofibers

(@) Cyclic voltammogram of CNyx nanofibers in nitrogen and
oxygen purged through 0.5 M H2SO4 for ORR. FTIR bands of
in-situ FTIR spectra at potentials 1.2 V, 1V, 0.9 V, 0.8 V and
0.7 V: (b) X at 3490 cm™ (c) Y at 1950 cm™ and (d) Z at 2620
cm?

(a) Polarization curves of CNx nanofibers for ORR at different
LSV repetitions and (b) FTIR spectra observed at 700 mV at
different LSV repetitions

Raman spectra at 514.5 nm wavelength of CNx nanofibers
(before and after CV), PAN/CB/Nafion® nanofibers and native
CNyx nanoparticles (inset)

(a) Current-distance curve as the Pt microelectrode (25 pm) is
approaching the CNx nanofibers coated carbon paper, CNx/PAN

nanofibers coated carbon paper and blank carbon paper, (b)

77

79

80

82

84

86

XVii



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 5.1

SECM plot showing variation of current with electrode area
surface (XY keeping the height (Z) constant

PEM fuel cell setup

Polarisation curve comparison for different oxidants, e.g., O and
0.144 M KMnO4 + 0.5 M H2SO4 (1:20); Anode: Pt black;
Cathode: CNy nanofibers (0.5 mg cm); Fuel: 2.1 M HCOOH
Linear sweep voltammograms for KMnOj4 reduction: (a) CNx
nanofibers, Pt black and bare glassy carbon electrode in 0.5 M
H2SO4 + 0.144 M KMnOg solution, (b) CNx nanofibers in 0.5 M
H2SO4 + 0.144 M KMnOg4 and 0.5 M H2SO4 + 0.144 M KMnO4
+ 2.1 M HCOOH solutions to study HCOOH poisoning

Current density-voltage and power density curves at different 0.5
M H2SOs4 + 0.144 mM KMnOg4 (oxidant) flow rates with formic
acid (fuel) at 3 mL/min for (a) CNxnanofibers (0.5 mg cm™), (b)
Carbon paper as cathode catalyst. Anode used is Pt black
Current density-voltage and power density curves for Pt black
(0.5 mg cm2), CN nanofibers (0.5 mg cm) and carbon paper
as cathode catalysts with formic acid (fuel) flow rate of 3 mL/min
and 0.5 M H2SO4 + 0.144 mM KMnO: (oxidant) flow rate of 30
mL/min. Anode: Pt black

Y-shaped microfluidic fuel cell with microchannel of
dimensions 800 um (W) x 125 um (H) x 3.7 cm (L); anode
(width 300 um) and cathode (width 300 um). Distance between
the electrodes 100 um such that interfacial layer lies within this

region

88

90

90

91

92

97

XViii



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Fabrication steps of microfluidic fuel cell: (a) UV-lithography of
OFPR and LOR resist to define anode coating, (b) Electron beam
deposition of 10 nm Ti and 50 nm Pt film followed by lift-off
using PG remover, (c) UV-lithography to define cathode coating
aligned with the anode, (d) Electron beam deposition of 10 nm
Tiand 50 nm Au film followed by coating of CNx nanofibers by
electrospinning and lift-off using PG remover, (e) UV-
lithography of SU-8 resist on Si wafer, (f) PDMS casting, (g)
PDMS demoulding and (h) Alignment of PDMS microchannel
on top of the electrodes coated glass slide

(a) Assembled microfluidic fuel cell; Microscopic images (b) Y-
junction of the microchannel (region | in Figure 5.3 (a)) and (c)
the middle part of the microchannel (region Il in Figure 5.3 (a)).
Left electrode is gold cathode and right electrode is platinum
anode patterned on glass surface

(a) Schematic of microfluidic fuel cell during cell testing; (b)
Actual photograph of microfluidic fuel cell experimental set-up
(a) SEM and (b) TEM of CNx nanofibers

Optical microscopic (a) bright field image and (b) dark field
image of CNx nanofibers as cathode catalyst on Au surface after
lift-off. Bright field image of (c) bare Au and (d) Pt as cathode.
Dark field image of CNx nanofibers as cathode catalyst (e) before
lift-off and (f) after lift-off

SEM of a single cluster of CNy catalyst after lift-off
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Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure Al

Figure A2

Figure A3

XPS spectra of CNx nanofibers: wide scan spectra (a) before lift-
off, (b) after lift-off, N 1s core level spectra (c) before lift-off and
(d) after lift-off

(a) Width of the interface of the fuel and oxidant flow in the
microchannel at different flow rates of the fluids at the middle
(X = 18 mm) and near the outlet (X = 36 mm) of the
microchannel. The black horizontal line indicates the distance
between the electrodes; (b) Snapshot and (c) Plot profile of the
microchannel near the outlet when fluid is flowing at the flow
rate of 300 uL mint

Microfluidic fuel cell polarization curve and power density curve
at different flow rates of 300, 400 and 500 pL min™ with the
cathode catalyst: (a) CNx nanofibers, (b) Pt and (c) Au
Microfluidic fuel cell polarization curve and power density curve
at flow rate of 300 uL min‘* for different cathode catalysts: CNx
nanofibers, Pt and Au

XPS spectra of N1s region for (a) native CNx nanoparticles and
(b) PAN nanofibers. The dot lines represent the raw data for the
XPS

Linear sweep voltammograms of CNx/PAN nanofibers at CNy
loading of 500, 402, 304 and 102 pg cm? in 0.5 M H2SO4
solution at scan rate of 20 mV s for ORR

FTIR bands of in-situ FTIR spectra with cyclic voltammogram

of CNx/PAN nanofibers in oxygen purged 0.5 M H2SO4 for ORR
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at potentials 0.9 V, 0.8V, 0.7 V, 0.6 Vand 0.5 V: (a) Y at 1990
cm?and (b) Z at 2710 cm™®

Figure B1  Cyclic voltammograms for KMnOs reduction on CNx
nanofibers, Pt and Au in 0.5 M H2SO4 + 0.144 M KMnO4 126

solution
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