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Carbon nitride (CNy) nanofibers is successfully utilised as cathode catalyst in microfluidic fuel cell (MFC)
using electrospinning technique. The electrochemical measurement for CNx nanofibers as cathode
catalyst in MFC is studied and compared with that of Pt and Au cathodes. Formic acid is employed as fuel,
KMnOy4 as oxidant and H,SO4 as supporting electrolyte. CNx nanofibers is shown to be not active towards
formic acid oxidation and as a result, is tolerant to fuel crossover effect as compared to Pt and Au cathode.

CNy nanofibers enable MFC to operate at a wider range of flow rates of fuel and oxidant as compared to Pt
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and Au conventionally used. MFC utilising CNy nanofibers gives higher power density of 3.43 mW cm 2
and the current density of 9.79 mAcm 2, as compared to that utilizes pure Au (2.72 mW cm 2,
6.04 mA cm2) and Pt (3.09 mW cm 2, 6.18 mA cm2) as anode.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recent increase in demand of power source for portable devices,
that include common devices such as mobile phones to specialised
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devices such as clinical diagnostic tests, have increased momentum
in research for microfluidic fuel cells (MFC) [1,2]. MFC operates
without a physical barrier as the liquid fuel and oxidant maintain
laminar flow regime within microfluidic channel [3—5]. Normally
proton exchange membrane (PEM) is used as the solid electrolyte,
which maintains a barrier between anolyte and catholyte and al-
lows proton transfer in the case of PEM fuel cell. However, Dector
et al. [3] showed that MFC can be used without using PEM by
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maintaining a co-laminar flow of anolyte and catholyte and keep-
ing mixing zone at the interface minimum.

Most of the MFC developed till date utilizes Pt or Pt-based
material as cathode catalyst [5,6]. However, Pt being expensive,
hampers the commercial viability of the MFC. In order to boost the
commercial viability of MFC, cathode catalysts are widely studied
that replaces Pt catalysts [1,7,8]. Gago et al. observed that MFC that
uses carbon-supported ruthenium chalcogenide as cathode catalyst
showed better maximum power density (1.97 mW cm2) than Pt/C
catalyst (1.89 mW cm™2), boosting the research prospects in
carbon-based materials as cathode catalyst [9]. Carbon nitride
(CNy), a nitrogen-containing carbon material, has been reported to
show good activity as oxygen reduction reaction (ORR) catalyst
[10—12]. In the previous discourse of our studies, electrospun car-
bon nitride (CNy) nanofibers are studied that exhibited ORR activity
comparable to Pt/C catalysts [13—15]. Electrospun CNy/PAN nano-
fibers, incorporated with carbon black and Nafion® fillers, (referred
as CNy nanofibers) showed comparable onset potential (0.95 V) and
peak current density (6.32 mA cm™2) compared to that of Pt/C
catalysts (0.97 V, 6.41 mA cm~2) in voltammetry studies for ORR
[14]. In the present study, CNy nanofibers is used as electrocatalyst
for KMnOg4 reduction, the cathode reaction of MFC. Furthermore,
CNy nanofibers is successfully laid in the cathode channel of the
MFC using electrospinning technique coupled with lift-off,
improving its maximum power density achieved as compared to
Pt catalyst. Fuels like formic acid, methanol and ethanol are not
active to CNy nanofiber. Thus, use of CNy nanofibers, being tolerant
to fuel crossover, as cathode catalyst allows lower flow rate oper-
ation of MFC without jeopardizing efficiency of power generation.

Formic acid is preferred as fuel due to its considerable advan-
tages over other fuels, such as methanol, ethanol and hydrogen. It
has higher overall theoretical open circuit potential (1.48 V) as
compared to hydrogen (1.23 V) and methanol (1.21 V) [5]. More-
over, it acts as both fuel and the proton conductor in the MFC [16].
Choban et al. observed that when potassium permanganate is
employed as the oxidant in formic acid MFC, it exhibited one order
of magnitude higher current density and power density
(4 mA cm™2, 24 mW cm~2) as compared to that when oxygen
saturated stream is used as oxidant (0.4 mA cm ™2, 0.17 mW cm2).
Moreover, potassium permanganate as the oxidant gives high cell
potential due to its high reduction potential (1.7 V) as compared to
0O, as oxidant [17]. Previous literature suggests that gold layer can
be used as current collector due to its stability and good electrical
conductivity [6,18].

In the present study, CNy nanofiber is utilised as the cathode
catalyst for formic acid MFC, fabricated based on the design as
shown in Fig. 1. Platinum is used as anode layer for all the studies.
The gold layer is used as the current collector and the titanium layer
is used as the adhesion layer. The performance of MFCs with
different cathode catalysts, e.g., CNy, Pt, Au, are compared at
different flow rates. The liquid fuel (formic acid) and oxidant (po-
tassium permanganate), mixed with the liquid electrolyte (sul-
phuric acid), are fed in a Y-shaped MFC. The interfacial layer of the
fuel and the oxidant flow in the microchannel of MFC comprising
CNy nanofiber, Pt and Au as cathode catalyst is visually observed
and current-voltage characteristics are compared and analysed
with the variation of flow rates of fuel and oxidant.

2. Experimental section
2.1. Fabrication of microfluidic fuel cell

MFC presented in this work is composed of the glass slide

containing patterned electrodes and the Y-shape microchannel
made of PDMS, which is used to introduce the fuel and the oxidant.
The fabrication steps are presented in Fig. S1 of the supplementary
information. Initially, a glass slide (70 mm x 50 mm) was coated
with two positive photoresists, LOR 20B (Microchem Corp.,
Newton, M.A) and OFPR-800 LB (Tokyo Ohka Kogyo, Japan). The
LOR resist helps in easy lift-off of the metals due to the prominent
undercut created beneath the LOR resist. UV-lithography (Karl Suss,
MAG6) was used to define the anode coating area (Fig. S1 (a)) and
NMD-3 developer (2.38%, Tokyo Ohka Kogyo) was used to create
undercut resist patterns for the deposition of metal electrodes. The
glass slide was then coated with Ti (10 nm), as an adhesion layer,
and Pt (50 nm) using EB evaporator system (ULVAC, EX-550-D10),
followed by lift-off process using PG remover (Microchem Corp.,
Newton, M.A) (Fig. S1 (b)) to define the shape of the anode. Sub-
sequently, cathode coating area was defined on the same glass slide
using mask aligner and UV-lithography (Fig. S1 (c)). The anode and
cathode catalyst films are placed parallel at the separation of
100 pm. The resultant glass slide was deposited with cathode fol-
lowed by the lift-off process using PG remover (Fig. S1 (d)). For the
cathode, firstly Ti layer (10 nm) was deposited as the adhesion
layer, followed by Au layer (50 nm), as the current collector layer.
CNy nanofibers cathode catalyst was synthesized using electro-
spinning (NANON-01A, MECC Co., Ltd., Fukuoka, Japan) in the same
way, as explained in our previous study [14], keeping the glass slide
(EB deposited with Ti (10 nm), Au (50 nm)) as the collector during
electrospinning. MFC activity utilising CNyx nanofibers catalyst is
compared with that using Pt (50 nm) and Au (50 nm) as the
cathode, keeping the Ti (10 nm) as adhesion layer underneath.

In order to synthesize CNx nanofibers, firstly CNx nanoparticles
were synthesized using ethylenediamine (Merck) and carbon tet-
rachloride (Merck) as precursors. Ethylenediamine and carbon
tetrachloride were mixed, refluxed in a nitrogen atmosphere at
90 °C for 6 h and then calcined in the nitrogen atmosphere for 5 h at
600 °C. Electrospinning of the resultant CNy nanoparticles was
performed using polyacrylonitrile (Average molecular weight:
1,50,000, Sigma-Aldrich) and dimethyl formamide (DMF, Kanto
Chemical Co., Inc.). Dispersion of 5% (w/v) CNx nanoparticles in 5%
(w/v) PAN/DMF solution was prepared. Carbon black powder
Vulcan XC-72 R (GP-3919, Cabot) (1% (w/v)) was added in the
prepared solution. After drying 2 mL of Nafion® dispersion (DE-521,
DuPont, USA) at 80° C, it was added to 10 mL of the prepared so-
lution. Electrospinning was carried out at 30 kV voltage and flow
rate of 0.5 mL h~! maintained by a syringe pump as per formulation
in electrospinning unit. Surface morphology and size of CNy
nanofibers were analysed using TEM (Jeol JEM 2200-FS) and SEM
(Hitachi SEM SU8030). The effect of PG remover (used for lift-off)
on CNy nanofibers was studied by carrying out SEM of CNx nano-
fibers after treating it with PG remover. X-ray photoelectron spec-
troscopy (XPS) (PHI Quantes, Scanning Dual X-ray Photoelectron
Microprobe, ULVAC-PHI, INC) was performed to study the charac-
teristic absorption peaks of the CNy nanofibers, before and after
treating with PG remover. XPS was performed under a basic pres-
sure of 1077 - 10~ Torr. The X-ray source used was anode Al with
the pass energy of 240 eV for wide spectrum and 140 eV for indi-
vidual spectra. The XPS data fitting was performed using MultiPak
software.

The electrocatalytic activity of CNx nanofibers towards KMnO4
reduction was studied by linear sweep voltammetry (LSV) using
three-electrode cell assembly connected to potentiostat-
galvanostat (PGSTAT 128 N, AUTOLAB). Ag/AgCl (in saturated KCl)
electrode, Pt wire and H,SO4 (0.5 M) mixed with KMnOg4 (0.144 M)
were used as reference, counter electrode and electrolyte
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Fig. 1. Y-shaped microfluidic fuel cell with microchannel of dimensions 800 pm (W) x 125 um (H) x 3.7 cm (L); anode (width 300 pm) and cathode (width 300 pum). Distance

between the electrodes 100 um such that interfacial layer lies within this region.

respectively. All the potential values measured are relative to
reversible hydrogen electrode (RHE). The working electrode was
prepared using CNy nanofibers as catalyst material. Twenty milli-
gram of the catalyst was ultrasonicated in 4 mL isopropanol and
40 pL Nafion® dispersion for 1 h to prepare the catalyst ink. The
prepared catalyst ink was dropped on to 1.6 mm diameter circular
glassy carbon electrode and dried at room temperature. The cata-
lyst loading of 1 mg cm™2 was used. LSV for KMnO, reduction was
carried out on CNy nanofibers and bare glassy carbon electrode at
the scan rate of 20 mV s~ L. LSV on CNy nanofibers was carried out
over 1000 repetitions at the scan rate of 20 mV s~ ! to study the
stability of CNy nanofibers in KMnO4 environment. LSV on CNy
nanofibers in 0.5 M HySO4 + 0.144 M KMnOy4 (1:1 volumetric ratio)
solution was compared with LSV in 0.5 M HySO4 + 0.144 M
KMnOg4 + 2.1 M HCOOH (1:1:1 volumetric ratio) solution to un-
derstand the formic acid crossover effect. The cyclic voltammetry
(CV) on Pt, Au and CNy nanofibers towards KMnOg4 reduction is
performed to understand the electrochemical transition of Mn ions.
The detailed CV procedure is provided in the supplementary
information.

In order to fabricate the microchannel, polydimethylsiloxane
(PDMS, TSE 3450, Momentive Performance Materials Inc., USA) was
used. Firstly, the master template defining the shape of the
microchannel was prepared using the SU-8 photoresist (SU-8 3050,
Microchem Corp., Newton, M.A.). The master was the SU-8 photo-
resist pattern defined by UV-lithography on the silicon wafer
(Fig. S1 (e)). The dimensions of the microchannel were 800 pm (W)
x 125 pm (H) x 37 mm (L). Subsequently, the PDMS prepolymer and
the curing agent mixed in the ratio of 1:10 were poured onto the
master template followed by degassing in a vacuum desiccator for
1 h (Fig. S1 (f)). After curing the degassed PDMS at room temper-
ature for 6 h, it was peeled off from the master template (Fig. S1
(g)). The holes were punched in the PDMS microchannel for the
inlets, outlet and for taking the electrode connection. Finally, the
PDMS microchannel was aligned using the alignment marks and
soft-bonded with metallized glass slides so that the electrodes lie
within the microchannel width (Fig. S1 (h)).

The assembled MFC was analysed using Nikon Eclipse LV100
optical microscope with a digital camera (Nikon Digital Sight DS-
Fil). Fig. 2 (a) shows the assembled MFC and the microscopic im-
ages of Y-junction and mid part of the MFC with the electrodes are
shown in Fig. 2 (b) and 2 (c). It may be noted that no plasma
bonding or UV vacuum process was needed to bond the micro-
channel and the glass slide and the assembled MFC was able to
withstand the flow rates up to 1 mL min~". The active surface area
was calculated to be 0.11 cm?.

2.2. Flow interfacial studies and MFC activity measurements

Fuel was prepared by mixing 0.5 M H,SO4 (98%, Kanto Chemical
Co., Inc.) and 2.1 M HCOOH (98%, Nacalai Tesque, Inc.) in the ratio of
1:1. Oxidant was prepared by mixing 0.5 M H,SO4 and 0.144 M
KMnO4 (Kanto Chemical Co., Inc.) in the ratio of 1:1. Pressure driven
fluid flow was incorporated in all MFC tests, the flow rates of which
were regulated by the syringe pump (KD Scientific Inc.). The flow
rates of the fuel and the oxidant were kept same and in the range of
50—500 pL min~". The fluid flows through the microchannel was
analysed using the microscope (Nikon Instech Co., Ltd., TE2000-U)
with high-speed CCD camera (DS-2Myv, Digital Sight). The width of
the interfacial layer of the fuel and the oxidant flow in the micro-
channel was calculated by studying the flow profile of the fluid
interface in the microchannel using Image] software version 1.48
(NIH, USA). The electrical connections from the electrodes were
taken through the tungsten probes. Current-voltage measurements
were performed using the semiconductor device analyser (Agilent
Technology B1500A). MFC setup during cell testing and its sche-
matic are shown in Fig. 3 (a) and Fig. 3 (b) respectively.

3. Results and discussions
3.1. CNy nanofibers as cathode catalyst

CNy nanofibers are electrospun directly on the glass slide, after
gold deposition using EB evaporator. Polyacrylonitrile (PAN) is used
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Fig. 2. (a) Assembled microfluidic fuel cell; Microscopic images (b) Y-junction of the microchannel (region I in Fig. 2 (a)) and (c) the middle part of the microchannel (region II in
Fig. 2 (a)). Left electrode is gold cathode and right electrode is platinum anode patterned on glass surface.

as supporting polymer and carbon black and Nafion® dispersion as
fillers. SEM and TEM image of CNx nanofibers are shown in Fig. S2
(a) and Fig. S2 (b) respectively of the supplementary information.
The average size of CNy nanofibers is observed from SEM as 75 nm.
TEM micrograph shows that CNy is dispersed as a layer on PAN
nanofibers. The stability of CNy layer is attributed to the binding
property of Nafion® dispersion. In some cases, CNy nanoparticles,
supported on carbon black, are observed to be dispersed in PAN
nanofibers as nodes, which is discussed in our previous study [14].
The detailed synthesis process, physical characterization and elec-
trochemical characterization of CNx nanofibers are also explained
in the mentioned study [14]. It is shown that CNx nanofibers
showed excellent ORR catalytic activity comparable to Pt/C cata-
lysts. In the present investigation to use CNy nanofiber as cathode
catalyst, the CNy nanofiber deposited on Au metal is removed from
the unwanted areas of the glass slide by lift-off using PG remover
solution. Fig. 4 (a) and 4 (b) show the bright field image and dark
field image of CNx nanofibers on the Au surface after lift-off. Fig. 4
(c) and 4 (d) show bare Au and Pt as cathode respectively. It may be
noted that electrospun CNyx nanofibers (Fig. 4 (e)) lost its nano-
fibrous morphology after lift-off (Fig. 4 (f)). PG remover, an organic
solvent mixture composed of N-Methyl Pyrrolidinone (NMP), is
used for lift-off. The loss in the nanofibrous shape of CNy nanofibers
is attributed to the solubility of PAN in NMP [19]. Fig. 4 (f) shows
that Au surface consists of the uniformly distributed clusters. SEM
image of the cluster (Fig. 4 (g)) shows that it consists of inter-
connected CNy nanoparticles fused together. However,

agglomeration of CNy on a large scale is prevented as CNx was
dispersed in PAN nanofibers. As a result, the CNy clusters individ-
ually are no bigger than 200 nm. The stability of CNy on the gold
surface is attributed to the binding property of Nafion® dispersion
used as a filler in the CNy nanofibers and the adhesive property of
gold nanolayers deposited by EB evaporation system. In our earlier
work [14], it is clearly shown that disintegrated CNx nanofiber due
to 5000 repetitive voltammetry became more stable and active
towards ORR.

Fig. 5 (a) and 5 (b) shows the XPS wide scan spectrum of CNy
nanofibers before and after lift-off and Fig. 5 (c) and 5 (d) shows the
corresponding N 1s spectrum. N percent in CNy nanofibers reduces
from 27% to 2% after lift-off is carried out which is because of
removal of PAN nanofibers. The presence of F attributed to Nafion®
in the wide scan spectrum of CNy nanofibers after lift-off (Fig. 5 (b))
confirming that Nafion® aids in stabilization of CNy clusters on gold
nanolayers. The peak deconvolution of XPS of N1s core level spectra
of CNx nanofibers before and after lift-off is carried out based on the
peak deconvulation carried out by Long et al. [20,21]. N1s spectrum
of CNy nanofibers before lift-off (Fig. 5 (c)) shows the presence of
peaks at 398.3 eV and 398.9 eV, attributed to pyridinic N and nitrile
N, respectively [22]. Pyridinic N, active species for ORR, is present
due to the presence of CNy nanoparticles and nitrile N due to PAN
nanofibers. The removal of PAN after lift-off of CNx nanofibers is
confirmed by the absence of the peak at 398.9 eV in N 1s spectrum
of CNy nanofibers (Fig. 5 (d)).

Fig. 6 (a) shows the LSV plots of CNy nanofibers and bare glassy
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Fig. 3. (a) Schematic of microfluidic fuel cell during cell testing; (b) Actual photograph of microfluidic fuel cell experimental set-up.

carbon electrode towards KMnO4 reduction, which display the
reduction peak of CNx nanofibers and glassy carbon electrode not
active towards KMnO4 reduction. Fig. 6 (a) shows that the onset
potential and peak current density for KMnO4 reduction of CNy
nanofibers is 1.5 V and 16.8 mA cm 2, respectively. The observed
values are improved as compared to onset potential of 0.95 V and
peak current density of 6.32 mA cm~2 for ORR, as observed in our
previous study [14], attributed to KMnO4 being a better cathodic
electron acceptor than oxygen [17]. Fig. 6 (b) shows that CNy
nanofibers is stable in strong oxidative KMnO4 condition with no
change in peak current density and onset potential after 1000t
repetition. In order to study the crossover effect of formic acid fuel,
LSV response is studied in KMnOj4 solution with and without 2.1 M
HCOOH and is shown in Fig. 6 (c). The concentration of KMnO4
taken is very low and the stoichiometry of the reaction between
HCOOH and KMnOy is such that only 0.36 M HCOOH is consumed,
which is negligible [23]. Similar voltammetry response to KMnO4
reduction, with and without 2.1 M HCOOH, confirms that CNy
nanofibers is not active towards formic acid oxidation and is
tolerant towards fuel crossover. Fig. 6 (c) shows no reduction peak
when no KMnOQy is added and only 0.5 M H,SO4 is used as the
electrolyte confirming that KMnO4 reduction is taking place at the
electrode. The CV plots towards KMnO4 reduction on Pt, Au and CNx
nanofibers are shown (Fig. S3) and explained in detail in the sup-
plementary information. Briefly, CV plots confirm the presence of
two reduction peaks corresponding to Mn (IV) to Mn (III) and Mn
(1IT) to Mn (II). The reduction peak corresponding to Mn (IV) to Mn

(1) is at 1.15 V, 1.1 V and 1.05 V for Pt, CNy nanofibers and Au,
respectively. Reduction peak for Mn (III) to Mn (II) at 0.6 V for Pt and
Au is subdued as compared to CNy nanofibers, suggesting that CNy
nanofibers has more electrocatalytic active surface for KMnO4
reduction as compared to Pt and Au.

3.2. Flow behaviour and MFC operation

Flow rates of the fuel and the oxidant needs to be optimised in
order to get maximum power density from the MFC. Importantly,
anolyte and catholyte should mix minimum during its flow
throughout the length of MFC. Fig. 7 (a) shows the variation of the
interfacial width of the fuel and the oxidant flow in the micro-
channel for different flow rates at the middle and near the outlet of
the microchannel. The coloured oxidant flow, that contains KMnOy,
enables the plotting of the flow profile at the interface through the
microchannel based on the colour variation along the width of the
microchannel. The snapshot of the microchannel, while the fluid
flow is taking place, was taken using the CCD camera and the profile
was plotted to measure the interfacial width using Image] software
version 1.48 (NIH, USA). As an example, a snapshot of the micro-
channel at X = 36 mm for the flow rate of 300 uL min~! is shown in
Fig. 7 (b) and the corresponding profile is shown in Fig. 7 (c) (flow
video is given in the supplementary information).

In order to get effective MFC power output, the interfacial
width is needed to be less than the distance between the elec-
trodes (100 pm), as shown by the black line in Fig. 7 (a). It is
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Fig. 4. 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 CNy nanofibers as cathode catalyst (e) before lift-off and (f) after lift-off; (g) SEM of a single cluster of CN catalyst after lift-off.

observed from the plot that the interfacial width is higher for low
flow rates (50 pL min~', 100 pL min~! and 200 pL min~'), which is
because of high diffusion rates. Since the interfacial width is more
than 100 pm for 50 pL min~! and 100 pL min~, the device fails as a
fuel cell for these flow rates. For 200 pL min~, the interfacial
width increasing along the length of the channel, which is equal to
100 um near the outlet, making it infeasible to be used effectively
as a fuel cell. The interfacial width reduces further with the in-
crease in fluid flow rates. For higher flow rates of 400 pL min~!
and 500 puL min~!, interfacial width is more near the outlet of the
microchannel (85.1 um and 80.9 um, respectively) as compared to
the middle of the microchannel (74.5 pm and 69.2 pm, respec-
tively). The increase in interfacial width along the length of the
microchannel at high flow rates is attributed to the low hydro-
dynamic stability of the anolyte and catholyte interface. The in-
crease of the interfacial width along the length of the
microchannel leads to high ohmic losses and consequently, low
power density. Moreover, high flow rate leads to the low retention

time of the fuel and low fuel efficiencies in the microchannel [6].
Increasing the fluid flow rate results in the oscillation of the
interface causing hydrodynamic perturbation to such an extent
that the fluid touched the opposite electrode leading to zero open
circuit potential (OCP) beyond 500 pL min~ At the fluid flow rate
of 300 uL min~', the interfacial width of the fluids is seen to be
constant along the length of the microchannel (86 um) and it is
less than 100 pm. Thus 300 pL min~' flow rate of anolyte and
catholyte gives stable interface (<100 pm) with minimum flow
rate. As a result, when the flow rates are decreased from
500 pL min~! to 300 uL min~, the peak power density is increased
from 2.44 mW cm 2 to 3.43 mW cm~? for CNy nanofibers (Fig. 8
(a)), from 2.23 mW cm™2 to 3.09 mW cm~2 for Pt (Fig. 8 (b))
and 1.81 mW cm~2 to 2.72 mW cm~2 for Au (Fig. 8 (c)).

In earlier studies [24], it is shown that the power density in MFC
decreases with the decrease in fluid flow rate due to increase in the
interfacial diffusion in the transverse direction of flow. Ahmed et al.
[25] reported that the detrimental effect due to diffusion at the low
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Fig. 5. XPS spectra of CNy 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.

flow rate may be overcome by increasing fuel utilization and
bringing hydrodynamic stability, which would give rise to an
improvement in MFC power density. Nasharudin et al. [26] argued
that the crossover at lower flow rate is more because of diffusion
compared to that due to hydrodynamic perturbations at higher
flow rate. The dimensions of the flow architecture of MFC is such
that the mean residence time of the fuel inside the microchannel (t)
is negligible as compared to diffusion time (tp), the time required to
mix anolyte and catholyte fully in the microchannel. Diffusion time
is calculated as [27]:

WZ
D = D (1)
where, W is the width of the microchannel (800 pm) and D is
diffusivity of formic acid, calculated [28] as 119 x 1072 m?fs.
Diffusion time (tp) is calculated as 538 s in the present case. Mean
residence time (t) at a particular point in the downstream of the
microchannel (X), depends on the height of the microchannel (H),
width of the microchannel (W) and the flow rate of the fluid (Q)
and it is calculated as:

X
t= v (2)
where, V¢ is the velocity of flow, which is given by,
. Q
Vit mow ®

For flow rates of 300, 400 and 500 pL min~!, velocity is
calculated as 0.05, 0.067 and 0.083 m s/, respectively and the
corresponding mean residence time is calculated as 0.7, 0.53 and
0.42 s near the outlet of the microchannel at X = 3.5 cm. The
maximum value of mean residence time calculated, 0.7 s for
300 pL min~, is three orders of magnitude less than diffusion
time, 538 s, confirming that the adverse effect of diffusion on

power density at low flow rate is negligible. As a result of this,
factors such as higher hydrodynamic instability and less fuel uti-
lization leading to low power density is more dominant at higher
flow rates. Consequently, the fuel crossover at high flow rates due
to hydrodynamic perturbations is more than that at low flow rates
due to diffusion. In Fig. 8 (b), there is a small kink for the flow rate
of 500 pL min~! at 0.5 V that resembles the passive region in a
polarization curve, attributed to CO poisoning of the Pt cathode
due to high fuel crossover. It is seen that the power density value
decreases after 0.5 V at a constant current density. In Fig. 8 (c), OCP
is seen to decrease from 1.1 V for 300 pL min~! to 0.80 V for
500 pL min~. The reduction in OCP is attributed to high fuel
crossover leading to reduced fuel and oxidant concentration along
the length of the microchannel. The constant OCP in the polari-
zation curves for CNy nanofibers as cathode catalyst at different
flow rates affirms suitability of CNy catalyst to withstand fuel
crossover as compared to Pt and Au. The suitability of CNx nano-
fibers to withstand fuel crossover allows it to be operated with a
wide range of flow rate of anolyte (formic acid) and catholyte
(potassium permanganate). The absence of kink in the polariza-
tion curve of CNy nanofiber is attributed to its ability to withstand
CO poisoning due to its non-metallic nature as compared to Pt
catalyst, as shown by Sun et al. [29]. It should be noted that CNy is
not active towards formic acid electrooxidation.

Fig. 8 (d) compares the MFC polarization curve at a flow rate of
300 pL min~! for different cathode catalysts, e.g., CNx nanofibers, Pt
and Au. Table 1 summarizes the performance of MFC as shown in
Fig. 8 (d). The flow videos of the fuel and the oxidant in the MFC
that uses CNy nanofibers, gold and platinum as cathode catalyst is
shown in multimedia S4, S5 and S6 of the supplementary infor-
mation, respectively. It is observed from multimedia S4, S5 and S6
that the flows are stable and the clear interface of the anolyte and
catholyte is formed that lies within the 100 um spacing between
the electrodes. It is observed that when cathode catalyst is changed
from Au to CNy nanofibers, the peak power density increases from
2.72 mW cm 2 to 3.43 mW cm™2, corresponding current density
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Fig. 6. Linear sweep voltammograms for KMnO, reduction: (a) CNx nanofibers and
bare glassy carbon electrode in 0.5 M H,SO4 + 0.144 M KMnO,4 solution, (b) CNy
nanofibers in 0.5 M H,S04 + 0.144 M KMnO, solution at 5th and 1000 repetition, (c)
CNyx nanofibers in 05 M H,SO4, 05 M HySO; + 0144 M KMnO, and
0.5 M H;SO4 + 0.144 M KMnO, + 2.1 M HCOOH solutions to study HCOOH poisoning.

increases from 6.04 mA cm 2 to 9.79 mA cm 2. CN, nanofibers, as
cathode catalyst, showed improved power density and current
density as compared Pt cathode (power density: 3.09 mW cm™2
and current density: 6.18 mA cm™2).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jpowsour.2016.12.047.
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Fig. 7. (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 min~".

4. Conclusions

MEC is fabricated using Y-shape PDMS microchannel aligned
and soft bonded to metallized glass slides, which acted as anode
and cathode with an active area of 0.11 cm?. The use of CNy nano-
fiber as cathode catalyst in MFC is demonstrated, which avoids the
use of noble metal, allows the use of wide range of flow rates of
anolyte (formic acid) and catholyte (KMnOg4) during MFC operation
and is tolerant towards fuel crossover effect. MFC tested with CNy
nanofiber, Au and Pt as cathode catalysts give comparable OCP of
11 V and maximum power density and current density
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() Au; (d) microfluidic fuel cell polarization curve and power density curve at flow rate of 300 uL min~! for different cathode catalysts: CNy nanofibers, Pt and Au.

Table 1

Performance characteristics of microfluidic fuel cell for different cathode catalysts
(1 mg cm™2, 50 nm); Anode: Pt (50 nm), Anolyte: 2.1 M HCOOH; Catholyte: 0.144 M
KMnOy; Supporting electrolyte: 0.5 M H,SO4.

Cathode catalyst CNy nanofibers Pt Au

Maximum power density (mW cm~2) 343 3.09 2.72
Current density (mA cm2) 9.79 6.18 6.04
Open circuit potential (V) 1.1 1.1 1.05

(343 mW cm™? 979 mA cm2) for CNy followed by Pt
(3.09 mW cm 2 618 mA cm?) and Au (2.72 mW cm 2
6.04 mA cm2). The flow architecture of MFC is such that the
diffusion of anolyte and catholyte through the interface is negli-
gible at low flow rates. Contrary to previous studies, it is shown that
lower flow rates, e.g., 300 uL min~! gives maximum power density
and current density in MFC.
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