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Electrochemical Performance of Graphite Felts Modified by Potentiostatic
Oxidization for Oxygen Reduction Cathode
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Abstract: The graphite felts were respectively modified by cyclic voltammetry (CV) and potentiostatic oxidation
(PO), which electrochemical performances were evaluated by cyclic voltammetric experiments. As a result, PO
modification is more effective on improving the oxygen reduction reaction (ORR) activity of the graphite felts than
CV treatment. The PO modified graphite felts were further investigated by XRD, FTIR, Contact angle and CV. It
is found that the wettability of the graphite felts increases with the increase of potentiostatic oxidation time, due
to the increase of the hydrophilic oxygen-containing functional groups on surface. The graphite felt modified by
PO for 25 min in this work exhibits the preferable electrochemical performances with the reduction potential ~—0.43
V and the current density ~0.003 4 mA -cm™ of the reduction peak on CV curve. Consequently, potentiostatic
oxidation is an effective and feasible treatment for improving the electrochemical properties of the graphite felts

as the electrode material of Li-O, batteries.
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0 Introduction

Lithium-oxygen (Li-O,) batteries occupy a leading
position in the electric vehicle power competition, in

which the substance O, involved in the positive
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reaction comes from the air outside instead of storing
an oxidizer internally with the notable features of high
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energy density and no pollution. The battery shows
a theoretical specific energy of 1.1 x10* Wh -kg ™',

which is 5~10 times™® more than that of the state-of-
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the-art Li-ion batteries. However, Li-O, batteries are
plagued by many problems, especially the little
catalytic effects of the cathode material used
currently, which limit its rapid development to a great
extent™.,

Graphite felt has the advantages of high corrosion
resistance, large specific surface area, excellent
conductivity and good thermal stability, which is
suitable for applying as the electrode material of Li-O,
batteries. However, the electrode prepared directly
with graphite felt exhibits a poor electrochemical
performance due to the low surface energy of graphite
fiber and the existence of large amount of hydrophobic
groups!'®.

It was reported that the surface energy of
could be

modifications. Guan et al."! investigated the effects of

graphite felt enhanced by different
the heat treatment on different carbon materials, and
concluded that the electrochemical properties of the
treated carbon were improved significantly. Zhong?,
Sun et al. ™™ found that the acid

treatment on graphite felt could greatly improve the

and heat

surface activity of carbon Liu et al.™ used the
modified graphite felts as the electrode of the
vanadium Dbatteries, and found that the electro-
chemical performances of the graphite felts modified
by electrochemical oxidation were better than that by
acid and heat treatments.

Presently, most of the researches are focused on
the effects of the current density on the generation of
surface functional groups and of the electrolyte
concentration on the anodic oxidation degree in the
method of galvonostatic or potentiostatic oxidation!"*™8,
In this work, the graphite felts were respectively
modified by cyclic voltammetry and potentiostatic
oxidation, and the electrochemical performances of the
modified materials in aqueous solution were studied.
The influences of the potentiostatic oxidation duration
on wettability, functional groups and the electro-
chemical properties were investigated. It was shown
that the electrocatalytic performance of the graphite
felt treated by potentiostatic oxidation was improved
time was

obviously, and the optimal oxidation

determined.
1 Experimental

The Graphite felts obtained by polyacrylonitrile
graphitization with the carbon purity of =99.5% were
cut into 5 cmx6 cm wafers with the thickness of 2
mm, further ultrasonic cleaned with anhydrous ethanol
and distillated water, and finally dried at 70 °C for 24
h in an electric thermostatic drying oven.

Then the graphite felt wafers were respectively
modified at room temperature by cyclic voltammetry
(CV) in the potential range of 2.0~—0.01 V with the
scan rate of 10 mV s~ and potentiostatic oxidation
(PO) at 2.0 V on a PAR273A Potentiostat/Galvanostat
and a 5210 lock-in amplifier controlled by Powersuite
software (Princeton Applied Research, USA), in which
the as-prepared graphite felt wafer, the graphite
electrode, the saturated calomel electrode (SCE) and 1
mol -L~" H,SO, solution were used as the working
electrode (WE), the counter electrode (CE), the reference
electrode (RE), and the electrolyte, respectively.

The crystalline structures of the graphite felts
were examined by X-ray diffraction (XRD on a Philips
X' Pertpro MPD) with Cu Ko radiation (A=0.154 06
nm, U=40 kV, /=40 mA) ranging from 10° to 70° at a
scan rate of 0.04°-s7". The functional groups on the
surface of the graphite felts were evaluated by Fourier
transform infrared spectroscopy (FTIR) on a thermo
Nicolet Magna IR 560 spectrometer in the range of
900~3 800 cm™. The hydrophilicity of the graphite
felts was analyzed by sessile drop contact angle
measurement contact angle

(JC2000C1, Shanghai Zhongchen digital
technic apparatus Co., Ltd).

using a measuring

apparatus

The electrochemical performances of the graphite
felt materials were examined by cyclic voltammetric
(CV) measurements using the same apparatus for the
modification introduced above, except that the counter
electrode was replaced by a platinum net. The CV
measurements of the pristine graphite felts and the
CV modified samples were carried out in the potential
range of —0.8 and +0.6 V, and the graphite felts

modified by PO were carried out in the potential
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range of —0.9 and +0.4 V, which were performed at
room temperature with a scan rate of 10 mV-s™.

The graphite felts involved in CV measurements
were partly sealed with wax to remain an effective
area of 1 ¢cmx0.5 c¢m exposed. All electrodes were
mounted in an airtight container ", and dipped in the
electrolyte of 0.1 mol -L.™' LiOH solution, which was
saturated by oxygen flushing for 30 min before CV

measurements.
2 Results and discussion

2.1 XRD characterization of the raw graphite

felt

The XRD pattern of the pristine graphite felt is
shown in Fig.1, which exhibits a sharp diffraction
peak at ~26°, and two weak peaks at ~43° and ~53°,
corresponding respectively to  (002), (100) and (004)
faces of the hexagonal structure!®!, consisting well
with the diffraction pattern of graphite (JPCDS: No.65-
6212).

JPCDS No.65-6212

A
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Fig.1 X-ray diffraction pattern of the pristine graphite
felt

2.2 Modification of the graphite felts
2.2.1 Determination of the modification methods
The cyclic voltammetric curves of the graphite
felts with and without modification are given in Fig.2.
The CV curves of both modified samples exhibit
obvious reduction peaks compared to that of the
untreated graphite felt, implying that the electro-
chemical reaction activity is improved by modifica-

tion, which was also confirmed by Georgioua et al.!
and Shao et al.'”.
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Fig.2 Cyclic Voltammetric curves of graphite felts with
different treatment (a) without modification;
(b) mmodified by CV; (¢) modified by PO for
25 min

The reduction peak potentials and the reduction
peak current densities of the CV modified sample
along with the PO modified sample are ~-0.39 V and
~0.000 6 mA -cm™ along with ~—0.43 V and ~0.003 4
mA -cm™, respectively. Apparently, the reduction peak
potentials of the two modified samples are of the same
order of the magnitude, whereas the reduction peak
current density of the PO modified sample is ~4.7
times higher than that of the CV modified. Theoreti-
cally, the reduction peak potential refers to the oxygen
reduction reaction (ORR) activity, while the reduction
peak current density to the amount of reduced
oxygen"™". Higher current density implies more oxygen
consumption, namely the PO modification is more
effective. Therefore, potentiostatic oxidation was
determined as the modification method to perform the
further investigations in this work.

2.2.2 PO modification of the graphite felts

The change of the current intensity with the
potentiostatic oxidation time is shown in Fig.3.

The current intensity descends sharply due to
polarization within the beginning 61 s followed by a
slight increase, and maintains nearly stable after 200
s. The area under the curve represents the electric
consumption during oxidation process, which could be
determined by integrating the equation of dQ)=dixdl.

Apparently, with the increase of the modification time,

the electric consumption increases correspondently,
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Fig.3  Current-time relationship curve during PO
modification
implying that the oxidation degree of graphite felt
materials increases simultaneously. The mechanism is
discussed in detail below in this article.
2.3 FTIR characterization of the graphite felt
The dispersibility, conductivity and wettability of
the graphite-felt electrode have remarkable effects on
the which

eventually from the surface functional groups on

electrochemical  performances, results

sZ2. The effects of potentiostatic oxida-

graphite felt
tion modifications on the surface functional groups
were characterized by Fourier transform infrared
spectroscope in this work. The typical FTIR spectra of
the graphite felts with and without potentiostatic
oxidation (PO) treatment are shown in Fig.4.

The FTIR spectrum of the pristine graphite felt
exhibits two broad peaks at around 701 and 1 142

cm !

, which correspond to the out-of-plane C-H
bending vibration and the C-O stretching vibration in
COOH™! respectively. All as-oxidized samples present
extra five spectral peaks compared with the pristine
graphite felt. The peaks at around 2 900 and 1 650

1

cm™ correspond to the existence of CH & CH, and

stretching of C=C, respectively. The peak at around

Potentiostatic

oxidation
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Fig4 FTIR spectra of the graphite felts modified by PO
for (a) 0 min; (b) 15 min; (c) 20 min; (d) 25 min;

(e) 30 min
1 480 cm™
asymmetric OH or COOH. The peaks ranging from
1 180 to 1 049 ecm™ are the absorbing of C-OP*,
Apparently, some hydrophilic functional groups such
as OH and COOH"* are generated by modification,

which was also confirmed by Yue et al.™. A sche-

is attributed to the stretching vibrations of

matic description of the formation mechanism of the
functional groups is given in Fig.5P". Tt is reasonable
to suggest that potentiostatic oxidation is an effective
method to improve the wettability of the graphite felts.

The FTIR spectra of all treated samples show the
similar absorption peaks wavenumbers as mentioned
above, indicating that the types of the surface
functional groups of the modified graphite felts are
also similar. However, the absorption peak intensities
differ from each other of different oxidation times. The
functional groups such as OH, CH and CH, exhibit
small intensity variation, while the peak intensities of
the C-O stretching and the stretching vibrations of
COOH the

oxidation time increasing, implying that the amount of

asymmetric increase distinctly  with

the corresponding hydrophilic functional groups such

Graphite felt

Fig.5 Formation mechanism of hydrophilic functional group
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as COOH increases. That means, the hydrophilicity of
the graphite felts should also increase with the
oxidation time increasing, which is further discussed
below in this article.
2.4 Contact angle characterization of the
graphite felt surface
The effects of the potentiostatic oxidation on the

wettability of graphite felts were investigated by

(@ (®)

observing the contact angle, which is illustrated in
Fig.6. 1t is shown that the contact angles of the
the modified
different. The absorption capacity of the untreated

untreated and samples are quite
graphite felt is relative low, whereas the graphite felt
modified for 30 min absorbs the water completely.

The effect of the oxidation time on the contact angle

is summarized in Fig.7.

©
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Fig.6  Contact angle characterization of graphite felts modified by PO for (a
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Fig.7 Contact angle of graphite felts at different PO time

The contact angle of the pristine sample as
shown in Fig.7 is 146°, which exhibits the strong
hydrophobic property, that agrees with the results
reported by Sun et al.™. The contact angles of the
of the

With the extension of oxidation

modified samples are smaller than that
untreated sample.
time from 15 to 30 min, the contact angles reduced
gradually. The graphite felt modified for 30 min shows
the strongest hydrophilic property with the contact
angle 0°. The change tendency of the contact angle
with  the that  the

hydrophilicity is improved by PO modification, and

oxidation time indicates

the hydrophilic degree ascends with the modification
the FTIR

time increasing. Referring to results

b) 25 min; (c) 30 min

) 0 min;

obtained above, it could be concluded that the
extended modification time intensifies the oxidation
degree, which results in the increase of the wettability
and the number of the hydrophilic functional groups
on the surface of graphite felt.
2.5 Electrochemical behavior
To the
performances of the modified graphite felts, the cyclic
performed. The

cyclic voltammetric curves of the samples with and

further  evaluate electrochemical

voltammetry measurements were
without potentiostatic oxidation are shown in Fig.8.
The oxygen reduction potentials and the corresponding
current densities of the reduction peaks for the

graphite felts modified by potentiostatically oxidizing

0.003

0.002

0.001

0.000

-0.001

j/ (mA-cm™)

-0.002

-0.003

-0.004

-0.005

04 02 00 02 04 06 08
E/V (vs SCE)

-l:O -01.8 -OI.6
Fig.8 Cyclic Voltammetric curves of graphite felts
modified by PO for (a) 0 min, (b) 15 min,

(c) 20 min, (d) 25 min and (e) 30 min
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for 15, 20, 25, 30 min respectively are presented in
Fig.9.
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Fig.9 Change of the reduction peak potentials and the

current densities with PO time

No oxygen reduction peaks appear on the cyclic
voltammetric curve of the pristine graphite felt,
implying that the ORR activity of the untreated
sample is relative poor due to its strong hydro-
phobicity as discussed above. All cyclic voltammetric
curves of the modified graphite felts exhibit the
reduction peaks, but the corresponding reduction peak
potentials and current densities are relative different.
The reduction peak potential and the current density
of the graphite felt modified for 15 min are the lowest.
With the modification time increasing from 15 to 25
min, the oxygen reduction peak potentials change
from ~-0.49 to ~-0.43 V representing the reducing of
polarization, and then the current densities increase
from ~0.002 4 to ~0.003 4 mA -cm 2 gradually,
indicating that the electrochemical performances of
the modified graphite felts are improved with the
modification time increasing. However, both oxygen

reduction peak potential and current density of the

change tendency, suggesting that the ORR activity of
the graphite felt is degraded for the longtime
oxidation.

Not only the amount but also the type of the
oxygen-containing functional groups on the surface of

the felts

oxidation. Furthermore, with the modification time

graphite increase after potentiostatic
increasing, the amount of the hydrophilic functional
groups increases correspondingly and the hydrophili-
city of the graphite felt is accordingly improved'?. The
hydrophilic oxygen-containing groups are redox-active,
which are able to directly participate in the electro-
chemical reaction. Therefore, the modified graphite
felts exhibit the oxygen reduction reaction activity,
which was confirmed by the existence of the reduction
peaks on CV curves™. However, with the oxidation
time increasing over 25 min, the ORR activity decre-
ases, indicating that excessive hydrophilic functional
groups have negative effects on the electrochemical
performances. An interpretation of the phenomenon is
schematically described in Fig.10. The surface of the
unmodified graphite felts is mostly covered by oxygen
due to its low wettability as shown in Fig.10(a), which
ORR activity is very poor. The hydrophilic functional
groups on the surface obtained by PO modification
make the graphite felts to possess the electrochemical
reaction activity. At the same time, oxygen as the
reactant takes also part in the reaction, where the
oxygen channels must be provided to ensure the
contact between oxygen and the graphite felts as
illustrated in Fig.10(b). Over high wettability resulted

from the longtime oxidation causes that most area of

the surface is surrounded by water, which blocks the

material modified for 30 min exhibit the contrary contact of oxygen with the graphite felts, and
HO Oxygen channel (o) H,0
o 2 2
w0002 oove .)SJ’J" o v Jocs J':/a Yo
PPIP DI GINIIIIIO OISy  IIY auwvaJ' Yoy
00000ee J8sceis €0 ¢e30o
P00 0000990 900900000
0000000 ‘:‘8‘.' ‘2‘8“:
210000000 H000PPPE (PPPPOE

e : Graphite felts o:H0

W : Oxygen

0' 6 ‘ {__): Functional groups such as ether, hydroxyl, carboxyl, alcohol

Fig.10 Schematic description of the solid-liquid interfaces (a) hydrophobic surface;

(b) partially hydrophilic surface; (c) hydrophilic surface
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accordingly hinders the electrochemical reactions™! as
shown in Fig.10(c). Consequently, the optimal poten-
tiostatic oxidation is supposed to not only increase the
amount of the hydrophilic functional groups on the
surface but also remain the enough space for oxygen
to pass through the water layer and contact with the
electrode materials. The graphite felts modified by
potentiostatically oxidizing at 2.0 V for 25 min
exhibits the preferable electrochemical performance in
this work, which is determined as the optimal PO

modification conditions.
3 Conclusions

The optimal modification conditions for the
graphite felts as the electrode of Li-O, batteries were
determined in this work. Both potentiostatic oxidation
modification and cyclic voltammetric treatment are
able to improve the electrochemical performances of
graphite felts. The graphite felts modified by potentio-
static oxidation are more electrochemical active than
that treated by cyclic voltammetry. The improvement
of the oxygen reduction reaction activity for the PO
modified graphite felts is attributed to the increase of
the hydrophilicity, owing to the formation of the
hydrophilic oxygen-containing functional groups on
the surface. Furthermore, the amount of the hydro-
philic functional groups increases with the PO
modification time increasing. However, over high
wettability from long time oxidation results in the
contact difficulty between oxygen and the graphite felt
electrode, and accordingly hinders the electrochemical
reactions. As a result, the graphite felts modified by
potentiostatically oxidizing at 2.0 V for 25 min

exhibits the optimal electrochemical performances.
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