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xygen reduction reaction activity
of KOH etched carbon films as metal-free cathodic
catalysts for fuel cells

Ni Suo,a Aimin Wu,*a Hao Huang, a Guozhong Cao b and Guifeng Zhang *a

In this article, surface-modified graphite materials as cathodic catalysts are prepared by hot filament chemical

vapor deposition and then chemically etched by KOH solution. Surface morphology, elemental composition,

microstructure and surface chemical state of the modified graphite films are characterized by scanning

electron microscopy, transmission electron microscopy, energy dispersive spectroscopy, Raman spectroscopy

and X-ray photoelectron spectroscopy techniques. Results indicate that the surface of the pristine graphite

can be refined to effectively improve the surface area by etching using the KOH solution with a moderate

concentration. The graphite catalyst etched with 4.8 mg mL�1 KOH solution shows a higher catalytic activity

for the oxygen reduction reaction and a superior methanol tolerance than that of the un-etched and the

other etched graphite catalysts. The stability of the etched graphite materials needs to be improved.
1. Introduction

The electrocatalysts for oxygen reduction reaction (ORR) are
a cornerstone of fuel cells. Excellent ORR activity plays an
important role in fuel cell performance. Typically, platinum and
its alloy materials have been regarded as the most active cata-
lysts for cathode reactions.1,2 However, the high cost, limited
supply, sluggish ORR kinetics, poor stability, and poor meth-
anol tolerance pose key technical challenges to wide-spread
commercialization of fuel cells.3–5 Therefore, numerous non-
precious metal and metal-free carbon-based electrocatalysts
have been screened and developed in terms of their favorable
ORR activity.6–9

In recent years, various carbon-based materials, including
graphene, carbon nanotubes and carbon bers etc.10 have been
widely researched as catalytic or supportingmaterials due to their
larger surface areas. In the reported literature, the reduction peak
potential and the onset potential of these materials in alkaline
media were in the range of �0.36 to �0.30 V vs. Ag/AgCl and
�0.23 to �0.15 V vs. Ag/AgCl, respectively.11–16 In addition to the
aforementioned carbonmaterials, graphite also exhibits a certain
catalytic activity. This carbon material is advantageous for large-
scale commercial production of fuel cells due to its low cost. Yet,
there is still a problem that the current density required in
practical applications of fuel cells cannot be reached.17–19
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Currently, the current density for the ORR can be improved by
adjusting the electronic density of states and increasing the surface
area etc.20–23 In terms of enhancing the surface area, one of the
simplest methods is to create pores in the active materials. There
are a few studies on investigating porous graphite materials ob-
tained by etching using KOH solution undermild temperature bath
or high temperature annealing for lithium batteries as anodes.24–28

However, to the best of our knowledge, studies on the KOH etched
graphite as cathode catalysts for fuel cells are clearly lacking.

In this paper, graphite lms were synthesized by hot la-
ment chemical vapor deposition (HFCVD) technique and then
chemically etched. The as-prepared graphite (a-G) lms were
soaked in KOH solutions with various concentrations and then
annealed in a vacuum tubular furnace. The inuence of the
concentration of KOH solution on the ORR performance of the
etched graphite (e-G) lms was investigated to obtain a catalyst
with better ORR catalytic activity.
2. Materials and methods
Reagents

Potassium hydroxide, methanol, hydrouoric acid and iso-
propyl alcohol (analytical reagent) were purchased from Tianjin
Damao Chemical Reagent Factory and acetone (analytical
reagent), ethanol absolute (guarantee reagent), and Naon from
Guangdong Xilong Scientic Co., Ltd., Tianjin Tianli Chemical
Reagents Co., Ltd., and Alfa Aesar, respectively.
Synthesis of catalysts

Graphite lms were prepared by using a HFCVD system. Tita-
nium sheets with 18 mm in diameter and 0.6 mm in thickness
RSC Adv., 2019, 9, 2803–2811 | 2803

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra08629j&domain=pdf&date_stamp=2019-01-21
http://orcid.org/0000-0001-6978-9327
http://orcid.org/0000-0001-7877-6720
http://orcid.org/0000-0001-9112-9448
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08629j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009005


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 7

:2
5:

13
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
as substrates were polished with ne sandpapers and ultra-
sonically rinsed in acetone, ethanol and deionized water for
30 min successively, and then dried with nitrogen gas. Gas ow
rate of methane and hydrogen was controlled by mass ow-
meters. The volume ratio of methane was xed at 3% and the
total pressure was about 5.3 � 103 Pa. The distance between the
tantalum lament with 0.6 mm in diameter and the substrate
placed on the sample stage was approximately 6–8 mm. Fila-
ment and substrate temperatures were about 2000 �C and
850 �C, respectively. The deposition time was set to 6 h.

The KOH solution with a concentration of 3.2, 4.8, 6.4 and
8.0 mg mL�1 respectively was placed in a drying oven at 30 �C
for 1.5 h. The a-G lms were soaked in the above various KOH
solutions in PTFE containers for 8 h, then dried in a vacuum
oven at 60 �C for 12 h.

The processed a-G lms were placed in a sealed alumina
crucible, and then were put in the center of the corundum tube
in a vacuum tube furnace. The samples were preheated at
200 �C for 0.5 h, and subsequently calcined at 800 �C for 2 h
with a heating rate of 5 �C min�1. As a contrast experiment, an
a-G lm without KOH etching (u-G) was similarly treated under
argon atmosphere maintaining the pressure of �0.08 � 10�3 Pa
in the tube.
Characterizations

The surface morphology was observed by means of scanning
electron microscopy (SEM, Zeiss Supra55) and transmission
electron microscopy (TEM, Tecnai G220 S-Twin). The elemental
composition was obtained by energy dispersive spectroscopy
(EDS). The microstructure was characterized using Raman spec-
troscopy with the Green Light laser line at 532 nm (Renishaw
inVia). X-ray photoelectron spectroscopy (XPS) measurements
were performed on an ESCALAB 250Xi spectrometer with
a monochromatized Al Ka radiation (hn ¼ 1486.6 eV).

Electrocatalytic measurements were carried out using
CHI760E electrochemical workstation with a three-electrode
potentiostat (Shanghai Chen Hua). The glassy carbon (GC)
loaded catalyst, platinum wire and Ag/AgCl were used as
working, counter and reference electrodes, respectively.

The catalysts were obtained by removing the substrates
using 5 wt% HF and were rinsed thoroughly with diluted KOH
solution and deionized water until neutral pH was reached.
5 mg catalysts in 5 mL isopropyl alcohol and 25 mL Naon
solution (5 wt% Alfa Aesar) as a binder were ultrasonically
vibrated for 1 h to obtain a catalyst ink. The electrode was
polished on the rayon cloth using 0.30 and 0.05 mm alumina
slurry successively and then cleaned using distilled water. The
ORR catalytic activity of catalysts under steady-state condition
was investigated by a cyclic voltammetry (CV) in the potential
range of �1.0 V to 0.2 V vs. Ag/AgCl at a scan rate of 50 mV s�1.
10 mL catalyst ink was loaded on the surface of the rotating disk
electrode (RDE) with 3 mm GC in diameter and then dried at
room temperature. Recording of linear sweep voltammograms
(LSVs) was performed by sweeping the potential from �1.0 V to
0.0 V vs. Ag/AgCl at a scan rate of 10 mV s�1 and a rotation speed
from 400 to 2500 rpm. 14 mL catalyst ink was dropped onto the
2804 | RSC Adv., 2019, 9, 2803–2811
rotating ring-disk electrode (RRDE) consisting of Pt ring and GC
disk with a diameter of 4 mm. The catalyst loading for RDE and
RRDE was about 0.14 mg cm�2 and 0.11 mg cm�2, respectively.
All the electrocatalytic experiments were conducted in 0.1 M
KOH electrolyte at room temperature.
3. Results and discussion

Fig. 1 shows SEM images of the u-G and the e-G lms obtained
using different concentration KOH solutions and elemental
analysis of an enclosed region marked by solid line in Fig. 1e
from the EDS measurement. The surface morphology of the u-G
lm has obvious changes due to KOH activation. The mecha-
nism of the KOH activation can be explained by eqn (1)–(3).29–31

The u-G lm consists of cauliower-like polycrystals with wider
boundary (Fig. 1a). The cauliower-like morphological charac-
teristic almost disappears aer chemically etching and the
crystal grains change ne (Fig. 1b). With the increase of KOH
solution concentration, the grains becomemore rened and the
surface area has been effectively increased, and then a very
small number of pits appear probably due to uneven etching
(Fig. 1c). The lm is excessively etched (Fig. 1d) or even the
substrate is exposed when KOH concentration is too high
(Fig. 1e). It has been conrmed by the EDS measurement, as
shown in Fig. 1f. The surface morphology of the carbon lm
before and aer etching was further examined by TEM tech-
nique as shown in Fig. 2. It can be observed from Fig. 2 that the
structure of the carbon lm before and aer etching does not
change and remains schistose. In addition, the different
contrast of TEM image reects degree of etching, conrming
the formation of pits with different sizes, in good agreement
with the result of SEM observation.

6KOH + 2C ¼ 2K + 3H2 + 2K2CO3 (1)

K2CO3 + 2C ¼ 2K + 3CO (2)

K2O + C ¼ 2K + CO (3)

Raman spectra of the u-G and the e-G lms obtained at
different concentration KOH solutions are shown in Fig. 3a.
Two distinct peaks of graphitic carbon are ascribed to the D
band at 1335 cm�1 and the G band at 1592 cm�1, respectively.32

The D band corresponds to the structural defects of graphitic
carbon, and the G band is associated with the rst-order scat-
tering of the E2g mode.33,34 The shi of D band to the high-
frequency region is observed aer etching treatment, explain-
ing that the greater internal stress in the seriously disordered
structure is generated. The intensity ratio of the D and G bands
is calculated by the peak height and dened as ID/IG. The ID/IG
value increases from 0.933 to 1.114 with increasing concentra-
tion of KOH solution, illustrating the decrease of the graphiti-
zation degree.

The chemical states of the carbon materials before and aer
KOH activation were analyzed by XPS measurement. The tted
XPS C1s and K2p spectra of u-G and e-G samples obtained at 4.8
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of (a) u-G and e-G films obtained using various KOH concentrations of (b) 3.2, (c) 4.8, (d) 6.4, and (e) 8.0 mg mL�1,
respectively; (f) EDS elemental analysis of the enclosed region marked by solid line in (e).
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and 8.0 mg mL�1 KOH solutions respectively are shown in
Fig. 3b–d, respectively. The broadening C1s signal in the range
of 286–291 eV is a feature commonly found in many carbon
materials and is attributed to carbon atoms singly or doubly
coordinated with different atoms.35 The peaks centered at about
284.6 eV and 285.8 eV in all samples correspond to the C–C and
C–OH bonds.36 The C–OH bond content can be estimated using
the peak area. It is clearly observed that the C–OH bond content
increases with increasing concentration of KOH solution and is
28.36%, 38.87% and 43.38% for u-G and e-G samples obtained
at 4.8 and 8.0 mg mL�1 KOH solutions, respectively (see
Table 1). The higher C–OH bond content in the e-G sample
obtained at 8.0 mg mL�1 KOH solution indicates that the
excessive KOH activation consumes a certain amount of carbon.
This also explains that the sample has lower carbon content, in
agreement with the SEM result. The other peaks located at
Fig. 2 TEM images of (a) u-G and (b) e-G film obtained using 4.8 mg m

This journal is © The Royal Society of Chemistry 2019
approximately 293.4 eV and 296.2 eV are assigned to K2p3/2 and
K2p1/2 of K element, respectively (Fig. 3c and d).

The ORR performance of the u-G and e-G catalysts obtained
at various KOH solution concentrations was investigated by the
CV measurement in the potential range of �1.0 to 0.2 V vs. Ag/
AgCl at a scan rate of 50 mV s�1. No peaks were observed in the
CV curves (CVs) of the samples tested in N2-saturated 0.1 M
KOH solution (Fig. 4a). Another important aspect is that the
area of the above CV curve is regarded as a good benchmark to
evaluate the surface area of the catalytic material.37 It can be
found from Fig. 4a that the area of CV curve of the e-G catalyst at
4.8 mg mL�1 KOH solution is slightly larger than that of the
other catalysts, indicating that the electrochemically active
surface area of the catalyst is higher, conrming the SEM
observation. When the solution was saturated with oxygen,
signicant oxygen reduction peaks can be found in all CVs, as
L�1 KOH solution.

RSC Adv., 2019, 9, 2803–2811 | 2805
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Fig. 3 (a) Raman spectra of (i) u-G and e-G films obtained using various KOH concentrations of (ii) 3.2, (iii) 4.8, (iv) 6.4, and (v) 8.0 mg mL�1,
respectively; the fitted XPS C1s and K2p spectra of (b) u-G, and e-G catalysts obtained at various KOH solution concentrations of (c) 4.8 and (d)
8.0 mg mL�1, respectively.

Table 1 Binding energy (BE) and % area of chemical states in (a) u-G
and e-G samples obtained at (b) 4.8 and (c) 8.0 mg mL�1 KOH solu-
tions, respectively

Sample (a) (b) (c)

Name BE (eV) % Area BE (eV) % Area BE (eV) % Area

C–C 284.8 68.47 284.6 38.93 284.6 35.60
C–OH 285.8 28.36 285.5 38.87 285.5 43.38
Others 286–291 3.17 286–291 17.00 286–291 15.15
K2p3/2 — — 293.4 3.60 293.2 3.67
K2p1/2 — — 296.2 1.60 296.2 2.20
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can be seen in Fig. 4b. The potential and the current density of
the oxygen reduction peaks are shown in Fig. 4c. The reduction
peak potentials of the e-G catalysts etched using KOH solution
with concentrations of 4.8 and 6.4 mgmL�1 are at�0.343 V and
�0.323 V vs. Ag/AgCl corresponding to the reduction peak
current density of 1.384 mA cm�2 and 1.203 mA cm�2, respec-
tively. Besides, the current density (1.283 mA cm�2) at �0.323 V
vs. Ag/AgCl for the e-G catalyst obtained by 4.8 mg mL�1 KOH
solution (see the cross symbol in Fig. 4c) is higher than that by
6.4 mg mL�1 KOH solution. It is clear that the e-G catalyst
etched by KOH solution with a concentration of 4.8 mg mL�1

shows the highest ORR activity among all the investigated
samples due to the morphology and structure changes, which is
2806 | RSC Adv., 2019, 9, 2803–2811
caused by the appropriate etching. As can be seen from the
reduction peak potential and current density given in Table 2
that the catalyst in this work exhibits better ORR catalytic
activity compared to previously reported pristine carbon
materials.

The methanol crossover effect of the electrocatalysts was
examined by collecting the CVs for the ORR of all samples in O2-
saturated 0.1 M KOH solution added 3Mmethanol, as shown in
Fig. 5a. The changes in the potential and the current density of
the oxygen reduction peak can be calculated from the CVs in the
solutions with and without 3 M methanol. The current density
and potential are attenuated aer methanol injection, indi-
cating the deactivation of e-G catalysts by methanol attributed
to the crossover effect. The attenuation degree of the current
density and potential for e-G catalysts obtained in various KOH
solutions follows the sequence 8.0 mg mL�1 < 4.8 mg mL�1 <
3.2 mg mL�1 < 6.4 mg mL�1 and 8.0 mg mL�1 < 6.4 mg mL�1 <
4.8 mg mL�1 < 3.2 mg mL�1, respectively, as can be seen in
Fig. 5b. The results show that the e-G catalyst obtained at 8.0 mg
mL�1 KOH solution represents a well tolerance to methanol
poisoning effects. This is because the catalytic material is
excessively etched by a high concentration of KOH solution and
the catalytic area diminishes, causing a decrease in the number
of active sites and thereby degrading the overall catalytic
performance (see SEM and CV data). In this case, however, it
makes no sense to study the properties of the catalytic material.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 CV curves of (i) u-G and e-G catalysts obtained at various KOH solution concentrations of (ii) 3.2, (iii) 4.8, (iv) 6.4, and (v) 8.0 mg mL�1

respectively in (a) N2- and (b) O2-saturated 0.1 M KOH electrolytes at a scan rate of 50 mV s�1; (c) oxygen reduction peak potential and current
density of the etched catalysts.
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The above results also reect that the superior methanol toler-
ability of the e-G catalyst obtained at 4.8 mg mL�1 KOH solu-
tion, arising from the lower ORR potential on this catalyst than
what required for methanol oxidation.38

The stability is also one of the important indicators to
evaluate fuel cell catalysts. Fig. 6 shows the CVs of the u-G and
e-G catalysts aer continuous CV scanning for 2000 cycles. The
DJ-values of the u-G and e-G catalysts obtained at 3.2, 4.8, 6.4,
and 8.0 mg mL�1 KOH solutions are gained as 0, 0.29, 0.97,
0.61 and 0.30 mA cm�2 respectively. The DJ-value is dened as
the difference in current density between the rst and the
Table 2 Comparison of the ORR results of the undoped carbon-based

Sample
Reduction peak potentiala (V vs.
Ag/AgCl)

Reduction peak
(mA cm�2)

Etched graphite �0.34 1.38
Graphene �0.36 0.62
Carbon aerogel �0.35 0.78 (mA mg�1

Carbon nanotubec �0.35 0.44
Carbon nanoberc �0.34 1.22

Carbon nanoparticle �0.30 1.13

Ordered mesoporous
carbon

�0.32 0.84

a In O2-saturated 0.1 M KOH electrolyte at a potential scanning rate of 50
rate of 10 mV s�1 with a rotation rate of 1600 rpm. c For comparison, the p
following equations: ESCE + 0.2438 V ¼ EAg/AgCl + 0.1976 V and ERHE ¼ EAg

This journal is © The Royal Society of Chemistry 2019
2000th cycles at �0.3 V vs. Ag/AgCl. According to the DJ-values,
the long-term stability of the u-G and e-G catalysts obtained at
various concentrations of KOH solutions signicantly
enhances with the order of 4.8 mg mL�1 < 6.4 mg mL�1 <
8.0 mg mL�1 < 3.2 mg mL�1 < 0.0 mg mL�1. The experimental
result combined with the CV data from Fig. 4b exhibits that
a catalyst with good ORR activity possesses poor electro-
catalytic stability.

The ORR mechanism in alkaline media includes two-
electron pathway to produce HO2

� and four-electron pathway
to H2O (eqn (4) and (5)). The number of transferred electron and
catalysts in this work and the other literature reports

current densitya Eonset
b (V vs. Ag/

AgCl)
n/potential (V vs. Ag/
AgCl) Reference

�0.12 (2.5–3.9)/(�0.4 to �0.8) This work
�0.15 (2.1–2.7)/(�0.4 to �0.9) 11

) �0.19 (2.05–2.70)/(�0.4 to
�1.0)

12

�0.19 (2.21)/(�0.75) 13
�0.15 (2.28–2.51)/(�0.37 to

�0.57)
14

�0.22 (2.40–2.70)/(�0.3 to
�1.0)

15

�0.23 (1.84–2.64)/(�0.30 to
�0.65)

16

mV s�1. b In O2-saturated 0.1 M KOH electrolyte at a potential scanning
otentials in ref. 13 and 14 were converted to the EAg/AgCl according to the
/AgCl + 0.965 V.

RSC Adv., 2019, 9, 2803–2811 | 2807
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Fig. 5 (a) CVs obtained in O2-saturated 0.1 M KOH electrolyte with 3 M methanol solution; (b) curves about variation of oxygen reduction peak
potential and current density in the alkaline electrolyte without and with 3 M methanol.
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the yield of HO2
� during the ORR process can be monitored by

the RRDE measurements to verify the ORR catalytic pathways.

O2 + H2O + 2e� ¼ HO2
� + OH� (two-electron pathway) (4)

O2 + 2H2O + 4e� ¼ 4OH� (four-electron pathway) (5)
Fig. 6 CVs for stability testing of (a) u-G and e-G catalysts obtained at
8.0 mg mL�1 respectively in O2-saturated 0.1 M KOH solution.

2808 | RSC Adv., 2019, 9, 2803–2811
Fig. 7a displays a series of LSVs of the e-G catalyst obtained at
4.8 mg mL�1 KOH solution in O2-saturated alkaline solution at
a potential sweep rate of 10 mV s�1 and at different rotation
rates. It can be seen that the current density increases with
increasing rotation speed. The corresponding Koutecky–Levich
(K–L) plots are given in Fig. 7b. The slope of the K–L plots
various KOH solution concentrations of (b) 3.2, (c) 4.8, (d) 6.4, and (e)

This journal is © The Royal Society of Chemistry 2019
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changes with the electrode potential, elucidating that the
transferred electron number (n) at various potentials is non-
constant. The n value of the catalysts during the oxygen reduc-
tion can be evaluated according to K–L equations (eqn (6) and
(7)).39

1

J
¼ 1

JL
þ 1

JK
¼ 1

Bu1=2
þ 1

JK
(6)

B ¼ 0.62nFCO(DO)
2/3n�1/6 (7)

where J, JL and JK are the measured, limiting diffusion, and
kinetic current density respectively, B is the Levich parameter, u
is the angular velocity of the RRDE, n is the electrode transfer
number per oxygen molecule in oxygen reduction reaction, F is
Faraday constant (96 485 Cmol�1), CO is the bulk concentration
of oxygen (1.2 � 10�3 mol L�1), DO is the oxygen diffusion
coefficient (1.9 � 10�5 cm2 s�1), and n is the kinematic viscosity
of the electrolyte (1.13 � 10�2 cm2 s�1).40,41 The n consumed per
O2 molecule generally increases with the ORR overvoltage and is
in the range from 2.5 to 3.9. The n value of the e-G catalysts
obtained at 4.8 mg mL�1 KOH solution in the potential range
from �0.4 to �0.8 V vs. Ag/AgCl is highest in all samples, as can
be seen in Fig. 7c.

The RRDE polarization curves are obtained in 0.1 M KOH
solution with saturated oxygen at a xed rotation speed of
1600 rpm and a sweep rate of 10 mV s�1. Two parameters, the
onset potential (Eonset), and the half-wave potential (E1/2), can be
Fig. 7 (a) LSVs for O2 reduction on the e-G catalyst obtained at 4.8 mg
different rotation rates; (b) corresponding to the K–L plots for O2 reductio
at various KOH concentrations of (ii) 3.2, (iii) 4.8, (iv) 6.4, and (v) 8.0 mg

This journal is © The Royal Society of Chemistry 2019
used to evaluate the ORR catalytic activity of different catalysts.
They can be gained from the LSVs at the lower part in Fig. 8a.
The Eonset and E1/2 values of all catalysts have been given, as
shown in Table 3. It can be known from Table 3 that the two
indicators of the e-G catalyst at 4.8 mg mL�1 KOH solution are
about at�0.12 V and�0.33 V vs. Ag/AgCl respectively, which are
higher than that of the other catalysts. In addition, the onset
potential also indicates that this catalyst displays better charge
transfer kinetics than the other previously reported carbon
catalysts (see Table 2). These results demonstrate that this
catalyst possesses the best ORR catalytic activity. The larger
surface area and the higher carbon content by KOH activation
treatment both work together for the improved reduction
kinetics.

The collected HO2
� yield of u-G and e-G catalysts obtained at

various KOH concentrations on the RRDE during the oxygen
reduction process can be calculated from the LSVs in Fig. 8a and
eqn (8). The results are presented in Fig. 8b and it can be seen
that the HO2

� yields at �0.8 V vs. Ag/AgCl are 37.90%, 33.71%,
20.83%, 32.92% and 67.83% for the u-G and e-G catalysts ob-
tained at the KOH solutions with a concentration of 3.2, 4.8, 6.4,
and 8.0 mg mL�1, respectively. This is consistent with the result
obtained from the K–L plots from the RDE measurements,
suggesting the ORR of the e-G catalyst etched by 4.8 mg mL�1

KOH solution is mainly four-electron pathway.

% HO2
� ¼ 200� Ir=N

Id þ Ir=N
(8)
mL�1 KOH solution in 0.1 M KOH electrolyte with saturated oxygen at
n; (c) transferred electron number on (i) u-G and e-G catalysts obtained
mL�1, respectively.

RSC Adv., 2019, 9, 2803–2811 | 2809

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08629j


Fig. 8 (a) RRDE voltammetry curves for O2 reduction and (b) percentage of HO2- on (i) u-G and e-G catalysts obtained at various KOH
concentrations of (ii) 3.2, (iii) 4.8, (iv) 6.4, and (v) 8.0 mg mL�1, respectively.

Table 3 Eonset and E1/2 values of (i) u-G and e-G catalysts obtained at
various KOH concentrations of (ii) 3.2, (iii) 4.8, (iv) 6.4, and (v) 8.0 mg
mL�1, respectively

Sample (i) (ii) (iii) (iv) (v)

Eonset (V vs. Ag/AgCl) �0.199 �0.180 �0.121 �0.139 �0.164
E1/2 (V vs. Ag/AgCl) �0.402 �0.478 �0.330 �0.368 �0.514
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where Id and Ir are disk and ring current respectively. N is the
current collection efficiency of the Pt ring and its value is 0.40.42
4. Conclusions

The graphite catalysts were obtained by hot lament chemical
vapor deposition method and modied by chemical KOH
etching approach. The renement of the graphite lm surface
by using an appropriate concentration of KOH solution
increases the surface area and generates more carbon edge
active sites. Meanwhile the higher carbon content is retained
under the same experimental condition. Thus the electro-
catalytic activity of the e-G catalysts has been effectively
improved. When the KOH concentration is moderate, the
highest ORR electrocatalytic activity is achieved. As the KOH
concentration continues to increase, the catalytic activity begins
to deteriorate. In addition, it has been found that the catalysts
with a high catalytic activity have good methanol resistance
performance and poor catalytic stability instead.
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