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In  this  paper,  an  effective  strategy  using  potassium  dichromate  lotion  to activate  surfaces  of  commercial
carbon  papers  leading  to enhanced  electrochemical  capacitances  was  reported.  It  is revealed  that  surfaces
of  activated  carbon  papers  became  rougher  and  their  specific  surface  areas  enlarged  after  treatment.
Further,  surface  hydrophilicity  of the  treated  carbon  papers  enhanced  due  to  the  generation  of hydrophilicm.cn
eywords:
upercapacitor
arbon paper
otassium dichromate lotion
anomaterials

groups  such  as  hydroxyl  (–OH),  carbonyl  (〉C  O)  and carboxyl  (–COOH)  and  they  act  as strong  polar  sites  to
absorb  water  molecules.  With the synergistic  effect  of enlarged  specific  surface  area  and  enhanced  surface
hydrophilicity,  the  activated  carbon  papers  provide  high  areal  capacitances.  In general,  this  strategy  offers
a  feasible  pathway  to make  commercial  carbon  paper  a  promising  candidate  for  practical  supercapacitors
and  is  expected  to extend  to other  carbon  based  electrode  materials.

© 2015  Elsevier  B.V.  All  rights  reserved.

m
co
. Introduction

Supercapacitors (SC) as one of the most promising energy-
torage devices, have drawn great research interests because of
heir outstanding electrochemical behaviours, such as high power
ensity, excellent stability, light-weight and ease to handle [1–9].
arious forms of carbon-based materials, especially carbon nano-

ubes and graphene, with large electrochemically accessible surface
rea, appropriate pore size and distribution, continuous pathways
or rapid ion transport, large electrical conductivity and good
ettability, have been considered as promising candidates for

lectrodes in supercapacitors [1–3]. Comparing to carbon nano-
ubes and graphene, carbon paper (CP) holds great prospect as an
lectrode material for SC since it is inexpensive and highly con-
uctive [10]. However, it usually has a lower specific surface area
nd accordingly a relatively lower specific capacitance (1–2 F/g)
11] in comparison with that of graphene (100–200 F/g) [12] and
ingle-walled carbon nanotubes (100–200 F/g) [13]. Herein, an
ffective strategy is developed to increase specific surface area of
ommercial carbon paper, improve its hydrophilicity and accord-

www.sp
ngly enhance its electrochemical capacitance as electrodes in
upercapacitors.
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2. Experimental

2.1. Preparation of activated carbon paper (ACP):

Carbon papers (1.0 cm × 5.0 cm,  the mass density is 31 mg/cm2,
purchased from Jixing Sheng’an company) were immersed in a
solution containing 20.0 mL  of concentrated H2SO4 (98%) and 2.0 g
of K2Cr2O7 (slowly added into H2SO4) at 25 ◦C for controlled periods
of time (10, 60, and 120 s). Taken out and washed with distilled
water for several times, the activated carbon papers were heated
at 150 ◦C for 2 h. Samples treated for different time (10, 60, 120 s)
were denoted as ACP-10, ACP-60 and ACP-120, respectively.

2.2.  Characterization

The morphologies of treated and untreated carbon papers were
characterized by Scanning Electron Microscopy (SEM) using JEOL
6701F at an accelerating voltage of 5 kV. The specific surface areas
of samples were determined by nitrogen adsorption at 77 K with a
JWGB SCI. & TECH BK132F automatic adsorption apparatus; Atten-
uated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) were obtained on a Thermo Nicolet 6700 spectrome-
ter; Contact angles were obtained from a surface tension meter

.

(Dataphysics OCA20, Germany) at 25 ◦C. XPS spectra were obtained
using a KRATOS AXIS ULTRA DLDXPS instrument equipped with a
monochromatic Al Ka (h� = 1486.6 eV) X-ray source. All of the XPS
spectra were collected at a takeoff angle of 90◦, with the path energy

dx.doi.org/10.1016/j.apsusc.2015.05.086
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respectively. The specific surface area for ACP-120 is higher than
that of CP, implying that potassium dichromate lotion corroded the
surface and accordingly led to a larger specific surface area.

m.co
cn
Fig. 1. SEM images of: (A) CP; (B) ACP-10; (C

f the photoelectron analyzer at 40 keV and a step size of 0.1 eV.
he atomic force microscope (AFM) image was taken on a scanning
robe microscope (CSPM5600, Being Nano-Instruments LTD).

Cyclic  voltammetry (CV) and galvanostatic charge/discharge
easurements were performed in a three-electrode system using

 CHI 440a electrochemical work station, with 1.0 M Na2SO4 as the
lectrolyte solution. Carbon papers with an area of 1.0 cm2 were
sed as the working electrode, Ag/AgCl (3.0 M KCl) and a Pt wire
ere used as the reference and counter electrode, respectively.

he electrochemical impedance spectroscopy (EIS) measurements
ere carried out by using a potentiostat (EG&G, M2273), the fre-

uency range analyzed was 0.1–100 Hz with ac amplitude of 10 mV.
Calculation [14]: The areal capacitance for the electrode can

e calculated as, C = (1/(S�(Uc − Ua)))
∫ Uc

Ua
I(U) dU, where C is the

real capacitance (F/cm2), S is the projected area of the carbon
aper (cm2), � is the potential scan rate (V/s), Uc − Ua is the sweep
otential range during (U) discharged and I(U) denotes the response
urrent density (A/cm2). Gravimetric capacitance for a single elec-
rode was calculated from the discharge curve in a three-electrode
ell with the equation, Csingle = I �t/(�V × S), where I, �t, �V and

 are the constant current, the discharge time, the voltage change
uring the discharge process and the projected area.

.  Results and discussion

.1.  SEM, XRD, and nitrogen-adsorption

The  SEM images in Fig. 1 reveal the surface morphologies of
CP-10, ACP-60 and ACP-120, respectively. Their surfaces turned
ougher with the increased treated time, as observed from Fig. 1A to
, which indicated that the surfaces of carbon papers were modified
y potassium dichromate lotion. A XRD pattern for CP is shown

n Fig. 1E, which is ascribed to carbon (PDF#12-0212) with lattice
onstants of a = 0.2464 nm and c = 0.6736 nm.

In order to examine the surface properties of ACP, AFM and
itrogen adsorption–desorption measurements were performed.

www.sp
FM results in Fig. 2A shows that the surface of ACP-120 became
ugged. In Fig. 2B, both adsorption isotherms for CP and ACP-120
how a sharp increase near the relative pressure P/Po of 1, indicat-
ng that only the macropores exist within the samples. Further, the
-60; (D) ACP-120; (E) XRD pattern of CP (A).

specific surface areas for CP and ACP-120 calculated according to
the Brunauner-Emmett-Teller (BET) analysis are 8.4 and 22.2 m2/g,

m.
Fig. 2. (A) Three-dimension AFM image of ACP-120; (B) N2 adsorption–desorption
isotherms for CP and ACP-120.

zhk
铅笔

zhk
铅笔



Z. Cheng et al. / Applied Surface Science 349 (2015) 833–838 835

F 0. (B) X
o

3

a
A
F
c
[
i
w
A
3
g
C
i

X
r
l
A
c
e
b
a
a
[
C
a
2
a
C
1
5
t

surface roughness on the wetting behaviour has been explained by
Söz [22] according to the equation, cos �R = r · f cos � + f − 1, where
�R is the apparent contact angles measured on a rough surface, �
is the apparent contact angles measured on a smooth surface, r is

m
om
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ig. 3. (A) ATR-FTIR spectra recorded for: (a) CP; (b) ACP-10; (c) ACP-60; (d) ACP-12
f  ACP-120; (C) O 1s XPS spectra of ACP-120.

.2. ATR-FTIR and XPS

In order to remove the adsorbed water, the samples were heated
t 40 ◦C under vacuum for 24 h before ATR-FTIR measurements. The
TR-FTIR spectra of CP, ACP-10, ACP-60 and ACP-120 are shown in
ig. 3A. In general, the peaks at 1054, 1214, 1722 and 3426 cm−1

orrespond to the stretching vibrations of C–O, C–H, C O and –OH.
15–17] As for the CP, no peaks appear at 1054, 1722 and 3426 cm−1,
ndicating that the groups of C–O, C O and –OH were rarely found

ithin untreated carbon paper. In contrast, the samples ACP-10,
CP-60 and ACP-120 obviously show peaks at 1054, 1214, 1722 and
426 cm−1, implying that groups of C–O, C–H, C O and –OH were
enerated after oxidization treatment. The coexistence of –OH and

 O groups suggest that the –COOH groups have been successfully
ntroduced on the surface of treated carbon papers [15].

In  Fig. 3B the surface elements analysis was performed by the
-ray photoelectron spectra (XPS) for ACP-120 in wide energy
ange. The binding energy was determined by reference to C 1s
ine at 284.8 eV. Generally, elements C and O can be observed in
CP-120 and some impurities such as N, S and Si existing in the
ommercial carbon paper can also be detected. According to the
quation, CO = (IO/SO)/(

∑
iIi/Si) the O concentration is calculated to

e 18.2 atom%, where CO is the oxygen concentration, IO and Ii
re the peak intensities of oxygen and other elements, SO and Si
re the relative sensitivity factors of oxygen and other elements
18]. In order to determine the chemical states of the element
, core level XPS spectra of C 1s in ACP-120 have been obtained
nd shown in inset of Fig. 3B. Five binding energies 284.8, 285.9,
87.9, 289.6 and 291.6 eV can be observed, respectively. They are
ssigned to the carbons in functional groups of C–C, C–O–C, –C–OH,

www.sp
 O, and O–C O [19]. The core level XPS spectra of O 1s in ACP-
20 have been shown in Fig. 3C. There are two  binding energies
31.5 and 532.4 eV, which can be assigned to the oxygen in func-
ional groups of O–C O and C–O–C [20]. The XPS results further
PS spectrum in the whole energy range for ACP-120; inset in (B) is C 1s XPS spectra

confirmed that the surface of the carbon paper has been oxidized
and functionalized.

3.3.  Wetting property

The  wetting property of the carbon paper was characterized by
water contact angle test [21]. In Fig. 4, descending contact angles
for CP, ACP-10, ACP-60 and ACP-120 could be observed, implying
that their surface hydrophilicity gradually enhanced via the potas-
sium dichromate lotion treatment for longer time. The effect of

.c
Fig. 4. Cross-sectional views of water droplets on: (a) CP; (b) ACP-10; (c) ACP-60;
(d) ACP-120.
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Fig. 5. (A) Cyclic voltammograms collected at different scan rates for ACP-120; (B) Calculated areal capacitances of the samples (CP, ACP-10, ACP-60, and ACP-120) from CV
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s  a function of scan rate; (C) Enlarged CV diagrams for CP, ACP-10, ACP-60, and AC
CP-60, and ACP-120) at scan rate 10 mV/s.

efined as the ratio of the actual area of a rough surface to its pro-
ected geometric area and its value is always greater than 1, f is
efined as the fraction of the surface on top of the protrusions. This

ndicates that the surface roughness would increase the apparent
ontact angles measured on a rough surface. However, for our cases,
he enhancement of surface hydrophilicity leading to the apparent
ontact angles decreasing after treatment is due to hydroxyl (–OH),
arbonyl (〉C O) and carboxyl (–COOH) groups generated on ACP
nd they are deemed to serve as strong polar sites to absorb water
olecules [23].

.4. Cyclic voltammetry (CV), galvanostatic charge/discharge and
IS

The typical CV curves for ACP-120 under different potential scan
ates in Fig. 5A show that the areas of the CV curves increase with
he increasing potential scan rates. Their areal capacitances cal-
ulated using C = (1/S�(Uc − Ua))

∫ Uc

Ua
I(U) dU [14] are shown in

ig. 6B. Obviously, fast decreases of the areal capacitances for ACP-
20 can be observed as the potential scan rates increased from 10
o 200 mV/s. Comparing to other samples (CP, ACP-10 and ACP-60),
CP-120 has higher areal capacitances under different potential
can rates, implying that longer treatment time leads to advan-
ages in electrochemical capacitances. Capacity retention as high
s 36.1% for ACP-120 at a high scan rate 100 mV/s was observed,
ndicating its high rate capability. Interesting CV results for the sam-
les ACP-10 ACP-60 and ACP-120 at scan rate 10 mV/s are shown

n Fig. 6C. Clearly, a couple redox peaks for the ACP samples at

www.sp
.2–0.5 V could be observed. These two peaks are ascribed to the
edox of function groups of C–O–C, –C–OH, C O, and O–C O on
he surface of activated carbon paper [24]. Accordingly, no simi-
ar redox peaks are observed for the CP. As given in Fig. 6D, the
 at scan rate 10 mV/s; (D) Calculated areal capacitances of the samples (CP, ACP-10,

calculated areal capacitances for the samples CP, ACP-10, ACP-60
and ACP-120 at scan rate 10 mV/s are 34.8, 58.3, 103.4 and
130.5 mF/cm2. The increasing areal capacitances for samples with
longer treatment time confirm that carbon papers treated by the
potassium dichromate lotion for appropriate time own excellent
capacitive characteristics. At a current density 10.0 A/g, the calcu-
lated specific capacitance for ACP-120 is 130.5 mF/cm2. This value
is much higher than 30.0 mF/cm2 for the carbon materials electrode
and lower than 460.0 mF/cm2 for vertical grapheme electrodes [25].
It should be noted that the mechanical properties of activated car-
bon paper degraded quickly after 300 s of treatment time.

Capacitive responses of the samples were further probed
using galvanostatic charge/discharge measurements in the three-
electrode cell. In Fig. 6A, the charge–discharge curves at various
current densities for ACP-120 generally show symmetrical and lin-
ear profiles, suggesting that the sample owns excellent capacitive
behavior of typical double layer model. According to the equation
Csingle = I �t/(�V × S), the calculated areal capacitances for a sin-
gle electrode are shown in Fig. 6B. When the current densities are
1, 2, 4, 6, 8 and 10 mA/cm2, the corresponding areal capacitances
are 195.3, 145.9, 132.5, 121.1, 104.7 and 87.9 mF/cm2. These values
suggest excellent capacitive responses for ACP-120 [11].

Herein  it could be well understood that carbon papers treated
by potassium dichromate lotion have excellent capacitive charac-
teristics. In general, two  factors, specific surface area and surface
hydrophilicity, have been considered count for activated carbon
papers as supercapacitor electrode materials. After treatment, the
surfaces of the carbon papers became rougher with enlarged spe-

.c
cific surface areas as observed in Figs. 1 and 2. Moreover, surface
hydrophilicity of activated carbon papers enhanced (shown in
Fig. 4) due to hydrophilic groups such as hydroxyl (–OH), carbonyl
(〉C O) and carboxyl (–COOH) that have been generated (shown
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Fig. 6. (A) Charge–discharge curves at various current densities for ACP-120; (B) Areal capacitance calculated based on charge–discharge curves from plot (A) as a function
o ity of 
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f current density; (C) Capacitance retention test over 5000 cycles at a current dens
CP-120. The inset shows a magnified view of the high frequency region of the imp

n Fig. 3A) and they act as strong polar sites to absorb water
olecules. With the synergistic effect of enlarged specific surface

rea and enhanced surface hydrophilicity, the activated carbon
apers provide high areal capacitances.

Capacitance retention is another crucial factor for practical
upercapacitors [26]. In Fig. 6C, the capacitance decay for ACP-120
ver 5000 cycles is as low as 6%, implying its excellent long-term
apacitive stability.

In  order to further study the resistance of the supercapacitor
n the double layer formation on the CP and ACP-120 electrodes,
lectrochemical impedance spectroscopy (EIS) were collected and
hown in Fig. 6D. Only upward sloping lines in the full-scale
yquist-type impedance spectra of CP and ACP-120 electrodes indi-
ate that both electrodes have low diffusion resistance and exhibit
ood capacitive performance [27]. The inset of Fig. 6D is the mag-
ified high-frequency region. Nearly 90◦ linear regions at high

requency for both CP and ACP electrodes suggest that they have
he ideal capacitor behaviours [24].

. Conclusion

In summary, we report an effective strategy using potassium
ichromate lotion to activate surfaces of commercial carbon papers
nd accordingly enhance their capacitances. It is revealed that
urfaces of activated carbon papers became rougher and their
pecific surface areas enlarged after treatment. Further, surface
ydrophilicity of activated carbon papers enhanced due to the gen-
ration of hydrophilic groups such as hydroxyl (–OH), carbonyl
〉C O) and carboxyl (–COOH) and they act as strong polar sites
o absorb water molecules. With the synergistic effect of enlarged
pecific surface area and enhanced surface hydrophilicity, the acti-
ated carbon papers provide high areal capacitances. Meanwhile,

www.sp
he capacitance decay for ACP-120 over 5000 cycles is as low as
%, implying its excellent long-term capacitive stability. The EIS
esults indicate that CP and ACP electrodes have low diffusion resis-
ance and exhibit good capacitive performance. In general, our

[

10 mA/cm2 for ACP-120; (D) Nyquist electrochemical impedance spectra of CP and
e spectra.

strategy offers a feasible pathway to make commercial carbon
paper a promising candidate for practical supercapacitors and can
be extended to other carbon based electrode materials.
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