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and Jin Zhou *

Renewable biomass as a precursor in the preparation of sustainable carbon materials for supercapacitors

has gained much attention due to its huge reserves and being economical. In this paper, we used waste

printing paper as the precursor to prepare highly porous carbons via a combined method of pre-

carbonation and KOH activation. The prepared carbon materials exhibit huge specific surface areas and

good conductivities as high as 2616.1 m2 g�1 and 198.8 mS cm�1, respectively. They were used as the

electrode materials of supercapacitors in the most common aqueous electrolytes, including 6 M KOH,

1 M H2SO4, and 1 M Na2SO4, and showed excellent capacitive performance in all the investigated

electrolytes, such as very high specific capacitances (e.g. 385.0, 370.1, and 317.7 F g�1 in KOH, H2SO4

and Na2SO4 electrolyte at 0.2 A g�1, respectively), outstanding rate capabilities (e.g. 198 F g�1 at 60 A g�1

in H2SO4), high energy densities (e.g. 21.9 W h kg�1 in Na2SO4), high power capability (at 28 000 W kg�1,

remains at 5.83 W h kg�1 in Na2SO4), and good recyclability (about 94% retention after 10 000 cycles).
1. Introduction

As a new type of energy storage device, the supercapacitor has
attracted wide attention because of its irreplaceable advantages,
such as high power capability, excellent recyclability, and
superior safety.1–3 In some designs that require high power and
efficiency, engineers have begun using supercapacitors to
replace conventional batteries. According to their energy
storage mechanism, supercapacitors are divided into electro-
chemical double layer (EDL) capacitors and pseudocapacitors,
in which the charge is stored by a dielectric layer on the elec-
trode–electrolyte interface and the rapid reversible chemical
sorption or oxidation–reduction reaction, respectively.

The electrode material is the most important constituent
part of the supercapacitor, which signicantly determines the
performance of this device. Developing high-performance
electrode materials is the focus of supercapacitor research.4,5

There have been many electrode materials developed for
supercapacitors, which can be simply grouped into several
types: carbon materials,6 transition metal oxide,7 conductive
polymer,8 and composite materials.9 Owing to their low cost,
environmental friendliness, rich source, and long cycle life,
carbon materials, mainly porous carbon materials, have been
the most reported electrode materials,10–13 and those have also
been applied to commercial capacitors.14 But nowadays lots of
ng, Shandong University of Technology, P.
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this work.
porous carbon electrode materials were prepared from fuel-
based precursors, such as coal,15 petroleum coke,16 asphalt17

and chemical synthetic polymers,18 which is not only an exces-
sive consumption of non-renewable petrochemical resources
but is difficult to be activated. Finding the renewable precursors
to make sustainable carbonmaterials with high capacitance has
been an urgent thing at the moment. Biomass materials are
renewable, easily available and very cheap, and have received
extensive attention as sustainable precursors for porous carbon
materials.19,20 In recent years, a large amount of biomass waste
are used as carbon source to prepare carbon electrode materials
for supercapacitors, such as waste coffee beans,21 waste tea-
leaves,22 rice husk and beet sugar,23 potato starch,24 human
hair,25 animal bone,26 endothelium corneum gigeriae galli,27

shrimp shells,28 shiitake mushroom,29 peanut shell,30 biochar,31

and so on.
As everyone knows, printing papers are widely used in daily

life, and then there will be a large number of waste printed
papers produced. The ubiquitous waste printed paper is made
up of cellulose and hemicellulose and is a good candidate of
carbon precursors. For example, Puthusseri et al. have prepared
high surface area carbons with hierarchical porosity by
a hydrothermal treatment followed by controlled pyrolysis of
waste paper. These waste paper derived carbons showed excel-
lent performance in all-solid-state supercapacitor with ionic
liquid polymer gel electrolyte.32 It is considered that the char-
acteristic brous structure of printing paper seems to be much
favored to the fast diffusion of electrolyte ions, possibly leading
to high rate performance in supercapacitors. In general, carbon
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra13226c&domain=pdf&date_stamp=2018-01-19
http://orcid.org/0000-0003-2993-6235
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra13226c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008008


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
ja

ne
ir

o 
20

18
. D

ow
nl

oa
de

d 
on

 1
6/

10
/2

02
5 

09
:2

7:
01

. 
 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
precursors are activated by physical or chemical methods,
which deliver high specic surface area and much-developed
porosity, giving a good capacitive performance as an electrode
material of supercapacitors.33,34 KOH,35 NaOH,36 H3PO4,37 and
ZnCl2 (ref. 38) are the most commonly used activating agents in
chemical activation, among which KOH has been proved to be
most efficient on developing porosity.39 Direct activating the
printing paper by KOH will lead a strong decomposition of
cellulose and hemicellulose, thus resulting in the destruction of
its ber structure as well as a very low carbon yield (<5%).

In this paper, we choose the waste printing paper as the
precursors to prepare highly porous carbons via a two-step
method combined with pre-carbonation and post-activation of
KOH. The prepared carbon materials exhibit huge specic
surface areas and good conductivities. They were also used as
electrode materials of supercapacitors in the most common
aqueous electrolytes, including 6 M KOH, 1 M H2SO4, and 1 M
Na2SO4, and showed excellent capacitive performance.
2. Experimental
2.1 Preparation of waste printing paper-based carbons
(WPPCs)

Waste printing paper is collected from our office. All the
chemical agents, including KOH, HCl, polytetrauoroethylene
(PTFE) emulsion etc. are bought from Sinopharm Chemical
Reagent. The waste printing paper-based carbons are prepared
via a combination method of pre-carbonization and post-KOH
activation. Firstly, waste printing papers are cut into small sli-
ces and then was carbonized at 500 �C for 2 h under an N2

atmosphere in a horizontal tube furnace. The obtained black
powder was then mixed with different weight of KOH, and the
mixture is placed in a tubular resistance furnace, followed by
heating to 800 �C for 2 h at a rate of 3 �C min�1 under N2

protection to make the porous carbon materials. Aer cooling
to room temperature, the obtained black powder are washed
with 1 M HCl solution to eliminate any KOH residuals and then
was thoroughly washed with deionized water until to neutral.
Finally, the carbons are obtained aer drying at 100 �C in the air
and are denoted as WPPC-x, in which WPPC and x stand for
waste printing paper-based carbon and the weight ratio of
KOH/carbon.
2.2 Electrode preparation and electrochemical
measurements

For the preparation of working electrodes, the active materials
were rstly mixed with PTFE binder in a weight ratio of 95 : 5,
and then 2 mg of the mixture was spread over the collectors
evenly and pressed under 10 MPa to form a slice, and then
drying at 100 �C to constant weight. In the KOH electrolyte,
nickel foam was used as the collector, while titanium mesh was
used in H2SO4 and Na2SO4 electrolyte. In this paper, the two-
electrode system was used to test the performance of the
prepared carbon as electrode materials of supercapacitors. The
electrochemical tests, including cyclic voltammetry (CV), gal-
vanostatic charge/discharge (GCD) tests are carried on
This journal is © The Royal Society of Chemistry 2018
a CHI660C electrochemical testing station (Chenhua Instru-
ments Co. Ltd. Shanghai). The cyclic galvanostatic charge/
discharge experiments were carried out on an automatic
galvanostatic charge/discharge device (Land CT 2001A, Wuhan,
China).

The specic capacitance was calculated from:

Cm ¼ 4I � t

DV �m
(1)

where Cm (F g�1) is the specic capacitance, I (A) is the constant
current charge/discharge current, t (s) is the discharge time at
constant current, m (g) is the total mass of active materials, and
DV (V) is the potential window of the cell in the supercapacitor,
respectively.

Energy densities (E) and power densities (P) could be calcu-
lated from the galvanostatic charge/discharge test using the
equations of

E ¼ 1

8
� Cm � V 2 (2)

P ¼ E

t
(3)

where the Cm, V, and t are the specic capacitance, discharge
voltage window, and discharge time, respectively.
2.3 Materials characterizations

Scanning electron microscope (SEM, Sirion 200 FEI Nether-
lands) and transmission electron microscope (TEM, JEM2100,
JEOL and Japan) are used to determine the microstructure of
the prepared samples. The surface chemistries of the samples
were characterized by X-ray photoelectron spectroscopy (XPS,
Escalab 250, USA). The element compositions of the carbons
were also characterized by energy dispersive spectroscopy (EDS,
INCA Energy spectrometer, Netherlands). The Raman spec-
trometer used here is LabRAM HR800 from JY Horiba. Specic
surface area and pore size distribution (PSD) of WPPCs were
determined by nitrogen sorption test on the ASAP 2020system
(Micromeritics USA). Brunauer–Emmett–Teller (BET) surface
area (SBET) was calculated from the N2 adsorption isotherm data
within the relative pressure (p/p0) of 0.05–0.25. And the total
pore volume (VT) is estimated with respect to the amount of
adsorption at a pressure of 0.995. Themicropore volume (Vmicro)
was calculated by the t-plot method, and the mesopore volume
(Vmeso) was determined by subtracting the micropore volume
from the total pore volume. The plots of pore size distribution
(PSD) were obtained from the adsorption isotherms based on
the non-linear density functional theory (NLDFT) and a slit-
shaped pore model.
3. Results and discussion
3.1 Textural characterizations

Fig. 1 displays the micromorphologies of the printing paper,
pre-carbonized materials and the investigated WPPCs observed
by SEM and TEM. The typical structure of the brous network is
observed for the printing papers, and those small particles
RSC Adv., 2018, 8, 3974–3981 | 3975
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Fig. 1 SEM images of (a and b) the printing paper, (c and d) pre-
carbonized materials, (e and f) WPPC-2, (g and h) WPPC-3, and (i and j)
WPPC-4 (g); TEM images of (k and l) WPPC-2.
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lling the gaps of the brous network are the additives, such as
optical brighteners, inorganic salts, etc. (Fig. 1a). Under high-
resolution of SEM observation, it could be seen that the
surface of the paper ber is rough because the paper ber is
composed of lots of thin bio-polymer bers (Fig. 1b). Aer
a treatment of pre-carbonization, the ber structure still
remains, and lots of curved carbon layers with a smooth surface
are observed (Fig. 1c and d). The thickness of the carbon layers
is about 150 nm. Aer the KOH activation, the ber structure is
destroyed, and as the degree of activation increases, the more
destructive the ber structure is. However, it can be seen that
the ber structure of waste printed paper is not completely
destroyed when the KOH/carbon precursor ratio is less than or
equal to 3. As shown in Fig. 1e–h, the prepared WPPC-2 and
WPPC-3 exhibit a similar micromorphology to the pre-
carbonized sample. It is believed that this wrinkled and thin
structure of the carbon materials is very positive for the diffu-
sion of electrolyte ions, and will result in good rate capabilities.
Fig. 2 (a) N2 sorption isotherms and (b) pore size distribution of the
WPPCs.

Table 1 Porosity parameters and conductivities of the WPPCs

Samples SBET/m
2 g�1 Smicro/m

2 g�1 Vtotal/cm
3 g�1

WPPC-0.5 1418.8 1293.8 0.74
WPPC-1 1326.4 1231.8 0.72
WPPC-2 2468.9 1947.3 1.34
WPPC-3 2616.1 2181.8 1.40
WPPC-4 2077.1 1150.8 1.35

3976 | RSC Adv., 2018, 8, 3974–3981
When the activation ratio reaches 4, the morphology of the
material is much different from that of other samples; it can be
seen from the Fig. 1i that the brous structure was almost
completely destroyed. Furthermore, the wrinkled structure has
disappeared, and lots debris are observed on the carbon
surface, as shown in Fig. 1j. These facts may be due to the high
degree of activation by excess KOH. Under TEM observations,
lots of worm-like micropores are found in the carbon frame-
works (Fig. 1k and l). It is well known that the presence of these
micropores could offer high specic surface areas for the
formation of EDL capacitance.

In order to determine the pore texture of the WPPCs, we
performed N2 adsorption/desorption measurements. Fig. 2a
shows the N2 adsorption/desorption isotherms of the WPPCs.
According to the IUPAC classication, the isotherms of WPPCs
gradually vary from type I to type IV, indicating a systematic
change of the porosity. At very low relative pressure (p/p0 < 0.02),
all of the samples exhibit a high adsorption capacity, indicating
that a lot of micropores existed in all the samples. As the weight
ratio of KOH/carbon precursor increases, the knee of the
isotherm widens, indicating a broadening of micropore size.
The slight positive slope in the range p/p0 ¼ 0.2–1, showed in
the isotherms of the carbon samples except for WPPC-4, indi-
cates that the contents of mesopores are relatively low. It can be
observed in Fig. 2a that the WPPC-4 exhibits type IV isotherm
which is much different from the others, indicating that this
carbon is mesoporous. The results provide insight into the
amount of KOH plays an important role in the creation of
microporous structures in WPPCs at high temperature. The
systematic widening of the porosities is further conrmed by
the PSD plots shown in Fig. 2b. More information about the
specic surface area and pore volume of WPPCs is given in
Table 1. It can be seen that the WPPCs have very high BET
surface areas ranging from 1326.4 m2 g�1 to 2616.1 m2 g�1 and
large pore volumes ranging from 0.72 cm3 g�1 to 1.4 cm3 g�1.
Roughly, as the weight ratio of KOH/carbon precursor increases,
the BET surface area rstly increases and then signicantly
decreases, as well as the micropore pore volume, while the
mesopore volume dramatically increases when the weight ratio
of KOH/carbon precursor increase to 4. These facts indicate that
the KOH activation rstly mainly developed micropores and
then widen the microporosity with even a shi to mesoporosity
as the weight ratio of KOH/carbon precursor increases.

XRD patterns and Raman spectra of the WPPCs are pre-
sented in Fig. 3. For all of these samples, there is no discernible
peak observed on the XRD patterns (Fig. 3a). As can be seen
from Fig. 3b, the Raman spectra of the samples exhibit two
Vmicro/cm
3 g�1 Vmeso/cm

3 g�1 Conductivity/mS cm�1

0.68 0.09 73.36
0.62 0.08 129.03
0.97 0.37 144.5
1.09 0.32 198.8
0.53 0.82 144.5

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) XRD patterns and (b) Raman spectra of WPPCs.
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characteristic peaks, one is the D peak at the 1340 cm�1, and the
other is the G peak at the 1589 cm�1, which are typical peaks of
amorphous carbon materials.40 Commonly, the intensity ratio
of D/G peak used to reect the lattice defects and the order of
carbon materials. The ID/IG values are calculated to be 1.17,
1.14, 1.13, 1.32 and 1.08 for the prepared carbons with the
increasing order of KOH/carbon precursor. The results of XRD
and Raman tests indicated that the structure of the prepared
carbons is amorphous.41 However, these carbons show good
conductivities up to 198.8 mS cm�1 for WPPC-3, as shown in
Table 1, which may be related to the structure of wrinkled
carbon layers.

In order to determine the surface element compositions of
WPPCs and their existing valence states, EDS and XPS
measurements are performed. As we can view in Fig. 4a, the
elements are mainly C and O, and no other impurities found in
the WPPCs. The oxygen contents are determined to be 10.23
at%, 9.57 at%, and 9.03 at% for pre-C, WPPC-2, and WPPC-3 by
XPS measurement, respectively. We also determine the atom
binding states of the prepared WPPCs by using the high-
resolution XPS. C1s scans show four peaks at around 284.7,
286.7, 287.8 and 289 eV corresponding to C]C/C–C in sp2-
hybridized domains, C–O (epoxy, hydroxyl), C]O (carbonyl),
and O]C–O (carboxyl) groups, respectively. O1s scans show
three peaks at 531.1, 532.4 and 533.4 eV, pointing out the
existence of quinine (O-I), phenol groups (O-II) and carboxyl
Fig. 4 (a) EDS mapping image of WPPC-2 sample, (b) XPS spectra, (c)
C1s, (e) O1s of WPPCs samples.

This journal is © The Royal Society of Chemistry 2018
group (O-III), respectively. These oxygen-containing functional
groups on the carbon surface would modify the polarity of the
surface of the prepared carbons, further promotes the wetta-
bility between carbon surface and electrolyte. Additionally,
these heteroatoms usually introduce pseudo-capacitance
via fast redox reaction of specic electro-active groups, such
as C]O, C–OH, etc.42,43
3.2 Electrochemical performance in aqueous electrolytes

Electrochemical testing of the WPPCs was rstly performed in
6 M KOH electrolyte, the most common electrolyte for super-
capacitors (Fig. 5). As showed in Fig. 5a, all the CV curves ob-
tained at 30 mV s�1 are symmetrically rectangular, indicating
that electrode reactions have high reversibility with a main
storage charge mode of EDL in the KOH electrolyte. As the
scanning rate increases, the CV curves of the WPPC-2 exhibit
a slight deviation from the typical rectangular shape, indicating
a few decrease in capacitance (Fig. 5b). In comparison, the CV
curves of WPPC-2 at 30 mV s�1 and 500 V s�1 are constituted by
the larger area with the greater response current, a reection of
higher specic capacitance because of its larger specic surface
area (Fig. 5a and c). As shown in Fig. 5c, the GCD curves are
highly symmetrical and linear at the current density of 0.3 A g�1,
further conrming the main nature of EDL capacitance and
good reversibility of charge/discharge process. We further per-
formed the charge/discharge test in the range of 0.2 A g�1 to
60 A g�1. As shown in Fig. 5d, the specic capacitance gradually
decreases with the increase of the current density, which is
common for porous carbon electrode materials. This is because
the larger the charge current density is, the shorter the charging
time of the capacitor, due to the presence of aperture limit, the
electrolyte ion can not completely diffuse into the pores of
various materials, leading to the reduction of the effective
surface area which decreased the specic capacitance. It could
be found that WPPC-2 exhibits the highest specic capacitance
among the prepared WPPCs carbons in the range of
0.2–60 A g�1, as high as 385.0 F g�1 and 165.3 F g�1 at 0.2 A g�1

and 60 A g�1, respectively.
Fig. 5 Capacitive performance of the WPPCs in the KOH electrolyte:
(a) CV curves of the WPPCs at 30 mV s�1, (b) CV curves of the WPPC-2
at 10–500 mV s�1, (c) CV curves of the WPPCs at 500 mV s�1, (d) GCD
curves of WPPCs at 0.3 A g�1, (e) GCD curves of the WPPC-2 at
1–20 A g�1, (f) specific capacitances of WPPCs at different discharge
current densities.

RSC Adv., 2018, 8, 3974–3981 | 3977
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We further investigated the capacitive performance of the
WPPCs in 1 M H2SO4 electrolyte, which is shown in Fig. 6. As
shown in Fig. 6a, the shapes of all the curves are quasi-
rectangular with good symmetry, and there is no obvious
redox peak observed, indicating that the electrode reaction has
the excellent reversibility in the H2SO4 electrolyte, and the
WPPCs have good capacitive characteristics with the charge
stored in the form of EDL. As shown in Fig. 6b, all the CV curves
of the WPPC-3 obtained in a wide range of 10–500 mV s�1

exhibit a quasi-rectangular shape, and the responding current
density roughly increases in proportion to the scanning rate,
indicating that this carbon possesses good rate capability. From
Fig. 6a and c, it could be concluded that the WPPC-3 possesses
the highest capacitance, followed by the WPPC-2, which is
contrary to the order in the KOH electrolyte. This may be related
to the matching between the porosity and the size of electrolyte
ions which will be discussed next. The GCD tests are used to
measure the specic capacitance of the WPPCs. From Fig. 6d
and e, it can be seen that all the charge/discharge curves show
the typical features of an isosceles triangle, a reection of the
high coulombic efficiency. The specic capacitances of the
WPPCs are calculated from the galvanostatic discharge time,
and the functional relationship between the specic capaci-
tance and charge/discharge current density is shown in Fig. 6f.
Clearly, the WPPC-3 carbon exhibits the highest specic
capacitance in the range of 0.2 to 60 A g�1. At the current density
of 0.2 A g�1, WPPC-3 shows a capacitance as high as 370.1 F g�1,
much higher than that of WPPC-0.5, WPPC-1, WPPC-2, and
WPPC-4 which is 289.1, 230.2, 317.7 and 244.8 F g�1, respec-
tively. At a high current density up to 60 A g�1, the WPPC-3 still
gives a remarkable capacitance up to 198 F g�1, further con-
rming the good rate capability of this carbon.

As we all know, the energy densities of supercapacitor are
proportional to the square of voltage window of super-
capacitors. The operating voltage of supercapacitors based on
aqueous electrolyte can only reach about 1 V because water will
decompose at a higher voltage. The neutral Na2SO4 electrolyte
has been very promising due to its advantages such as the high
operation voltage (>1.0 V) and being environmentally friendly.
Fig. 6 Capacitive performance of the WPPCs in H2SO4 electrolyte (a)
CV curves at 30 mV s�1, (b) CV curves of the WPPC-3 in different
scanning rates, (c) CV curves of the WPPCs at 500 mV s�1, (d) GCD
curves at 0.5 A g�1, (e) GCD curves of WPPC-3 at varied current
densities, (f) specific capacitances of the WPPCs at different discharge
current densities.

3978 | RSC Adv., 2018, 8, 3974–3981
Therefore, we further evaluated the application of the WPPCs in
1 M Na2SO4 electrolyte. As shown in Fig. 7a, the CV curves
measured in the voltages of 0–1.2, 0–1.4, and 0–1.6 V conrm
a typical EDL capacitive behavior. However, as the scanning
voltage range increases, the responding current at the high
potential signicantly increases indicating that some oxygen
evolution reactions of water occur. We further performed on the
GCD test at the voltage range same as the CV test (Fig. 7b–d).
Apparently, the charge/discharge plots show isosceles triangle-
liked shape, but the coulombic efficiency decreases with the
increase of the voltage range, e.g. 98%, 94%, 92% for WPPC-3 at
0–1.2 V, 0–1.4 V, and 0–1.6 V, respectively. Furthermore, the iR
drop also increases with the increase of voltage range as shown
in Fig. 7b–d. Combined the results of CV and GCD measure-
ments, it could be concluded that some irreversible chemical
reactions, including the decomposition of electrolyte and
oxidation of carbon materials, occur at the high potential,
leading to the increase of resistance for the investigated
carbons. The specic capacitances of WPPC-3 as a function of
charge/discharge current density are shown in Fig. 7e. It could
be seen that this carbon possesses better capacitive perfor-
mance in the range of 0–1.4 V, including a very high specic
capacitance of 321.7 F g�1 at 0.2 A g�1, and 116.6 F g�1 at
30 A g�1. It should be noted that the specic capacitance
dramatically declines with the increase of current density at the
high voltage of 0–1.6 V, which is due to the larger resistance of
WPPC-3 resulted from the oxidation of the carbon at the higher
work voltage as discussed above. Finally, all the samples are
tested at the voltage of 0–1.4 V. As shown in Fig. 7f, the WPPC-3
carbon exhibits much higher capacitances than the others in
the Na2SO4 electrolyte.

As investigated above, the waste paper derived carbon
materials exhibit very high specic capacitance in the aqueous
electrolytes. This should be mainly attributed to their high
developed porosity with the high accessible surface area
because of the main storage charge mode of EDL in the aqueous
electrolytes. However, the contribution of oxygen-containing
groups should be also noticed since the prepared carbons
possess high oxygen content, such as 9.57 at% and 9.03 at% for
Fig. 7 Capacitance performance of the WPPCs in the Na2SO4 elec-
trolyte: (a) CV curves of the WPPC-3 at 30 mV s�1 in different voltage
ranges; GCD curves at 1 A g�1 in the voltage range of (b) 0–1.2 V (c)
0–1.4 V (d) 0–1.6 V; (e) specific capacitances at different voltage range
of the WPPC-3; (f) specific capacitances of the WPPCs at different
current densities with the voltage range of 0–1.4 V.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of specific capacitance between the WPPCs and
other biomass-based carbons
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WPPC-2 and WPPC-3, respectively. It is widely known that the
oxygen-containing groups could introduce additional pseudo-
capacitance into the whole capacitance of carbon materials. In
the case of KOH electrolyte, a redox mechanism for a carbonyl
or quinone-type group has been proposed as42

–CxO + e� + K+ 5 –Cx–OK (4)

In the case of H2SO4, the redox mechanism could be
expressed as:43

–C]O + H+ + e 5 –C–OH (5)

However, in the case of Na2SO4, Young Joon Oh reported that
the oxygenated groups are not involved in the pseudocapacitive
faradaic reaction.43 Moreover, the hydrophilic oxygen species
could promote the wettability of carbon pore surface to the
aqueous electrolytes, facilitating the diffusion of electrolyte
ions.

As shown in Fig. 8, WPPC-2 exhibits the best electrochemical
performance in the KOH electrolyte, while WPPC-3 is best in
H2SO4 and Na2SO4 electrolytes (Fig. 8a). This is because that the
specic capacitance of the supercapacitor is related to the pore
structure of electrode material and its matching degree of
electrolyte in size. The hydrated ions in the KOH (K+: 3.31 �A,
OH�: 3.00�A) are smaller than those in H2SO4 (H

+: 2.82�A, SO4
2�:

3.79�A) and Na2SO4 (Na
+: 3.58�A) electrolyte, that means the pore

size well matching to the KOH electrolyte is smaller. As we
discussed above, the pore size of the WPPCs gradually increases
as the KOH dosage increases. Compared with WPPC-3, WPPC-2
possesses similar specic surface area, but smaller micropores.
It has been accepted that the smaller micropores play a positive
role in the capacitive performance because the ions are much
closer to the carbon surface in these pores.50–56 Therefore, in
KOH electrolyte, the WPPC-2 shows higher capacitance than
WPPC-3. On the other hand, due to the facts that the specic
surface area of WPPC-3 is bigger than WPPC-2, and the ions of
H2SO4 and Na2SO4 (mainly SO4

2�) require a larger pore size,
there are more electrolyte ion into the WPPC-3 material and get
better capacitance.
Fig. 8 (a) Specific capacitance of the WPPCs in different electrolytes
(b) Ragone plots of the WPPCs in different electrolytes, long-term
cyclic charge/discharge test (c) WPPC-2 in KOH, (d) WPPC-3 in H2SO4.

This journal is © The Royal Society of Chemistry 2018
Ragone plots of the WPPCs are displayed in Fig. 8b, which are
used to characterize the energy and power characteristics of the
electrode materials. The energy density of supercapacitors is
directly proportional to the specic capacitance value, and is
proportional to the square of the operating voltage, as shown in
the formula of E ¼ 1/2CV2. Therefore, the WPPC-3 exhibits the
maximum energy density of 21.9 W h kg�1 at a power density of
140 W kg�1 in the Na2SO4 electrolyte. Generally, the energy and
power limitations are more obvious at higher charge/discharge
rates, which are related to the complex impedance and diffu-
sion paths in the pore structure. At higher discharge currents,
only part of the pore structure can be immersed by electrolyte
ions, while at relatively low current densities, both the inner and
the outer pore structures of the material can store the charge. At
a high power density of 28 000 W kg�1, the energy density is still
up to 5.83 W h kg�1. In the H2SO4 electrolyte, the WPPC-3 shows
a maximum energy density of 12.85 W h kg�1 at the power
density of 100 W kg�1, and still remain 7.75 W h kg�1 when the
power density increases to 20 000W kg�1. The cycle life is also an
important requirement for supercapacitors. The long-term cyclic
stability of the capacitance performance of WPPC-2 and WPPC-3
was evaluated by using a galvanometer charge/discharge test at
a current density of 5 A g�1 in KOH electrolyte and H2SO4 elec-
trolyte, respectively (Fig. 8c and d). It can be seen that these
carbons exhibit good cyclic charge and discharge performance.
The specic capacitance of WPPC-2 slightly drops 7.0% from
333.33 to 311.11 F g�1, still more than 93.0% aer 10 000 cycles,
and the WPPC-3 remains about 94% of the initial cycle.

Finally, we compared the capacitive performance of WPPCs
with other biomass-based carbon materials ever reported. As
shown in Table 2, the specic capacitances of printing paper-
based carbons prepared here are much higher than that of
carbon materials derived from lots of biomass, such as shrimp
shells,28 peanut shell,30 sunower seed,57 waste paper,58 ligno-
cellulose,59 cassava peel,44 coffee endocarp,60 etc., further con-
rming the excellent performance of the WPPCs prepared here.
Biomass
Activating
agent

Capacitance/
F g�1 Electrolyte Ref.

WPPC-2 KOH 385 6 M KOH This work
WPPC-3 KOH 370 1 M H2SO4 This work
Cassava peel KNO3 264 1 M H2SO4 44
Shrimp shells H3PO4 260 6 M KOH 28
Coffee endocarp KOH 176 1 M H2SO4 21
Willow catkins KOH 279 6 M KOH 45
Peanut shell ZnCl2 245 6 M KOH 30
Animal bone KNO3 185 7 M KOH 26
Shiitake mushroom H3PO4 206 6 M KOH 29
Broussonetia
papyrifera

KOH 320 6 M KOH 20

Biomorphic cotton NaOH 221 3 M KOH 46
Pine cone KOH 137 1 M Na2SO4 47
Potato waste residue ZnCl2 255 2 M KOH 48
Lignin gel KOH 91 6 M KOH 49

CO2 102
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4. Conclusions

In summary, the waste printing papers have been successfully
converted into porous carbon electrode materials via a combi-
nation method of pre-carbonization and KOH-activation treat-
ment. Aer activation, the prepared samples have a large
specic surface area, which lays the foundation for the high
performance of supercapacitors. On the other hand, the ber
structure of waste printing paper also plays an positive role in
obtaining high rate performance for the application in super-
capacitors. The specic capacitance can achieve to 385.0, 370.1,
317.7 F g�1 in KOH, H2SO4 and Na2SO4 electrolyte at 0.2 A g�1,
respectively. In H2SO4 electrolyte, the WPPC-3 still possesses
a very high capacitance of 198 F g�1 at 60 A g�1. And in the
Na2SO4 electrolyte, WPPCs shows a much higher working
voltage of 1.4 V, thus WPPC-3 exhibit the maximum energy
density of 21.9 W h kg�1 at a power density of 140 W kg�1. The
electrochemical results also prove that the capacitive perfor-
mance is primarily determined by the pore structure and its
matching with electrolyte ions. Considering its widespread
existence, waste printing paper will be a rich carbon source for
the preparation of carbon electrode materials. And the results
reported here show that the waste printing paper based acti-
vated carbons can be a good candidate for high-performance
electrode materials of supercapacitors.
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38 H. Sayğılı and F. Güzel, J. Cleaner Prod., 2016, 113, 995–1004.
39 J. Ludwinowicz and M. Jaroniec, Carbon, 2015, 94, 673–679.
40 S.-H. Park, S.-M. Bak, K.-H. Kim, J.-P. Jegal, S.-I. Lee, J. Lee

and K.-B. Kim, J. Mater. Chem., 2011, 21, 680–686.
41 S. Urbonaite, L. Hälldahl and G. Svensson, Carbon, 2008, 46,

1942–1947.
42 G. Sun, D. Long, X. Liu, W. Qiao, L. Zhan, X. Liang and

L. Ling, J. Electroanal. Chem., 2011, 659, 161–167.
43 Y. J. Oh, J. J. Yoo, Y. I. Kim, J. K. Yoon, H. N. Yoon, J.-H. Kim

and S. B. Park, Electrochim. Acta, 2014, 116, 118–128.
44 A. E. Ismanto, S. Wang, F. E. Soetaredjo and S. Ismadji,

Bioresour. Technol., 2010, 101, 3534–3540.
45 K. Wang, N. Zhao, S. Lei, R. Yan, X. Tian, J. Wang, Y. Song,

D. Xu, Q. Guo and L. Liu, Electrochim. Acta, 2015, 166, 1–11.
46 Y. Liu, Z. Shi, Y. Gao, W. An, Z. Cao and J. Liu, ACS Appl.

Mater. Interfaces, 2016, 8, 28283–28290.
47 A. Bello, N. Manyala, F. Barzegar, A. A. Khaleed,

D. Y. Momodu and J. K. Dangbegnon, RSC Adv., 2016, 6,
1800–1809.

48 G. Ma, Q. Yang, K. Sun, H. Peng, F. Ran, X. Zhao and Z. Lei,
Bioresour. Technol., 2015, 197, 137–142.

49 D. Saha, Y. Li, Z. Bi, J. Chen, J. K. Keum, D. K. Hensley,
H. A. Grappe, H. M. Meyer 3rd, S. Dai, M. P. Paranthaman
and A. K. Naskar, Langmuir, 2014, 30, 900–910.
This journal is © The Royal Society of Chemistry 2018
50 J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon and
P. L. Taberna, Science, 2006, 313, 1760–1763.

51 L. Borchardt, M. Oschatz and S. Kaskel, Mater. Horiz., 2014,
1, 157–168.

52 B. Xu, S. Hou, H. Duan, G. Cao, M. Chu and Y. Yang, J. Power
Sources, 2013, 228, 193–197.

53 Y. Zhao, M. Liu, L. Gan, X. Ma, D. Zhu, Z. Xu and L. Chen,
Energy Fuels, 2014, 28, 1561–1568.

54 Y. Zhao, M. Liu, X. Deng, L. Miao, P. K. Tripathi, X. Ma,
D. Zhu, Z. Xu, Z. Hao and L. Gan, Electrochim. Acta, 2015,
153, 448–455.

55 T. Thomberg, T. Tooming, T. Romann, R. Palm, A. Jänes and
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