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Abstract
Activated carbon foams (ACFs) have been successfully prepared by foaming sucrose with Zn nitrate and further chemical 
activation with H3PO4. The effect of the foaming agent (Zn) concentration and the activation temperature on the surface 
chemistry, porosity, and morphology were investigated. The ACFs reveal high specific surface area, non-uniform variable 
porous structure, and high oxygen content. The ACFs represent high specific capacitance and very low equivalent serial 
resistance (ESR) values as electrode material. The ACF obtained at 600 °C has a specific capacitance of 205.4 F/g at 1 A/g 
constant current density. The pseudocapacitive contribution of oxygen-containing surface functional groups was proved 
by CV curves at slow scan rates. The high performance of the ACFs may be attributed not only to the high surface area, 
and hetero-atom-containing SGFs but also to the unique surface morphology which originated from the release of gaseous 
products during the foaming process.

Keywords  Bio-based porous activated carbon foams · Energy storage · Supercapacitor · Porous materials characterization

1  Introduction

Activated carbon foams (ACFs) are ultra-light porous car-
bon materials with a sponge-like structure that are used in 
many applications thanks to their low density, high surface 
area, hydrophobic structure, thermal properties, electrical, 
and electrochemical properties [1]. ACFs are widely found 
in the wearing parts of thermal protection systems, high-
temperature thermal insulation, sensor applications, sound 
insulation, catalyst support, energy storage systems, adsor-
bent materials, etc. [2]. ACFs are divided into two groups: 
graphitic carbon and non-graphitic carbon. Graphitic foams 
are obtained by the carbonization/graphitization processes 
of the foamed fossil fuel precursors such as coal, coal 
tar, and petroleum. Glassy carbon foams, also known as 

non-graphitic carbon foams, are obtained by the carboni-
zation process of high carbon content polymers precursors 
such as phenol–formaldehyde, resorcinol formaldehyde, 
polyimide [3]. The rapid depletion of fossil fuels led to the 
use of bio-based materials such as sugar derivatives, tan-
nin, and corn stoves as carbon sources due to their several 
advantages. Bio-based carbon sources can be converted 
into high-value-added products especially biochar, hydro-
char, and activated carbon via well-known thermal treat-
ment techniques. They have several advantages over fos-
sil-fuel-based ones such as being environmentally friendly, 
low-cost, and high-performance/efficient for a wide range 
of applications. Besides, the usage of bio-sources leads to a 
significant reduction in environmental pollution and helps 
to lower the CO2 emission into the atmosphere by carbon 
cycle [4, 5]. Among bio-based carbon sources, sugar which 
is widely used in the production of micro and mesoporous 
carbons has been studied by many researchers for various 
applications [6, 7]. Sugar with a global market value of USD 
37.62 billion in 2021 is a crucial material for the food indus-
try. Nearly 110 countries produce sugar from either cane 
or beet, and the top ten producing countries (India, Brazil, 
Thailand, China, the US, Mexico, Russia, Pakistan, France, 
and Australia) accounted for nearly 70% of global output. In 
the 2022/2023 crop year, global sugar production is expected 
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to be 182 million metric tons, up 1.7 million tons from the 
previous year [8].

In recent years, environmental problems caused by 
the depletion of fossil fuels and global warming, together 
with the increasing population and developing technology, 
increase the demand for clean electricity generation and 
energy storage devices. Supercapacitors can be divided into 
two main groups depending on the charge storage mecha-
nism: Electrochemical Double Layer Capacitors (EDLCs) 
and pseudocapacitors [9]. In EDLC, the energy is stored 
by pure physical accumulation at the electrode/electrolyte 
interface by the formation of double-layer ions, whereas in 
pseudocapacitors, this happens via redox reactions of far-
adaic materials [10]. Supercapacitors are used instead of 
and/or complementary to batteries due to the requirement of 
fast charge–discharge rate, long cycle life, high stability, and 
high-power density [11]. Carbon-based materials such as 
graphene, MWCNT, SWCNT, and activated carbons (ACs) 
are used as electrode materials in EDLCs. The performance 
of a carbonaceous electrode is affected by various param-
eters such as the microstructure of the electrolyte, surface 
chemistry, pore size and distribution, surface area, and pore 
tortuosity [12]. Pores smaller than the ion size or highly con-
voluted pores with a bottleneck can prevent electrolyte ions 
from accessing the surface, resulting in low capacitance and 
slow frequency response. Generally, the specific capacitance 
values of carbon-based materials are in the range of 50–350 
F/g. Specific capacitance can be increased by improving 
the existing pore size and surface area through physical and 
chemical activation of carbon source materials [13].

Table  1 shows previously published related studies 
focusing on the high surface area ACFs and their capaci-
tive performance. It can be clearly seen that the activation 
agent, activation temperature, and the carbon source are 
the main parameters that affect the surface area as well as 
the capacitive performance. However, no correlation was 
observed between these parameters and the specific capac-
itance. It is believed that the accessible and proper pore 
size distribution and suitable surface morphology allow 
faster ion transfer, hence even more effective than the sur-
face area in some cases. As can be seen from Table 1, 
KOH and H3PO4 are widely used as activation agents [14, 
15], for different types of biomass. KOH is efficacious in 
creating micropores, small mesopores, and, therefore, very 
high specific Brunauer–Emmett–Teller (BET) surface area 
of above 2000 m2/g [16]. However, it requires high activa-
tion temperature and resulted in low carbon yield which 
can be assessed as a problem for large-scale applications. 
On the other hand, H3PO4 activation can be operated at 
low temperatures of 400–600 °C and led to the forma-
tion of a higher amount of mesopores [17]. H3PO4 not 
only promotes bond cleavage reactions but also facilitates 
crosslinking via cyclization, condensation, and forming 

a layer of linkage such as phosphate and polyphosphate 
esters which could protect the internal pore structure and 
thus prevent excessive burn-off in carbon activation [18]. 
Due to these advantages, H3PO4 is selected as the activa-
tion agent in our work.

In the literature, it is seen that many EDLC studies have 
been carried out based on both natural products and sugar 
derivatives. It is not possible to fully compare these stud-
ies due to the differences they contain, and the variety of 
parameters presented. Nevertheless, the literature com-
parison summarized in Table 1 will be useful in terms 
of evaluating the results obtained in this study. When the 
studies are evaluated in terms of surface area, it is seen 
that the general average is around 1400 m2/g, except for 
the extreme values [19–21]. The specific surface area of ​​
1502 m2/g obtained in our study coincides with this trend. 
In the studies performed considering the Current Density, 
a high specific capacitance (265 F/g) value was obtained 
at 0.25 A/g current density. Table 1 shows that the highest 
value obtained for this parameter is 264 F/g [22]. In addi-
tion, in our study, a specific capacitance value of 305 F/g 
was obtained for a current density of 0.1 A/g. The highest 
and lowest values ​​obtained according to Table 1 at 0.5 
A/g current density are 365.6 F/g [21] and 182 F/g [20], 
respectively. In our study, a reasonable value was obtained 
with 238 F/g for the same current density. While the high-
est values ​​of 250 F/g [23] and the lowest 92 F/g [24] are 
obtained in Table 1 for 1 A/g current density, a high spe-
cific capacitance value of 205.4 F/g was obtained in our 
study. No significant correlation was observed between 
the specific capacitance values ​​and the specific surface 
area and Vmic/Vtop pore size ratios. This confirms the 
thesis in the literature that supercapacitor performance is 
determined by the interaction of many components such as 
specific surface area, pore size distribution, particle size, 
number of functional groups, and presence of heteroatoms.

In this study, sucrose-based ACFs were prepared by the 
smelting mixture of Zn(NO3)2.4H2O and sucrose. Zinc 
nitrate was used as a blowing agent [35] to increase the 
volume of carbon material during the caramelization of 
sucrose. Zinc nitrate, thanks to its low melting point, creates 
a homogenous mixture during the caramelization process 
at 120 °C. When the temperature increases to 230 °C, zinc 
nitrate decomposes and swells the carbonized sucrose. To 
investigate the effect of zinc nitrate concentration and the 
activation temperature on the surface porosity, morphology, 
and chemistry, different ACFs were prepared under differ-
ent conditions. The obtained ACFs were characterized by 
various techniques such as BET, SEM, XPS, and Raman 
and Elemental analysis. The electrochemical energy storage 
properties of the ACF-based electrodes were determined by 
cyclic voltammetry (CV), galvanostatic charge–discharge 
(GCD), and electrochemical impedance spectroscopy (EIS).
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2 � Materials and methods

2.1 � Materials

Zinc nitrate (Zn(NO3)2.4H2O), Phosphoric acid (H3PO4) 
(85%), and Hydrochloric acid (HCl) (36.5%) were pur-
chased from Sigma-Aldrich. The commercial activated 
carbon was purchased from a local supplier and dried for 
3 h at 120 °C prior to use. Deionized water was obtained 
by using Human Corporation Zeneer Power 1 water purifi-
cation system. Carbon black (CB) (CAS Number 1333–86-
4, Alfa Aesar), Poly(vinylidene fluoride) (PVDF) (CAS 
Number 24937–79-9, MTI), and N-Methyl-2-Pyrrolidone 
(NMP) (CAS Number 872–50-4, Merck) were used with-
out purification for the preparation of electrode slurry.

The Scanning Electron Microscopy (SEM) images were 
obtained using a JEOL 6510. Surface area and porous struc-
ture were studied by BET analyzer (Quantachrome Auto-
sorb IQ2, USA) via nitrogen adsorption–desorption iso-
therms at 77 K. The degassing of samples was performed 
under a vacuum at 105 °C for 15 h before measurements. 
The surface area, total pore volume, and pore size distribu-
tion of ACFs were calculated by Brunauer–Emmett–Teller 
(BET) method, the Quenched Solid Density Functional 
Theory (QS-DFT), and Barrett-Joyner-Halenda (BJH) 
method. C, H, N, O, and S contents of the samples were 
measured by LECO / Truespec Micro NCS analyzer. XPS 
data were recorded by Specs-Flex XPS instrument, and 
Raman spectra were recorded by WITech alpha 300R at 
532 nm. Gamry Interface 1010E Potentiostat/Galvanostat/
ZRA was used for the electrochemical tests.

2.2 � Preparation of activated porous carbon foams

The amount of sugar was kept constant and the concentra-
tion of Zn(NO3)2.4H2O were mixed to be 2.5, 5, 10, 20, 
and 50% (Zn(NO3)2.4H2O: Sugar, wt:wt), respectively. 
Then the mixtures were dissolved in 6 mL of water. The 
mixtures were first heated in a muffle furnace at 120 °C 
until became viscous and then at 230 °C until the foam-
ing was completed. The samples were named CF-X (CF: 
Carbon foam, X: the concentration of Zn(NO3)2.4H2O). 
For example, CF-2.5 means that the %2.5 concentration 
of Zn(NO3)2.4H2O was mixed with sugar.

The resulting carbon foams (CF-X) were boiled with 
0.1 M 20 mL HCl for 30 min. Then it was filtered and 
washed with hot distilled water until pH reached at 7 and 
dried in an oven at 100 °C overnight. The dried samples 
were impregnated with H3PO4 (85%) at a ratio of 4:1 
(H3PO4/CF, wt/wt) at 85 °C in a magnetic stirrer until 
completely absorbed and in an oven at 100 °C for 24 h. 

The dried materials were carbonized in a horizontal tube 
furnace for an hour at 600 °C under N2 flow of 100 mL/min 
with a heating rate of 10 °C/min. The carbonized samples 
were washed with hot distilled water until phosphoric acid 
was removed from the samples and it was checked by the 
Phosphate test whether the phosphoric acid was completely 
removed. Then dried in an oven at 100 °C overnight. The 
same processes were produced at the carbonization tem-
perature of 700, 800, and 900 °C. The samples were named 
CF-XY (X: the concentration of Zn(NO3)2.4H2O, Y: the 
first digit of the carbonization temperature).

2.3 � Electrochemical study

As-synthesized ACFs were used as electrode active material 
and an electrode was composed of ACF, carbon black (CB), 
and poly(vinylidene fluoride) (PVDF) at a ratio of 85:05:10 by 
weight. All were mixed in N-Methyl-2-Pyrrolidone (NMP) for 
24 h on a magnetic stirrer to ensure a homogeneous electrode 
slurry. The resulted electrode slurry was cast on the Pt work-
ing electrode by a simple drop-casting method. An air gun was 
carefully used to dry the electrode on the Pt surface. A con-
ventional three-electrode cell was used for the electrochemical 
tests. Pt as working electrode, Pt plate as counter electrode, 
and Ag/AgCl as reference electrode were used. Cyclic vol-
tammetry (CV), galvanostatic charge–discharge (GCD), and 
electrochemical impedance spectroscopy (EIS) techniques 
were used to determine the electrochemical energy storage 
characteristics. Na2SO4 was selected as a neutral electrolyte 
to avoid the change in electrode surface at different pHs. The 
specific capacitance of the prepared electrodes was calculated 
from CV and GCD according to Eq. 1 and 2, respectively [36].

where m is the mass of the full electrode, ν is the scan rate, 
ΔV is the working potential window (V2-V1) in the Eq. 1. 
In the Eq. 2, I is the applied constant current, m is the mass 
of the full electrode, t is time and V is the voltage.

3 � Results and discussion

3.1 � Characterization of bare and activated porous 
carbon foams

In the first stage, sucrose was used as a carbon source in 
the production of carbon foam. Sucrose, a hydrocarbon, is a 

(1)C(F∕g) =
1

mvΔV

V2

∫
V1

i(V)dV

(2)C(F∕g) =
IΔt

mΔV
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suitable material for the preparation of meso/macroporous 
carbons with microporosity in the inner parts of the carbon 
walls because it increases microporosity in carbon foam for-
mation [37]. Zn(NO3)2.4H2O was used as the foaming agent. 
When zinc nitrate is heated with sucrose above its melt-
ing point, it provides the formation of porous carbon foams 
without the need for additional gases. The basic mechanism 
of obtaining carbon foam from sucrose with Zn(NO3)2.4H2O 
can be considered as the swelling of sucrose, which is cara-
melized, with nitrogen oxides and water vapor formed dur-
ing the decomposition of zinc nitrate (Fig. 1). In this way, 
micro and mesopores occur in the structures of the carbon 
foams formed by the removal of these gases.

In addition, to remove the remaining Zn compounds and 
the inorganic impurities in the sample, it was washed with 
a low concentration acid solution (HCl). The obtained sam-
ples are impregnated with H3PO4 solution as a chemical 
activation agent without the need for an additional purifica-
tion process and subsequently, hierarchically porous carbon 
materials are formed by carbonizing in an inert environment. 
Improved surface area, pore-volume, and pore diameter 
properties of activated carbons used in the electrochemical 
double-layer capacitor (EDLC) applications are the deter-
mining parameters of their electrochemical properties. Acti-
vated carbon samples prepared by considering these param-
eters is possible to increase the specific capacitance value.

3.2 � Effect of Zn concentration and activation 
temperature on the surface characteristics 

To investigate the effect of Zn(NO3)2 concentration on the 
surface area of the carbon foam, the activated carbons were 
prepared from different Zn(NO3)2 concentrations, keeping 
other parameters constant. N2 adsorption–desorption iso-
therms of the samples CF-2.5–6; CF-20–6 and CF-20–7 
can be seen in Fig. 2.

The BET surface areas of these samples were calculated 
as 1127 m2/g, 1502 m2/g, and 1668 m2/g, respectively. As 

can be understood from the N2 adsorption/desorption iso-
therms, the microporosity of the samples increased with the 
increasing concentration of Zn(NO3)2.4H2O.

In general, Type I isotherms, typical for microporous 
adsorbents, were observed in all samples. Although all sam-
ples have a microporous structure, except for the CF-20–7 
sample, they also preserved the Type IV isotherms indicat-
ing the mesoporous structure. The H4 Hysteresis loops in 
Type IV isotherms are due to the formation of mesoporous. 
The hysteresis seen in the CF-2.5–6 and CF-20–6 isotherms 
indicates that the mesoporosity of the sample is more than 
those of other samples. The removal of Zn species, which 
is formed in the carbon foaming process, and then the use 
of H3PO4 as an activating agent led to the formation of 
mesopores in the structure of the final product. The total 
volume of micropores and mesopores indicates that the sam-
ples have heterogeneous pore distribution (Table 2). It is 
seen in Table 2 that the micropore volume of ACFs increases 
by increasing the concentration of Zn(NO3)2. Therefore, 

Fig. 1   Carbon foams obtained from sucrose with different concentrations of Zn(NO3)2, respectively. a CF-2.5, b CF-5, c CF-10, d CF-20, e 
CF-50
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changes in the surface area also have a linear relationship 
with the increasing Zn concentration. Sucrose has been car-
bonized without being activated with zinc nitrate, and its 
surface area is calculated as 247 m2/g [38]. In the present 
study, thanks to the H3PO4 activation of carbon foam sam-
ples higher specific surface area has been obtained.

The activation temperature has significantly changed the 
total pore volume, bond structures, and the amount of sur-
face functional groups. The change in the activation tem-
perature affecting the surface area and the electrical conduc-
tivity of the ACFs are two critical factors that determined 
the values of their use in many technological applications. 
However, in electrode materials, it is not possible to evalu-
ate the surface area independently of the pore volumes [39]. 
Therefore, the effect of activation temperature on the struc-
ture of ACFs was investigated in this study. We aimed to 
improve the electrical conductivity properties of activated 
carbon foams by chemical activating the samples at higher 
temperatures while keeping the surface area relatively high.

To investigate the effect of the activation temperature on 
the specific surface area, different activation temperatures 
(600, 700, 800, 900 °C) were studied for the CF-20 sample, 
which showed the best electrochemical properties among the 
synthesized ACFs prepared by different concentrations of 
zinc nitrate. As can be seen in Table 2, the specific surface 
areas of the samples (1502 m2/g, 1668 m2/g, 1974 m2/g, 
respectively) were increased with temperature except for 
900 °C (1797 m2/g). The probable cause of this situation 
may be the transformation of micropores to mesopores at 
900 °C. At the activation temperature, the H3PO4 acts as 
an acid catalyst supporting bond cleavage and crosslinks 

formation. However, when the temperature increased to 
900 °C, because of the coalescence of adjacent pores at an 
extreme burn-off or the enlargement of the existing small 
pores specific surface area was decreased [40].

The effect of activation temperature on the porosity of 
the synthesized ACFs activated at high temperatures on the 
pore size distributions is determined by the QSDFT method 
(Table 2). According to Fig. 3, the increase in the amount of 
Zn(NO3)2 has no significant effect on the total pore volume. 
For the samples CF-2.5, CF-5, and CF-10, an increase in the 
zinc nitrate concentration supported micropore formation, 
while a decrease in the micropore volume was observed at 
higher concentrations. On the other hand, there was no sig-
nificant change in the mesopore volume with the increased 
zinc nitrate concentration, except for the sample CF-50.

While the activation temperature increased from 600 °C 
to 700  °C, the micropore volume increased, while the 
mesoporous volume decreased. It was seen that these results 
were consistent with pore size distributions (Figure S1). 
Micropore and mesopore volumes of the samples increased 
while the activation temperature reached 800 °C. When the 
activation temperature reached 900 °C, the mesopore vol-
umes increased considerably and the micropore volumes 
decreased. In addition, it was understood from the signifi-
cant decrease in activated carbon yield that the carbon com-
pounds burn off under the influence of high temperatures. 
Probably, increasing temperature caused mesopores to be 
formed by the coalescence of micropores. Moreover, this 
change in pore size distribution led to a decrease in the sur-
face area of the ACFs [41].

Table 2   Effects of Zn concentration and activation temperature on the surface area and pore distribution of ACFs

a Vmicro at 2 nm (QSDFT)
b Vmeso > 2 nm (QSDFT)
c Vtotal pore at P/P0 ≈ 0.99
d only carbon foam, ewithout H3PO4 chemical activation

Sample SBET
(m2g−1)

Vmicro a
(cm3 g−1)

Vmeso b
(cm3 g−1)

Vtotal pore c
(cm3 g−1)

% Vmicro % Vmeso Vmes/ Vmic Pore Dia. 
(4 V/A)
(nm)

CF-20–6-foamd 4 – – – – – – –
CF-20–6-HCle 81 – – – – – – –
CF-2.5–6 1127 0.279 0.462 0.812 35 57 1.66 2.881
CF-5–6 1273 0.262 0.524 0.854 31 61 2 2.683
CF-10–6 1700 0.460 0.430 0.974 47 44 0.93 2.291
CF-20–6 1502 0.378 0.453 0.884 43 51 1.19 2.354
CF-50–6 1483 0.247 0.854 1.168 41 58 1.41 3.151
CF-20–7 1668 0.457 0.356 0.892 51 40 0.78 2.138
CF-20–8 1974 0.519 0.453 1.062 49 43 0.87 2.152
CF-20–9 1797 0.398 0.649 1.137 35 57 1.63 2.532
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3.3 � Effect of activation temperature on the elemental 
composition

The elemental analysis results of ACFs prepared at different 
temperatures were shown in Table S1. As can be seen, the 
carbon and oxygen contents of the samples, while increasing 
temperature, the percentage of carbon increased, and oxygen 
contents decreased. These results clearly showed that oxy-
genated moieties, having low thermal stability, were released 
from the structure.

3.4 � SEM—Effect of Zn concentration and activation 
temperature on the surface morphology

Scanning electron microscopy (SEM) images of activated 
carbons show a sponge-like morphology with heteroge-
neous pores (Figure S2). With increasing the amount of 
Zn(NO3)2, it was seen that the activated carbons became 
more porous, and smaller pores were formed. The forma-
tion of porosity starts with the decomposition of sucrose 
and zinc nitrate in the carbon foams. Micro/meso and 
macropores may occur due to the removal of various 
gases such as NOx, N2, CO2, etc. from the structure. But 
main porosity formation occurs during chemical activa-
tion. The present study shows that the existing pores in 
the morphology of the samples changed depending on 
the H3PO4:carbon foam ratio (4:1) (Figure S2a-e (left)). 
Although some micropores remained intact, some large-
sized pieces with sharp edges were formed by the chemical 
activation of H3PO4 (Figure S2b,c). H3PO4 contributes to 
the further development of mesoporous due to the decom-
position of phosphocarbon species and the formation of 
volatile phosphorus-containing compounds (P4, P4O10, 
etc.) because of redox reactions occurring between vari-
ous phosphate compounds and carbon with the activation 

process (Figure S2) [42]. The porous structure of ACFs 
plays an important role in the diffusion of electrolyte ions 
into the interior of the electrode [43]. Hierarchical porous 
materials with appropriate pore size distribution and large 
surface area show excellent electrochemical performance. 
The ion transport distance is shorter in mesopores and a 
large surface area is the ability to store a large amount 
of charge, resulting in high capacitance performance is 
ensured.

The structural morphology of ACFs obtained at dif-
ferent activation temperatures was investigated by SEM 
(Scanning electron microscope) (Figure S2d,f,g). SEM 
images are considered together with the N2 adsorption iso-
therms, the micro and mesopores dispersed below 10 nm 
in the activated carbons only appear as a rough surface in 
the SEM images. Although SEM images do not give any 
significant information on the distribution of porosity, the 
increase in surface roughness due to the increasing tem-
perature at 10 k magnification coincides with the trend of 
increasing mesoporosity with temperature obtained from 
the N2 adsorption results.

The morphological structure of the ACFs obtained 
from sucrose is non-uniform and irregular. One of the 
most important factors affecting the surface area and pore 
structure of ACFs is activation temperature. In this pro-
cess, active pores are formed on the surface. The effect 
of thermal treatment on ACF can be evaluated in Figure 
S2d. As the carbonization temperature was increased from 
600 °C to 700 °C, it affected the morphology of the mate-
rial with an average pore diameter of 2.35 nm, increasing 
the microporosity and decreasing the mesoporosity. Thus, 
the average pore diameter decreased to 2.14 nm. (Figure 
S2f). On the other hand, it was observed that there was no 
significant change in the average pore diameter and poros-
ity with the increase of the carbonization temperature to 
800 °C (Figure S2g).

Fig. 3   Deconvolution of Raman spectra into a 2 peaks b 4 four peaks of the Sample CF-20–6
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3.5 � Raman analysis 

Raman spectroscopy has become a key technique for the 
characterization of sp2 hybridized carbon materials such 
as activated carbons, graphene, and carbon nanotubes due 
to its sensitivity to changes in the structure of carbons. 
Figure 3 shows the deconvolution of the partial Raman 
spectra of the Sample CF-20–6 into two and four Lorentz-
ian peaks in order to discuss the changes in the chemical 
structure of ACFs in detail. Two characteristic peaks were 
observed for all samples (now shown here); the first peak 
in the 1300–1400 cm−1 ranges, is attributed to the disorder-
induced band of graphitic carbon (D band), and the second 
peak at around 1500–1600 cm−1 ranges corresponds to in-
plane vibrations of graphitic structure (G band) [44]. The G 
and D bands exhibit an overlap without a clear separation, 
which is typical for disordered activated carbons [45]. First, 
the normalized experimental curves were deconvoluted to 
G and D bands by using two Lorentzian peaks to determine 
the ratio of ‘disordered part’ to ‘ordered part’. The calculated 
ID/IG ratios from two peak deconvolution, and ID1/IG1 and 
ID2/IG2 ratios from four peak deconvolution are presented in 
Table S2. Due to the ID/I ratios, no significant differences 
were observed between the samples except CF-5–6. The 
presence of more 'ordered parts' in Sample CF-5–6 does not 
make any sense and cannot be able to explain with currently 
available data. In the four peak deconvolution, the similar 
and sharper peaks, G1 and D1 are assigned to the winding 
short basal plane of graphite with bond angle order, while 
the broader G2 and D2 peaks are associated with the amor-
phous sp2 carbon clusters with bond disorder [45]. Higher 
ID1∕IG1 and lower ID2∕IG2 ratios of the samples CF-10–6 
and CF-20–8 than those in other samples indicate reduced 
sizes of both basal planes and amorphous carbon clusters 
[46]. The lower  ID1∕IG1 ratio and higher of ID2∕IG2 ratio in 

the samples CF-20–6 and CF-50–6 corresponds to the for-
mation of larger basal planes with fewer defects and larger 
amorphous carbon domains from possibly two opposing 
effects on carbon microstructures, respectively [46]. Smaller 
basal planes and much more surface defects may lead to low 
capacitive performance due to the formation of ruptures on 
the electron conduction pathways. It is thought that these 
complicated results originated from the uncontrollable and 
probable formation of radical species and gaseous products 
during the foaming process. The partially graphitic porous 
structure with developed hierarchical pores with fewer 
defects and well connectivity is expected to improve the 
electrochemical behaviors of ACFs [47].

3.6 � XPS analysis

The presence and the amount of surface functional groups 
(SFGs) which contribute to the total specific capacitance 
by creating pseudocapacitance and increasing the wetta-
bility of the electrode were evaluated by XPS analysis. 
Figure 4 shows the deconvolution of C1s spectra of the 
Sample CF-20–6 and the calculated amounts of SFGs for 
all samples by considering the total carbon content in the 
sample. As a result of the presence of several SFGs on 
the carbon surface, complicated envelopes were observed 
in C1s spectra for all samples. Main characteristic peaks 
at around 284.5 eV, 285.8 eV, 286.6 eV, 287.4 eV, and 
288.9  eV assigned to graphitic carbon or sp2 carbon 
(C = C); C atoms directly bonded to O in hydroxyl con-
figurations (C − O in phenol or alcohol); epoxide groups 
(C–O–C); carbonyl groups (> C = O), and carboxyl groups 
(COOH or HO-C = C), respectively. The assignments are 
in good agreement with previously reported data. No peak 
was observed at around 290.5–290.9 eV corresponding 
to π-π* transition due to the bond breakage at the edge of 

Fig. 4   a Deconvolution of C1s spectra of the Sample CF-20–6, and b the amounts of SFGs obtained by the deconvolution of C1s spectra of the 
samples
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the planar structure during the calcination process [48]. 
The formation of the above SFGs can be explained by 
these chemically active radicals to heteroatoms (O and 
H) to form surface complexes or functional groups [48, 
49]. There is no correlation found between the Zn con-
centration and the amount of the above SFGs. This can 
be attributed to the uncontrollable formation of radical 
species and gaseous products during the foaming process. 
However, the activation temperature significantly affected 
the amount of SFGs. The number of phenolic/alcohol 

groups and carbonyl groups decreased while the ether and 
carboxylic groups increased with the increasing activation 
temperature. In the case of sp2 hybridized carbon (C = C), 
first an increase and then a decrease was observed. Among 
these SFGs, carbonyl groups are believed to be electro-
chemically inactive; however, the carboxyls/carbonates, 
quinone, and hydroxyls [50] [50] are expected to create 
pseudo-capacitance due to the kinetics of the redox reac-
tions [51]. In addition, all these SFGs also enhance the 
wetting of electrode surface by electrolyte [52]. Therefore, 

Fig. 5   The CV curves of the ACFs synthesized a at different concentrations of Zn, b at different activation temperatures at the scan rate of 
10 mV/s, the change in the calculated specific capacitance vs. scan rate c CF-2,5–6, d CF-20–6 and e CF-20–7 (inset graphics are CV curves)
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the sample CF-20–6 is expected to present higher capaci-
tive performance compared to others due to the high con-
tent of phenolic/alcohol and carbonyl groups.

3.7 � Electrochemical properties of ACF‑based 
electrodes 

The effects of Zn concentration and activation temperature 
on electrochemical characteristics and charge storage per-
formances were investigated using CV, GCD, and EIS in a 
conventional 3-electrode cell configuration. Figure 5a and 
b show the CV curves of the synthesized ACFs with differ-
ent Zn concentrations and activation temperatures at a scan 
rate of 10 mV/s, respectively. All samples except CF-10–6 
and CF-50–6 exhibit roughly rectangular shapes indicat-
ing typical double-layer capacitance characteristics [53]. 
The distortions observed between 50 and 400 mV might be 
attributed to the reversible redox reactions originating from 
the SFGs on the activated carbon [54, 55]. According to 
the specific capacitance calculated from the CV curves, no 
correlation was found between the changing Zn concentra-
tion and specific capacitance. Although the Sample CF-10–6 
had a high surface (1700 m2/g) area and micropore volume 

(0.460 cm3/g), it showed the lowest capacitive performance. 
The higher mesopore volume than micropore volume may be 
one of the reasons. As a result of the high mesopore volume, 
the mobility of the electrolyte ions gets faster, consequently, 
the ability of the energy storage of the micropores slows 
down. In addition, the increased wettability of the surface 
of CF-10–6 due to the high number of carbonyl groups sup-
ports this idea. Moreover, the reduced sizes of both basal 
planes and amorphous carbon clusters, and the lower sp2 
carbon content may contribute to decreasing the capacitive 
performance. In Fig. 5b, it can be seen that the increase in 
the activation temperature led to changes in the shape of the 
CV curves to a more rectangular form. However, the calcu-
lated specific capacitance decreased dramatically. The effect 
of SFGs on the CV curves disappeared when the temperature 
increased from 600 °C to 800 °C as a result of the breaking 
of oxygen-containing SFGs with the temperature and release 
as gaseous products.

The change of the calculated specific capacitance with the 
scan rate and the CV curves (inset) can be seen in Fig. 5c, 
d, and e. As expected, a drastic decrease in the calculated 
specific capacitance was observed for all samples while 
the scan rate ranges from 5 mV/s to 50 mV/s. The trend in 

Fig. 6   GCD curves of the samples a CF-2.5–6 b CF-20–6 and c CF-20–7 at different current densities
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the decrease continued with a slower rate from 50 mV/s to 
500 mV/s. Since the calculated specific values calculated 
from CV and GCD analysis are quite different [56]. We find 
to use GCD data over CV data is more accurate.

Figure  6 represents the GCD curves of the samples 
CF-2,5–6, CF-20–6, and CF-20–7 at different current densi-
ties ranging from 100 mA/g to 1000 mA/g. The symmetrical 
triangular shape of the GCD curves suggests the formation 
of electrochemical double layers at the electrode/electro-
lyte interface [57]. As shown in Fig. 6a, the GCD curves 
do not display a perfect triangular shape at the 100 mA/g 
current density due to the inadequate current to charge the 
electrode. Therefore, the results obtained at 100 mA/g were 
disregarded and not shown for other samples due to the low 
Coulombic efficiency. For the sample CF-2,5–6, the spe-
cific capacitance decreased nearly 50% with the increasing 
current density from 500 mA/g to 1000 mA/g indicating 
the low rate capability. However, the samples CF-20–6 and 
CF-20–7 showed higher rate capabilities. The ESR values 
increased with the increasing current density, as expected, 
due to the increase in the mobility of charge. The higher 
ESR values also caused a disruption in the triangular shape 
of GCD curves, as can be seen for the CF-20–6 sample. As 
a result, low ESR values, high specific capacitance, and high 
Coulombic efficiency prove that the synthesized ACFs are 
good candidates for EDLC applications.

The specific capacitance and ESR values for all samples 
are given in Table 3 to discuss the relationship between 
the specific capacitance, Zn concentration, and activation 
temperature. As can easily be seen, there is no correlation 
between the Zn concentration and the capacitive perfor-
mance of ACF-based electrodes. However, an increase in the 
activation temperature caused lower specific capacitance and 
ESR. Despite the increase in surface area, the decrease in 
the specific capacitance shows that the surface morphology 
and chemistry are more effective. The ESR drop depends 
on the resistance between electrolyte, collector and elec-
trode, SGFs, and pore characteristics [58]. The formation 
of the porous structure can be seen in SEM images. Again, 
the increase in the surface roughness led to the formation 
of pathways resulting in an increase in electrolyte mobility, 

and a decrease in the mass transfer resistance. As a result, 
the ESR drop decreased significantly with the increasing 
activation temperature of ACFs.

With the increase in current density, calculated specific 
capacitance decreases at certain rates, as expected. This can 
be explained by the following: i) decreasing the contact time 
of electrolyte and electrode with the increased scan rate or 
current density resulting in less charge storage [59, 60]; ii) 
Contribution of ESR drop and slowing kinetics of electro-
chemical activities at high current densities, and iii) decrease 
in the thickness of the electrochemical double layer due to 
the increase in the electrolyte mobility. A lower decrease in 
the specific capacitance with the increasing current density 
is expected for the rate capability. For our samples, again 
no correlation was observed between the Zn concentration 
and the rate capability. However, the activation temperature 
led to an increase in the rate capability of the ACF-based 
electrodes.

Figure 7 shows the EIS data of the selected samples in a 
three-electrode cell configuration. Three distinct regions in 
Nyquist plots, the intercept at the real axis, a semicircle in the 
high-frequency region, and a linear part over low frequency 
give information about intrinsic resistance of electrode materi-
als, ionic resistance of the electrolyte, electrode conductivity, 
and the charge-transfer resistance [61]. In the low-frequency 
region, the closer the slope of the straight line (perpendicular 
to the x-axis) is to 90°, the closer to the ideal capacitive behav-
ior. The slope values read from the Bode plots (not shown 
here) can be seen in Fig. 7a. All samples are very close to 
the ideal capacitor except the sample CF-2,5–6. In the inter-
mediate frequency region, the Warburg line (45°slope) and 
following nearly straight vertical line were observed for all 
samples indicating that all samples possess ideal capacitor 
behavior and allow the electrolyte ions to be adsorbed on the 
electrode surface [62]. Moreover, the slower ion diffusion 
leads to the longer Warburg line [37]. Therefore, it is obvious 
that the increase in the activation temperature led to the higher 
electrical conductivity of electrodes. In the high-frequency 
region (Fig. 7b), the diameter of the semicircle got larger with 
the increasing activation temperature implying the increas-
ing charge transfer resistance. It can easily be said that the 

Table 3   Calculated specific 
capacitance and ESR values 
from GCD curves for all 
samples at different current 
densities (Csp is F/g and ESR 
is mV)

Sample 100 mA/g 250 mA/g 500 mA/g 1000 mA/g

Csp ESR Csp ESR Csp ESR Csp ESR

CF-2.5–6 153.5 20.2 120.9 41.6 102.1 83.2 64.3 174.8
CF-5–6 101.9 8.4 88.7 17.2 83.1 32.9 70.1 66.2
CF-10–6 209.3 71.7 172.4 154.9 14.1 296.5  < 10  > 400
CF-20–6 305.1 9.8 265.8 21.3 238.4 40.8 205.4 84.2
CF-50–6 252.1 34.3 194.3 77.7 170.6 171.7 18.2 310.8
CF-20–7 207.5 4 176.6 7.7 165.3 14.7 156.1 28.2
CF-20–8 103.9 3.3 91.1 6.5 86.9 12.3 83.7 22.4
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CF-20–6 sample has the lowest charge transfer resistance and 
the highest electric conductivity in the high-frequency region.

The cycling stability of the CF-20–6 sample at a current 
density of 1A/g over 1000 cycles with the charge–discharge 
curves for the 999th and 1000th cycles can be seen in Fig. 8. 
The specific capacitance of the electrode decreased from 205 
F/g to 193 F/g during 1000 cycles. The capacitive retention is 
calculated as 96.6%, 94.6% and 94.2% after 250, 500 and 1000 
cycles, respectively. It is obvious that the electrode is highly 
stable and shows high cycling performance and electrochemi-
cal reproducibility.

4 � Conclusion

In summary, activated carbon foams were synthesized, and 
characterized by various techniques. The effect of Zn concen-
tration and activation temperature on the surface area, pore 
size distribution, and surface morphology were discussed as 
well as electrochemical energy storage characteristics. No cor-
relation was found between the Zn concentration and elec-
trochemical characteristics; however, the activation tempera-
ture had a determinative effect on the surface, chemical, and 
electrochemical properties. These ACFs exhibited a specific 
capacitance of 265.8 F/g at a current density of 250 mA/g. 
The specific capacitance decreased to 205.4 F/g while the 
current density increased to 1000 mA/g. The high charge 
storage capacity can be attributed to double-layer formation 
led by complex micro/mesoporosity with high surface area, 
and the Faradaic effect originated from oxygen-containing 
surface functional groups. Moreover, it is found that surface 
morphology plays a key role since the double layer formation 
is strongly dependent on the surface.
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