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Abstract
The use of activated carbon from biomass as an electrode for lithium-ion batteries is promising because of the low cost, 
natural abundance, and environmentally friendly. Chicken feather is a biomass that has the potential to be a source of acti-
vated carbon, because it contains keratin. The activation process affects the quality of activated carbon, thereby increasing 
battery performance. In this study, chicken feather waste was chemically activated using KOH and combined with physical 
activation at temperature variations of 750, 850 and 950 °C. The activation process significantly influenced electrochemical 
properties because of the difference in their microstructure. The activated carbon pyrolyzed at 850 °C (CFCA-850) shows 
the highest discharge capacity of 285.78  mAhg−1, good cycling stability and rate performance due to its higher interlayer 
spacing and large surface area. Furthermore, electronic conductivity and ion increase, thus improve battery performance.
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Introduction

The use of electronic devices in the community causes the 
need for batteries as electrical energy storage increases. 
Lithium-ion batteries (LIBs) have received increasing inter-
est in recent years due to their high-energy densities, long 
cycle lives, and environmental friendliness. At present, car-
bon materials are generally used as electrode materials for 
LIBs due to their small surface change, structural stability 
during cycling, high-energy density, lightweight, and long 
lifespan, and abundance [1, 2]. However, most of the elec-
trodes exhibit slow diffusivity of lithium ions due to their 
low active surface area, limiting the inner capacitive contri-
bution of the active material, resulting in insufficient power 
and energy density [3].

Unfortunately, the source and electrical energy storage 
are now mainly based on fossil fuels that are finite and not 

renewable. Therefore, to build a sustainable future, energy 
storage materials are non-fossil based produced using renew-
able resources via simple, low cost, and environmentally 
friendly methods, with controllable morphologies, high 
porosity, modified surface chemistry, and appropriate func-
tionalities [4].

Carbon is a material that can store energy because of its 
good performance, environmentally friendly, and inexpen-
sive [5]. Commonly, carbons are taken from fossil sources, 
which non-renewable, so alternative solutions are essential. 
Biomass derived from plant and animal waste is a promis-
ing alternative because cheap, renewable, environmentally 
friendly, and abundant. Biomass is a natural resource for 
producing carbon material [6]. It contains organic chemical 
elements, such as hydrogen, nitrogen, oxygen, boron, sul-
fur, and other elements that influence yield, microstructure, 
conductivity, and capacitance [7]. The composition of these 
elements causes the type of biomass effect on the carbon 
produced. The activated carbon is derived from plant-based 
biomass such as rice husk [8], banana peel [9], cotton [10] 
using various activation methods.

In addition to plant-based that contain cellulose, ani-
mal-based precursors such as hairs, horns, claws, and 
hooves of animals are attractive kinds of biomass consist-
ing of a fibrous structural protein called keratin. Keratin 
is a fibrous protein that contains sulfur, glycine, cysteine, 
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proline, and serine [11]. Unlike cellulose, keratin gains 
chemical and thermal stability due to its intermolecular 
bonding, including non-covalent hydrogen bonds, ionic 
salt bonds, and covalent disulfide cystine crosslinking 
[12]. Keratin can be obtained from human hair [13], wool 
[14], and chicken feathers [15]. Chicken feather waste in 
the agricultural industry is increasing due to the higher 
demand for chickens and has become a promising candi-
date for porous carbon with a high capacity [16]. There-
fore, solutions are needed to utilize waste to add economic 
value and become a solution to environmental problems. 
On the other hand, chicken feathers can produce keratin 
with functional groups N–H, C–H, –CH2–S, C≡N, C–O, 
and  CH2 [17].

Recently, many attempts were made to make carbon with 
a large surface area, high pore volume, and high conductivity 
suitable for battery electrodes, such as the activation process. 
Chemical activation methods using KOH on chicken feather 
carbon have been carried out [16]. The specific area, pore 
structure, and specific capacitance are affected significantly 
by the activation process. However, the chemical activation 
also reduces the carbon electrode’s conductivity and density, 
leading to poor rate performance and low volumetric energy 
density [18].

Therefore, this study conducted a combination of chemi-
cal and physical activation. Chicken feathers that have been 
carbonized at low temperatures are then chemically activated 
using 5 M KOH. We investigated the physical activation 
with the pyrolysis process at varying temperatures of 750, 
850, and 950 °C. The activated carbon was then character-
ized by X-ray diffraction, Raman spectrometer, gas adsorp-
tion analyzer, and its effect on the LIB performance.

Experimental

Sample preparation

Carbonized chicken feather (CFC) from chicken feather was 
prepared by the pyrolysis method, which describes in detail 
in our previous work [19]. Activated carbons were obtained 
through chemical activation, followed by physical activation 
with heat treatment under nitrogen  (N2) flow. First, CFC 
was impregnated in 5 M KOH solution at room temperature 
for 24 h. Then, the sample was washed with 1 M HCl and 
distilled water. Second, different temperature variations were 
carried out to determine the physical activation of carbon. 
The samples were heated at 750, 850, and 950 °C for three 
h under  N2 atmosphere (flow rate 50 ml  min−1) at the heat-
ing ratio of 5 °C  min−1. The obtained activated carbons are 
denoted as CFCA-750, CFCA-850, and CFCA-950, where 
750, 850, and 950 represent the heating temperature.

Characterization

The crystallographic structure of materials was determined 
by an X-ray diffractometer (XRD, Philips X-Pert) using 
Cu-Kα radiation. To verify the degree of graphitization, 
Raman Spectroscopy was performed employing a (Horiba 
Scientific) using the 785 nm line laser. The morphologi-
cal observations of CFC and CFCAs were performed by 
scanning electron microscope (SEM, Hitachi SU3500). 
The pore structure of CFCAs was analyzed by nitrogen 
adsorption/desorption isotherm at 77.3 K (Quanta chrome, 
NOVA High-Speed Gas Sorption Analyzer Version 11.30). 
The surface area (SBET) was determined by applying the 
BET method in the partial pressure range of 0.05–0.30. The 
pore volume and the pore diameter were obtained using the 
BJH (Barrett-Joyner-Halenda) equation.

Electrochemical

The electrodes were prepared by mixing 80 wt.% CFCAs, 
10 wt.% super P carbon black, and 10 wt.% PVDF with 
dispersed and dissolution in N–N Dimethyl Acetamide 
(DMAC). The slurry was coated on Cu foil and dried at 
70  °C for an hour. The coin cells were assembled in a 
glove box using half cell types. All samples are becoming 
working electrode and Li metal as a counter side. Poly-
styrene (PE) was used as a separator and electrolyte salt, 
1 M LiPF6 in organic solvent, ethylene carbonate/ethyl 
methyl carbonate (EC/EMC) with composition 3:7 in vol-
ume, with 2% additive vinyl carbonate (VC). Galvanostatic 
charge and discharge tests of the cells were performed on 
(WBCS3000) in the potential range of 0–2 V at a different 
rate of 0.25C, 0.5C, 1C, 2C, and 4C. The cyclic voltammetry 
(CV) measurements were conducted on the same instrument 
in the potential range of 0.06–3 V with scanning rate of 
0.1 mV  s−1. Electrochemical impedance spectroscopy (EIS) 
was tested in the frequency range from 2 kHz to 0.1 Hz with 
a potential amplitude of 0.2 V.

Result and discussion

The diffractogram of carbon powder with variations of acti-
vation temperature is presented in Fig. 1. The diffraction 
pattern shows the presence of carbon (C) phase in all carbon-
ized samples. Two broad diffraction peaks around 2θ = 25° 
and 45° corresponding to the plane (002) and (011) exhibit 
poor crystallinity. The plane (011) indicating  sp2 structure of 
carbon [6]. Compared with CFC sample, the characteristic 
peak of activated carbon is higher in intensity. The results 
verify that activated temperature enhances the regularity 
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of crystalline structure. Furthermore, the peak shift to the 
right side after activation, from which it can be indicated 
evaporation of volatile substances and interaction nitrogen 
with carbon.

The peak shift is inversely proportional to the value of 
interlayer spacing (d) according to the Bragg’s equation. 
The value of d(002) declines after the activation process with 
values of 0.358, 0.348, 0.351 and 0.347 nm for CFC, CFCA-
750, CFCA-850 and CFCA-950, respectively. Decrease in 
the interlayer distances indicating that carbon planes become 
closer to each other, caused by evaporation of volatile sub-
stances in the carbon. The interlayer spacing, height (Lc) and 
width (La) of the carbon are calculated based on the Scherrer 
equation, using the full width at half maximum (FWHM) 
value of the (002) peak [20]. Table 1 shows that the size of 
Lc and La enlarged after activation process, indicated the 
growth and arrangement of crystal.

The further chemical structure of CFC and CFCAs were 
studied using Raman spectroscopy, as shown in Fig. 2. The 
Raman spectra were de-convoluted using a mixed Lorent-
zian-Gaussian function. The spectra exhibited the same 
appearance in all samples: two well-resolved bands, namely 
D (~ 1320  cm−1) and G (~ 1580  cm−1) band. The presence 
of G band indicates the graphite, which contains  sp2 car-
bon network  (E2g symmetry). The intensity of D band  (A1g 
symmetry) can be used to observe the density of defects 
and the disorder (porosity, crystallite size distribution, and 
the concentration of amorphous component) in the structure 

Fig. 1  XRD pattern of keratin and CFCAs

Table 1  Structural properties of CFC and CFCAs

Sample d(002) (nm) La (nm) Lc (nm)

CFC 0.358 – 0.94
CFCA-750 0.348 2.915 1.18
CFCA-850 0.351 4.58 1.28
CFCA-950 0.347 4.011 1.18

Fig. 2  Raman spectra of keratin 
and CFCAs
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[21]. The ID/IG ratio also depends on the rates of the  sp3 
and  sp2 areas and the O/C ratio [22]. The intensity ratio ID/
IG  arises with the chemical and temperature activation 
given in Table 2. In the CFC sample, ID/IG < 1, that shows 
small irregularity. ID/IG ratio becomes larger than 1 with an 
increase in temperature. The highest intensity ratio ID/IG at 
the CFCA-850 sample (1.789) shows many irregularities 
and indicates the addition of structural defects [23]. This 
result suggests that the structure's oxygen content increases 
with temperature, and the  sp2 carbon components decrease. 
Besides, the expansion of these peaks with temperature indi-
cates the increase of structural defects. Peak D is caused 
by  sp3 hybridization vibration, and vibrations of  sp2 carbon 
networks cause G peak.

Additional broad absorption is observed in Raman 
spectra of CFC, around 1490  cm−1 (A2 band), attributed 
to amorphous carbon on the interstitial position of graph-
ite [24] and ~ 1270  cm−1 (A1 band) represent  sp2-sp3 or the 
 sp3-rich carbonaceous structures [25]. Activation processes 
decrease the amorphous peaks (A1 and A2 bands), and gra-
phitic peaks appear around 1600  cm−1 (GL band) at CFCA-
750 and CFCA-950. GR band at CFCA-850 corresponds 
to the aromatic structure in amorphous carbon. Further-
more, S1 and S2 bands in the 1800–2000  cm−1 range indicate 
which is related to vibrations of linear carbon chains [26].

Calculation of crystallite size (La) using Raman data 
showed a significantly different value compared to XRD 
results. These differences likely because of Raman spectros-
copy’s capacity to detect smaller shifts in interatomic vibra-
tional frequency caused by the stress-induced changes in 
strain due to the presence of defects. However, these results 
demonstrate that both techniques are complementary to each 
other and are highly sensitive to small changes in the crystal 
structure [27].

The typical nitrogen adsorption isotherms of all CFCAs 
are shown in Fig. 3. Increases in volume at low relative pres-
sure indicate that the CFCA-850 and CFCA-950 samples 
presence of micropores and narrow pore size distribution 
consistent with type I(a) (according to IUPAC classifica-
tion, [28]). While CFCA-750 samples possess mesopores 
structure and CFC sample possess macropores. Absorbed 
volume gradually rises with the increase of temperature 

activation. This activation changes pore size, because most 
mesopores break at a higher temperature, and the pore diam-
eter decreases [29].

Pore structure parameters of CFC and CFCAs are sum-
marized in Table 3. The specific surface area of CFCA-750, 
CFCA-850, and CFCA-950 samples are 44.76  m2g−1, 144.66 
 m2g−1, and 204.91  m2g−1, respectively, and it indicates that 
the CFCA-950 sample has an advantage of higher specific 
capacitance than others due to the highest surface area.

The morphologies of CFC and CFCAs were investigated 
by scanning electron microscopy. As shown in Fig. 4a, CFC 
morphology displays grain with varied sizes and large poros-
ity with a diameter of around 27.47 μm. However, the grain 
of CFCAs (Fig. 4b–d) becomes smaller and uniform with 
average diameter around 23 μm. By further increasing the 
enlargement, it is possible to observe the surface of carbon 
and activated carbon. The chemical and physical activation 
processes on the carbon display similar morphologies and no 
significant changes or structural distortions were observed. 
CFC sample shows a smooth surface and a series of streaks 
through the surface (Fig. 4a inset), while the surface of acti-
vated carbon appears smooth surface with small fragments 
and an increasing number of stripes (Fig. 4b–d inset). Dur-
ing the high-temperature process, the CFC was activated into 
conductive CFCA accompanied by the release of gaseous 

Table 2    Raman analysis-ID/IG ratio and surface crystalline size of 
CFC and CFCAs

Sample Raman shift  (cm−1) ID/IG La (nm) = 4.4/R

G Band D Band

CFC 1582 1355 0.748 5.882
CFCA-750 1581 1306 1.072 4.104
CFCA-850 1596 1320 1.789 2.459
CFCA-950 1580 1317 1.394 3.156

Fig. 3  N2 adsorption of keratin and CFCAs

Table 3  BET surface area and pore parameters of CFC and CFCAs

Sample BET surface area 
 (m2  g−1)

Pore volume 
 (cm3  g−1)

Pore 
diameter 
(nm)

CFC – 0.011 290.74
CFCA-750 44.76 0.005 97.16
CFCA-850 144.66 0.010 3.42
CFCA-950 204.91 0.008 3.08
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by-products such as  CH4,  H2, CO, and  CO2 [30]. The acti-
vation process yields a surface reaction, which facilitate the 
formation of the porous structure of the CFCAs.

EIS is a powerful tool to investigate the dynamic informa-
tion of ion transport and charge transfer. As shown in Fig. 5, 
all curves displayed a semicircle at high frequency and a line 
in low frequency. The intercept on the Zʹ axis in the high-
frequency region relates to the ionic conductivity of the elec-
trolyte passing through SEI on the electrode surface (RSEI). 
The semicircles in the high-to-medium-frequency range are 

associated with the charge transfer between the electrolyte 
and the electrode material (Rct) [31]. At low frequencies 
(0.1–20 Hz), the typical Warburg behavior can be attributed 
to the solid-state diffusion of lithium ions (Fig. 5b).

As seen from Table  4, RSEI and Rct values decrease 
with the number of temperature activation. The Rct values 
of activated carbon increased follow the order of CFCA-
950 < CFCA-850 < CFCA-750 < CFC. It is speculated that 
the low Rct of the CFCAs is due to its high specific surface 
area, which facilitates intercalation and de-intercalation 

Fig. 4  SEM images of: a CFC; 
b CFCA-750; c CFCA-850; d 
CFCA-950

Fig. 5  a Electrochemical impedance spectra, and b the linear relationship between the Warburg impedance and the inverse square root of angular 
frequency of CFC and CFCAs
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process into/from activated carbon. The vertical line in the 
CFCA-850 and CFCA-950 were larger than 45°, indicating 
much lower diffusive resistance compared with CFCA-750 
and CFC, which have angles smaller than 45°.

The diffusion value of lithium ions depends on the War-
burg constant, known from the regression graph of the rela-
tionship between Zʹ (real impedance) and ω−1/2, as shown 
in Fig. 5b. The values of conductivity, Warburg impedance 
(σω), and lithium-ion diffusion (DLi+) are shown in Table 4.

The activation process enhanced the electrical conductiv-
ity of electrode by reducing particle size and creating defects 
that improving the kinetic performance. The CFCA-950 has 
a higher conductivity than CFCA-750 and CFCA-850 with 
values of 1.43 ×  10–5, 9.56 ×  10–6, 1.42 ×  10–5  Scm−1, respec-
tively. The small and uniform particle size of the CFCA-950 
sample facilitates movement and shortens the mileage of the 
ion. Distortion in the sample increases the number of holes, 
therefore, rises the charge transferred. Ion diffusion will also 
be easier to occur in crystallites with large d values, because 
lithium ions (0.069 nm) have a reasonably wide diffusion 

path. This causes the diffusion of ions in samples without 
activation has a higher value than the activation sample tem-
perature of 750 °C. Furthermore, defect in carbon increases 
the number of holes, allowing more charges quickly to move.

Figure 6 compares the CV curves of CFC and CFCAs 
with various temperature activation in a potential window of 
0.1–2 V at the same scan rate of 120 μV/s. There are reduc-
tion peaks in the potential range of 0.8–1.2 V in the first 
cycle, corresponding to the irreversible reactions between 
the activated carbon electrode and electrolyte. This reduc-
tion peak disappeared from the second cycle. The differ-
ence between the first cycle and second cycle is due to the 
incomplete conversion reaction and irreversible lithium loss 
as a result of the formation of the SEI (Solid Electrolyte 
Interface) layer. The graph shows that the higher of activa-
tion temperature, the sharper of oxidation peak formed. This 
peak indicates an increase in the acceleration rate of inter-
calation and de-intercalation processes. The highest peak is 
CFCA-950, with a working voltage 0.40 V and Ipc value of 
0.28 mA. The high surface area of CFCAs with micropores 

Table 4  EIS parameters and 
Li-ion diffusion of CFC and 
CFCAs

Sample RSEI (ohm) Rct (ohm) Conductivity  (Scm−1) σω(Ωm2s−1/2) DLi+(cm2s−1)

CFC 70 1190 5.27 ×  10–6 638.62 1.14 ×  10–15

CFCA-750 41.5 656 9.56 ×  10–6 735.96 8.59 ×  10–16

CFCA-850 37 440.5 1.42 ×  10–5 162.14 1.77 ×  10–14

CFCA-950 36 440 1.43 ×  10–5 237.52 8.25 ×  10–15

Fig. 6  CV curves of CFC and 
CFCAs
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and mesopores provides more active sites for Li-ion adsorp-
tion and insertion/extraction on surfaces or defect electrodes.

Charge–discharge curves evaluated the electrochemical 
performance of CFC, and CFCAs electrodes with differ-
ent temperature activation are given in Fig. 7. CD test was 
carried out at the rate of the current density of the 0.25C. 
The activation temperature raises the charging capacity. 
The CFCA-950 sample has the highest charging capacity 
of 260.34  mAhg−1, while the CFC sample has the lowest 
at 1.95  mAhg−1. This is because the activated sample can 
absorb the most lithium ions. The discharge curves show 
three different potential regions, which may be attributed 
to different mechanisms. The area from 0 to 0.12 V cor-
responds to the de-intercalation of lithium ions from the 
micropores in the randomly oriented stacks of small con-
stituent molecules. The region from 0.12 to 0.8 V is ascribed 
to the de-intercalation of lithium ions from the disordered 
graphene layers. The area above 0.8 V corresponds to the 
de-intercalation of lithium from a variety of edge sites or 

the H-/O-containing functional groups in the graphene layer 
[32].

In this research, all of the discharge curves of electrodes 
have two voltage plateau regions, reducing Li-ion during the 
discharge process. The intercalation of Li + ions in the cell 
with the CFCAs electrode begins at around 0.5–0.8 V during 
charging. This is due to the irreversible formation of a solid 
electrolyte interface layer on the carbon surface resulting 
from electrolyte decomposition subsequent reduction with 
 Li+ ions [1].

The initial discharge capacity of CFCA-850 cells was 
285.78  mAhg−1, comparable to CFCA-950 and CFCA-750 
cells (228.92 and 213.40  mAhg−1) and much higher than 
CFC cell (16.86  mAhg−1). The charge and discharge capac-
ity of a battery are affected by the surface area and pore 
distribution. The distribution of pore mesoporous (2–5 nm) 
will increase the absorption of lithium ions to increase the 
capacity. The size of a large surface area and pore distribu-
tion of mesoporous optimize the battery capacity.

As indicated in Fig. 8a, b, the cycle durability was also 
obtained. The capacity remains without any decay after 50 
cycles, and coulombic efficiency can retain nearly 100%. 
Discharge capacity of  1st and  50th cycles and retention 
capacity are shown in Table 5. The CFC cell has the highest 
retention value (82.64%), whereas the CFCAs electrode has 
a larger discharge capacity (102.53, 83.40, 82.58  mAhg−1 
for CFCA-750, CFCA-950, and CFCA-850, respectively) 
than CFC cell (2.09  mAhg−1). Amorphous carbon materi-
als show poor capacity retention during their cycle life due 
to variations in surface morphology, large voids, disordered 
non-crystallized sites, random lattice structures, and low 
specific areas. The activation process causes the rearrange-
ment of the atomic structure in the sample to be unstable 
and easily decomposed. The damage causes the number of 
lithium ions intercalating or de-intercalating to decrease so Fig. 7  Discharge/charge profile of CFC and CFCAs

Fig. 8  a Cycling performance, and b columbic efficiency of CFC and CFCAs
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that the capacity decreases. Life cycle decline can also occur 
due to the SEI. Reversible formation/dissolution of SEI-like 
product on the surface assisted in ion exchange and created 
more electroactive sites for electrochemical reactions [33]. 
With increasing charge–discharge rates, the immobilized 
lithium was found to increase in a similar manner for all 
cycling rates. This indicates a continuous growth of the SEI 
with minor dependence on the cycling rate [34]. While the 
capacity-fade increased with rising cycling rate, the SEI 
growth was found similar for both cycling paths, which indi-
cates a significant influence from separate aging effect. At 
all CFCAs sample, a major portion of the SEI was formed 
after 4 cycles.

The C-rate performance of these electrodes was also 
investigated with various C-rates from 0.25C to 4C, as dis-
played in Fig. 9. The polarization of electrochemical reac-
tions on the electrode could be aggravated with the increas-
ing C-rate, leading to the gradually decreased discharge 
capacity ranging from 1.09 to 249.12  mAhg−1, and resulting 
in a linear trend with increasing current density.

The chemical and physical activation processes could 
expand the distance of carbon sheets and produce higher 
surface area, enhancing the kinetics for intercalation and 
de-intercalation of lithium ions during charge and discharge 
processes. Comparing to the case of N-doped carbon-based 

materials provide improved the electronic conductivity and 
ion diffusion, resulting in exceptionally stable capacity 
retention and high capacities [35].

Conclusion

In this work, activated carbon derived from chicken feather 
have been successfully prepared by a facile method with 
incorporation of KOH activation and physical activation at 
different temperature. The obtained material exhibits higher 
interlayer spacing, surface area, and structural defect that 
contribute to the electrochemical performance of Li-ion 
batteries. The CFCA-850 electrode exhibited a first-cycle 
discharge capacity of about 285.78  mAhg−1, which is much 
higher than 16.86  mAhg−1 of the CFC electrode. The stabil-
ity of the CFCAs electrodes was found to be highly stable 
in terms of charge-storage, with coulombic efficiency about 
100% after 50 cycles. The electrochemical performance of 
activated carbon in Li-ion batteries is improved compared 
to un-activated carbon. The electronic conductivity and ion 
diffusion enhance up to 1.42 ×  10–5  Scm−1 and 1.77 ×  10–14 
 cm2s−1 at CFCA-850. This research exhibited that biomass-
derived chicken feathers are interesting sustainable carbon 
electrode materials for Li-ion batteries.
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Table 5  Capacity retention of CFC and CFCAs at C/3

Sample Discharge capacity 
(1st cycle)  (mAhg−1)

Discharge capac-
ity (50th cycle) 
 (mAhg−1)

Capacity 
retention 
(%)

CFC 2.45 2.09 82.64
CFCA-750 177.76 102.53 57.68
CFCA-850 196.67 82.58 41.99
CFCA-950 154.39 83.40 54.02

Fig. 9  Rate capability of CFC and CFCAs
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