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The development of intermittent renewable energy storage technology is essential for building a sustainable,
low-carbon society. Potassium-ion (K-ion) batteries are being extensively explored as alternate energy storage
devices due to their closest redox potential and similarities to Lithium (Li) and Sodium (Na) batteries. Identifying
alternate carbonaceous materials is, therefore, crucial to overcome the shortcomings of graphite. In this context,
hard carbon derived from cellulose-rich Kigelia Africana fruit (KAP) was pyrolyzed at 1000 °C and 1100 °C and
characterized using various techniques. The employed facile direct carbonization retains the inherent oxygen
atoms (6.6 %). It restricts the growth of graphitic crystallites in the ab plane, thereby reducing the d-spacing
revealed by X-ray Diffraction (XRD) and Raman Spectral analysis. The enhanced K-ion storage through insertion,
as corroborated by Cyclic Voltammetry (CV) through the increased kinetics at the low potential < 0.5 V vs K/K".
The Galvanostatic Charge-Discharge (GCD) analysis further substantiates the role of graphitic nanocrystallites
combined with the adsorption of O-atoms through the improved rate capability of KAP-1100 (110 mAh/g at
200 mA/g). On the other hand, KAP-1000 provides 10 mAh/g at 200 mA/g, which is almost ten times lower.
Galvanostatic Intermittent Titration Technique (GITT) and Electrochemical Impedance Spectroscopy (EIS)
analysis further prove the efficient diffusion coefficient (1.5 x 108 cmz/s) of K-ions in the hard carbon and low
charge transfer resistance (R¢). This study reveals the effect of local structure and the inherently available
heteroatom for developing better anodes for K-ion batteries.

1. Introduction sources. Among these, K-ion offers a more comprehensive working po-

tential window close to Li-ion since it has the closest redox potential of

The primary consumption of traditional fossil fuels has resulted in
environmental pollution and has prompted researchers to focus on
tapping the potential of renewable energy resources. On the other hand,
the existing renewable energy generation from solar, wind, and other
sources is intermittent. Despite the effectiveness of Lithium-ion (Li-ion)
battery technology, the implementation cost for large-scale batteries is
prohibitive due to the shortage of lithium in the earth’s crust. Hence,
developing Na and K-ion batteries is necessary for quick and affordable
commercialization in grid-scale energy storage to mitigate effectively
and balance the intermittency in generating power from renewable
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—2.97 Vvs. SHE with Li" ions (—3.01 V vs. SHE). The cheaper aluminum
(Al) can also be used as a current collector since there is no alloy for-
mation between K and Al at a lower potential. However, designing low-
cost and high-performance anode materials is a big challenge for
massive K-ion storage to compete with the existing technologies.
Carbon-based materials like graphite [1], soft carbon [2], and hard
carbon with adsorption, intercalation, and pore-filling mechanisms are
superior in K-ion storage [3-8] than alloy-based electrodes with con-
version mechanism [9,10] and oxides having intercalation processes
[11]. The conventional graphite anode suffers structural deterioration
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during cycling due to the greater ionic radii of K-ion (1.38 A) than the Li-
ion (0.76 A), which causes a rapid capacity decay [12]. During insertion,
it forms KCg with graphite having a theoretical capacity of 279 mAh/g,
like LiC¢ in Li-ion batteries (372 mAh/g). During lithiation,
LiC3p — LiCg4 — LiC;5 — LiCg occurs. At the low voltage region, the SEI
layer formation occurs due to lithium plating. On the other hand,
KC4g — KC3¢ — KCy4 — KCg ensues with an intercalation potential
higher than LiTie < 0.2 Vvs. K/K™ [13,14], which avoids potassium
plating that leads to the development of safe K-ion batteries. Despite
these advantages, the repeated intercalation of relatively large K ion
expands the interlayer spacing of graphite around 10 % than Li*. This
causes the co-intercalation of electrolyte ions into the expanded layers,
which leads to low K-ion storage and poor cycling stability [12,15].
Many attempts are being explored to improve the performance by using
expanded graphite [16], microcrystalline graphite [14], and function-
alized (F-doped) graphite [13]. As well as, amorphous like hard and soft
carbon has also been used as the potential anode for K-ion batteries.
These hard and soft carbons employ K-ion charge storage via adsorption,
pore filling, and K-ion insertion between the nano-graphitic domains
[17-19]. Generally, the K-ion adsorption depends on the surface de-
fects/disorderliness, whereas its insertion mechanism depends upon the
interlayer(d) spacing, crystallite size, and short diffusion distance.
However, specific parameters affecting the formation of the SEI layer at
the electrode-electrolyte interface and irreversible loss of K-ions due to
insertion are unknown [20].

Synthetic [21] and natural sources [7,22] have been used to prepare
hard carbons through direct pyrolysis [23-25], hydrothermal methods
[26,27], etc. Among these, hard carbons derived from biomass are
highly cost-effective, naturally abundant, have superior electrical con-
ductivity, have the advantage of intrinsic doping [28], and the internal
morphology of the biomass serves as a template. The cotton [29,30],
walnut septum [31], rice husk [32], loofah [33], potato [34], balsa
wood [7], camellia shell [35], orange peels [36], hemp stalks [37,38],
bone [39], corn husk [40], Sessile Puffballs [41] (fungus) sugarcane
bagasse [42,43], jute fiber [44], ficus religiosa leaf [45], water chestnut
[46], bamboo [47], rose petals [48], and pine trees [49] have been used
as the source of hard carbon for K-ion batteries. Some works involved
energy-expensive techniques and adopted chemical treatment with
acids. Despite the attempts, they suffer a significant capacity loss due to
SEI formation in the initial cycles. Because of acid and alkali pre-
treatments, there is a possibility of removing hemicellulose and lignin
from the biomasses.

Generally, biomass-derived carbon exhibits different behavior in K-
ion storage. Therefore, it is still unclear how the parameters are inter-
dependent in curtailing K-ions. Wu et al. 2019 [33] investigated the
alkali-treated loofah-derived hard carbon, which stores K-ion via
adsorption due to its highly accessible mesoporous surface and insertion
exhibited by the pseudo-graphitic domains with a d-spacing of 3.5 A,
which is larger than graphite. Yang et al. 2021 [26] prepared Gano-
derma lucidum spores derived hard carbon in a multistep process with
N/O doping (7-8 %) and reported an improved coulombic efficiency
from 34 % to 68 % while increasing the degree of disorderness and
graphitization (Ip/Ig ratio) from 0.83 to 0.96. Tao et al. 2021 [50]
prepared N/P co-doped mesoporous carbon from soybean roots in the
facile carbonization method and obtained the high capacity of 197
mAh/g at 2 A/g for 2000 cycles due to the synergistic effect of increased
adsorption and the better diffusion of K-ions. Zhao et al. 2022 [51]
prepared O-doped orange peel-derived carbon by airflow annealing after
carbonization and reported that the oxygen (13.38 %) doping had
reduced the adsorption energy for K-ions and C=0 bonds promoting the
Faradaic reactions on the surface.

In this line, the present work concentrates on preparing hard carbon
from Kigelia Africana fruit by direct pyrolysis at two different tempera-
tures of 1000 °C and 1100 °C for the first time in K-ion battery appli-
cations and explains the K-ion intercalation mechanism. Kigelia Africana
fruit (KAP) contains 61.5 % cellulose, 12.42 % hemicellulose, and 20 %
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lignin. Also, 0.66 % of Ca and 0.21 % of Si, and the trace amounts of Na
and K [52]. Kigelia Africana fruit-derived activated carbon has been used
as an adsorbent (Cr, Pb) [53-55], biosorbent [56,57], nanofluids [58],
cellulosic fiber [52], etc. The direct pyrolysis method is adopted here
since it provides the biomass’s collective nature and unique qualities.
Similarly, volatile gases produced by biochar during carbonization
formed various carbon structures, such as pseudo-graphitic and amor-
phous disordered regions, as demonstrated by XRD, Raman, and HRTEM
investigations. Similarly, cellulose is rich in hydroxyl linkages, which
aids in inherently synthesizing hard carbon with oxygen defects, as
confirmed by XPS analysis. Finally, the K-ion intercalation/de-
intercalation behavior is studied, and the mechanism is explained
based on the above observations.

2. Experimental methods and materials

Kigelia Africana (KA) fruit was collected from Kalveerampalayam
(11.0277° N, 76.8840° E), Bharathiar University Campus, Coimbatore,
India. It was washed thoroughly with double distilled water, cut into
small pieces, and sun-dried. The dried pieces of KA fruit were milled into
powder. The milled powder was calcinated at 1000 and 1100 °C for two
hours at 5 °C/min under an N3 atmosphere. The carbonized powder was
subjected to pickling in 2 M HCI for 12 h to remove all the inorganic
impurities. Then, it was washed thoroughly in water and ethanol mul-
tiple times and dried in a hot air oven at 100 °C for 24 h. A schematic
representation is shown in Fig. S1. The carbonized KA fruit-derived
carbon at 1000 and 1100 °C are denoted as KAP-1000 and KAP-1100,
respectively, hereafter.

The structural analysis of the prepared carbon was carried out with
the X-ray Diffractometer (Malvern PANalytical - Empyrean, Cu Ko —
1.5418 A). The powdered sample was evenly spread on the silica holder
to fill the cavity with a depth of 1 mm and a diameter of 16 mm with the
help of a glass plate. The powder XRD pattern was obtained between
20 = 10 — 80° with a step size of 0.026°. The FTIR analysis was per-
formed using JASCO FT/IR-4700 type A in the ATR mode at the incident
angle of 45°. The data was acquired at an interval of 0.964 cm™! in the
500 — 4000 cm ! range. Raman Spectral data were obtained using
JASCO NRS-5100 series confocal Raman Microscope at an interval of
1 cm™! employing a monochromatic LASER with wavelength 532 nm
and power 1.3 mW. BET analysis with Mircomeritics ASAP2020 No—
adsorption-desorption isotherm at 77 K. The samples were degassed at
150° C for 12 hrs prior to measurement. The surface area was calculated
using the Brunauer-Emmett-Teller (BET) method, and pore size distri-
bution was determined using the Barrett-Joyner-Halenda (BJH) method
for mesoporous. The X-ray photoelectron spectrometer (XPS Axis Ultra,
Kratos Analytical, UK) with monochromatized Al Ka (hv = 1486.6 eV)
was utilized to determine the surface compositions of the prepared
carbon. The samples were placed on the holder using carbon tape (Ted
Pella-16073). The scan area was 300 x 700 pm with a dwell time of
250 ms and step size of 1000 meV. High-resolution transmission electron
microscopy (HR - TEM, JEOL TEM 2100 plus) images and SAED patterns
were obtained from the sample coated onto the Cu grid after dispersion
in D.D. water.

The negative electrodes are prepared by mixing the active material,
carbon black (Sigma Aldrich), and poly(vinylidene) fluoride (PVdAF
purchased from Sigma Aldrich) in 80:10:10 wt % with the required
amount of N-methyl-2-pyrrolidone (NMP, sigma Aldrich, > 99.0 % pu-
rity) by doctor blade technique. The prepared slurry was coated onto a
carbon-coated aluminum foil to form an electrode tape, which was dried
at 90 °C overnight in a vacuum. This electrode tape was punched into
12 mm discs. The coin cell was assembled in the glove box
(H20 < 0.5 ppm, O3 < 0.5 ppm) with the KAP carbon as the working
electrode and K metal (Sigma Aldrich) as the counter electrode with
0.8 M KPFg (Potassium hexafluorophosphate, Sigma Aldrich, > 99 %) in
EC (Ethylene Carbonate): DEC (Diethylene Carbonate) (1:1, v:v %)
(Sigma Aldrich) separated by a glass fiber in a CR 2032 coin cell.
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3. Results and discussion
3.1. Structural analysis

Fig. 1a shows the powder X-ray diffraction (XRD) pattern of the KAP-
1000 and KAP-1100, and the observed two broad prominent peaks
centered at 23° and 43° correspond to (002) and (100) planes,
respectively. A slight peak shift was observed for the (002) plane while
increasing the carbonization temperature from 1000 to 1100 °C. Simi-
larly, the peak shape of the (002) plane of KAP-1000 is asymmetric from
the center, whereas it is symmetric in KAP-1100. The calculated inter-
layer spacing (dgo2) decreases from 3.74 to 3.71 A as the temperature
increases from 1000 to 1100 °C, larger than graphite (3.36 A) along the
c-axis. This larger d-spacing benefits the de-intercalation/intercalation
of K-ions [1,15,16]. The observed d-spacing confirms the formation of
hard carbon; generally, it lies between 3.7 - 4.2 A along the (0 0 2) plane
[59].

Generally, XRD describes the collective microstructure and provides
information about graphitic domains and the degree of disorderness in
the carbon samples. Therefore, the parameters like the R-factor, the
average thickness (L.), and the average width of the nanocrystalline
domains (L,) along the ab-plane and the number of stacked graphene
layers (N) are calculated (Table S1) [60,61] using Scherrer equations
(eqn. 1-3) to have a clear quantitative understanding of the prepared
carbon.

~0.892

‘" pcosd M
1.844
“~ Beosd 2
L.
~ 002 @

The calculated empirical R-value [62,63] of KAP-1000 is 1.9, and
KAP-1100 is 2.4. This indicates that the high-temperature treatment
transforms chaotic disordered turbostratic domains into pseudo-
graphitic domains by locally aligning the multi-layered graphene
sheets. On the other hand, no significant changes were observed for L,
and L. because the cross-linking of the constituents in the biomass
doesn’t affect the growth of the graphitic crystallites at higher carbon-
ization temperatures. However, this turbostratic domain experiences a
relative ordering that decreases the d-spacing and nanographitic do-
mains. Further, the obtained number of layers (N) stacked along the c-
axis matches the reported hard carbon of 2—6 layers [20]. Overall, the
KAP-1100 has a higher degree of graphitization and local ordering with
nanographitic domains than the KAP-1000, which is responsible for the
adsorption of K- ions. Likewise, the graphitic layers are believed to
contribute to charge storage by storing K-ions between their graphenic
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layers.

FT-IR spectral analysis (Fig. S2) is used to identify the functional
groups present in the prepared hard carbon. The FT-IR spectra evi-
denced the formation of oxygen defects in disordered carbon through
cellulose, hemicellulose, and lignin decomposition during carboniza-
tion. The observed bands at 1249 and 1228 cm™! reflect the unique
modes of O—C-OH, and the weak band at 1774 cm ! indicates C—=0
stretching [64,65]. Further, the 2983 and 2903 cm ™! bands infer the
—CH and -CH, stretching vibrations [66]. The out-of-plane bending of
the C-H bond is obtained at 900 cm ™ [67,68]. The weak bands at
3670 cm ™! and 1406 cm ™! illustrate the stretching and vibration modes
of —OH vibrations [65]. The observed strong -C-H and CH; bonds
revealed the partial graphitization of KAP-1000 and KAP-1100 due to
the strong interaction between the cellulose, lignin, and hemicellulose
without any pretreatments of the raw materials [67]. The available
strong O—C-OH bonds indicate the presence of surface and edge func-
tionalized oxygen groups derived from the rich cellulose [69,70].
Overall, the cross-linking between the constituents highly influences the
degree of graphitization during direct carbonization and the relative
decrease in intensities of KAP-1100 than in KAP-1000, indicating a
disordered domain rich in O-atom.

Further, the BET analysis determines the specific surface area, pore
distribution, and pore volume measured from O to 1 of P/Py. Fig. 1b
suggests that the observed adsorption/desorption isotherm is type IV,
with the hysteresis loop in the region between 0.4 and 0.9 P/P,. The
calculated specific surface area is 4.1 and 5.2 m?/g for KAP-1000 and
KAP-1100, respectively. The slight increase in surface area with
carbonization temperature is attributed to the direct carbonization of
biomass without pretreatment, which results in the degradation of
organic matter such as cellulose, lignin, and hemicellulose into CoHy,
COgy, and CO [27]. Like surface area, the pore volume also increased to
0.0129 from 0.0121 em®/g for KAP-1100 and KAP-1000, respectively,
indicating a slightly higher pore volume at high temperatures [71,72].
The observed pore size distribution (Fig. S3) reveals the distribution of
micropores in KAP-1100 and KAP-1000 are 0.8-1.4 nm and 0.8-1.6 nm,
respectively, with an average pore size of 0.9 and 1.2 nm. The reduction
of functional groups, an inadequate buildup of C-C aromatic structures
with an increase in the spinning graphene layers, and volatilization of
light organic substances cause micropores [67,73,74]. These micropores
are also conducive to the transport of electrons and ions. Further, the
BET results substantiate the local ordering of carbon contributing to the
intergranular porosity since the rearrangement of the carbon structure
strongly affects the size of the pores and the pore volume. As well as the
increased pore size formation causes the weaker coordination, which
was suppressed at high temperature for KAP-1100 with increased con-
centration of sub-micropores.

The turbostratic nature of graphitization was investigated using
Raman spectroscopy for KAP-1000 and KAP-1100 (Fig. 2a and 2b). The
strong peaks at ~1348 cm ™! and ~1591 cm ™~ represent the disordered/
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Fig. 1. (a) XRD analysis and (b) N, adsorption and desorption curves of the prepared hard carbon.
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Fig. 2. The de-convoluted Raman spectra of (a) KAP-1000 and (b) KAP-1100.

defective (D band) and graphitic structure (G band), respectively. The D
band corresponds to the A;; phonon mode vibrations of the sp° domains,
and the G band corresponds to the sp? crystalline graphene sheets for the
first-order Raman scattering from the Ey; phonon mode vibrations [1].
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The presence of the D band relates to the relaxing sp rings and chains.
The peak intensity ratio of the D and G bands (Ip /Ig) reflects the degree
of graphitic ordering, which is around 1.6211 and 1.3134, calculated
from the respective peak intensities. It suggests the existence of fewer
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Fig. 3. (a) XPS survey spectra and de-convoluted (b) C 1s & (¢) O 1s spectra of KAP-1000 and (d) C 1s & (e) O 1s spectra of KAP-1100.
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defects and minor structural deformation in the KAP-1100.

Further, the de-convoluted Raman spectra elucidated four compo-
nents of G, D, D3, and D4 corresponding to the spz, sp3, C-H, and
amorphous nature, which provides more insight into the prepared car-
bon [74,75]. Here, D denotes the microcrystalline nature of the graphite
or the disordered graphitic lattice [76,77]. Specifically, D3 and D4 infer
the presence of large amounts of amorphous carbon with C-H termi-
nating groups. The de-convoluted peaks represent the stretching of C-C/
C=Cat1266 cm . In addition, the Ip4/Ig ratio estimates the amount of
sp° — sp> hybridization defect, which shows an increase in graphitization
with the corresponding change in edge functional defect groups with
more edge defect groups [78]. The full-width half maximum (FWHM)
and the integral ratio of the area under narrow G and broad D bands
(Ag/Ap) (Table S3) indicate that the lateral graphene is highly defective.
In addition, the observed second order and combinational overtone at
~2750 cm ™! revealed the 2D and 2G bands, which denotes the multi-
layer graphitic nature of KAP, as shown in Fig. S5. The calculated 2D
/2G ratio is 1.015, similar to the (Ip /Ig), which substantiates the
structural growth of multilayer graphene sheets as observed in the XRD.

Further, the nanocrystallite size (L,) along the ab plane is calculated
using equation 4 and is 5.0 nm for KAP-1000 and 7.1 nm for KAP-1100.

La(nm) = (2.4 x 10719)2* <ﬁ> @)
Ap

where 1 denotes the LASER wavelength (532 nm), Ag and Ap are the
integrated areas of the fitted D and G bands. The obtained L, shows that
the formed graphitic nanocrystallites are increased, substantiating the
Ip/Ig ratio [79-81]. The Ip/Ig ratio does not necessarily indicate the
structure’s defects. While interpreting the Ip and Ig band, the graphitic
nanocrystallite size needs to be considered since the crystallite size
is < 20 A in the present case. Even though the XRD pattern elucidated
the macrostructure, the Raman analysis provides more detailed local
structural changes. A D-mode vibration is also attributed to increased
structural ordering and defect density [4,82]. Likewise, the deconvolu-
tion of the Raman Spectra has inferred the presence of an excess number
of defects in the KAP-1000 relative to the KAP-1100. Overall, the KAP-
1000 has lower graphitization than the KAP-1100, demonstrating the
microcrystalline nature of carbon nano-domains.

Fig. 3a shows the survey spectra of the KAP-1000 and KAP-1100
samples, which exhibit two distinguished peaks at 284 eV and 532 eV
corresponding to Cls and O1s, respectively, without any impurities. The
de-convoluted C 1s spectra of both KAP-1000 and KAP-1100 (Fig. 3b and
3d) revealed the peaks at 284.7, 285.7, 286.6, and 288.8 eV corre-
sponding to the C=C, C-O-C, C-O, and O-CO, respectively [83]. While
increasing the carbonization temperature, the peak at 288.8 and
292.6 eV in KAP-1000 converted into a single broad peak centered at
289.2 eV in KAP-1100. Further, the observed small shake-up peak at
292 eV in KAP-1100 indicates the presence of & — n*, which is respon-
sible for better electronic conductivity of sp2 carbon [65,84]. Also, ox-
ygen concentration decreased from 10.8 % to 6.6 % while increasing the
carbonization temperature, which was determined using the relative
sensitivity factors (RSF) [85,86].

The de-convoluted O 1 s spectra are shown in Fig. 3 (c and e). The
observed peaks at 531.4 eV and 533.85 eV correspond to the C=0 and
0O-C=0 [87-89] for KAP-1000. On the other hand, the KAP-1100 pro-
vides peaks at 532.1 eV and 533.85 eV, corresponding to C-O and O-
C=O0 bonds, respectively. The shift in the energy from 531.4 eV to
532.1 eV while increasing the carbonization temperature corroborated
the decrease in oxygen percentage and the redistribution of C=0 bonds
into rich C-O defects [90]. The intensity of the O-C=O bonds at
533.85 eV also decreased drastically. This is in accordance with the
broadening for O-C=O observed in C 1s. Therefore, the high-
temperature carbonization has prominently mitigated the oxygen and
modified the nature of defects on the surface. Subsequently, this also
triggered the local ordering of carbon atoms, which initiated the
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occurrence and improved formation of nano-graphitic crystallites as
observed from n — n* bonds in KAP-1100. These changes collectively
support the improved graphitization degree observed in Raman and
XRD analysis.

3.2. Microstructural analysis

The HRTEM analysis (Fig. 4) was employed to understand the
microstructural analysis, especially the local ordering in KAP-1000 and
KAP-1100. The HRTEM image of KAP-1000 (Fig. 4a) shows the initia-
tion of pseudo-graphitic domains at 1000 °C. Figure 4 (b-d) further
revealed the transformation/evolution of the turbostratic domain
(indicated by curvy yellow lines) into pseudo-graphitic stacked crys-
tallites (yellow lines) by forming lattice fringes as the carbonization
temperature increases to 1100 °C (KAP-1100). The typical d-spacing of
the pseudo-graphitic domains was obtained from 3.6 to 4.2 A of breadth
2.5 nm. On the other hand, the nano-graphitic domains has approxi-
mately two layers which are randomly oriented in KAP-1000 [91]. These
domains are mainly found around the edges and in the interior of the
KAP-1000 particles. The spherical dots towards the interior of the par-
ticle are present majorly around the yellow circles in KAP-1000, indi-
cating the amorphous domains.

Further, KAP-1100 (Fig. 4(b-d)) shows the formation of better nano-
graphitic domains, as marked in yellow circles. The domains are ordered
with large numbers, and the twisted Graphenic domains of 2-5 nm with
smaller d-spacing were observed. The change in disorderness and vari-
ation towards graphitization of curved graphitic turbostratic domains
can be seen more than in KAP-1000. Also, the SAED pattern for KAP-
1000 and KAP-1100 (Inset: Fig. 4a,b) shows the diffused ring with no
diffraction spots that implied the amorphous structures and short-range
ordering (lower degree of graphitization). The randomly oriented gra-
phene sheets and pseudo-graphitic domains are observed at 1100 °C
along with the increased spherical dots in KAP-1100 [92]. This further
corroborates the observations of graphitization degree by calculating
crystallite size from XRD and Raman analysis. The reduced amorphous
domains further affirm the volatilization of the small molecules, as
observed from BET analysis. Therefore, it can be confirmed that the
temperature could not provide sufficient energy to initiate graphitiza-
tion in KAP-1000. The 2 nm scale HR-TEM images in Fig. 4c and 4d of
KAP-1100 show the curvy lattice fringes indicative of the transformation
of disordered carbon into pseudographitic nature due to the local
ordering. The voids and the restriction of lattice fringes indicate the pore
formation and the growth of the pseudo-graphitic nanocrystalline
domain along the edges of the pores into the structure.

3.3. Electrochemical analysis

The cyclic voltammetry was performed in the potential range of
0.01-3.0 Vvs. K/K" at a scan rate of 0.05 mV/s to demonstrate the K-ion
storage mechanism of KAP-1000 and KAP-1100. The first two cycles of
the CV curve of KAP-1000 and KAP-1100 are shown in Fig. 5. In the first
cycle, the cathodic scan exhibits three peaks. The irreversible peak at
1.25 V vs. K/K" indicates the SEI layer formation due to the interaction
of the electrolyte with the electrode surface. The peaks at 0.75 V and
0.2 V vs. K/K' correspond to the formation of KC; and KCg by inter-
calating the K-ions into the carbon layer, respectively [69]. Subse-
quently, the anodic scan exhibited peaks corresponding to K-ion
extraction from the disordered carbon at 0.16 V and 0.31 V vs. K/K".
Similar redox peaks were observed in the cellulose-rich and lignin-
derived hard carbon due to the formation of KCg [1,69,93]. The peak
at 0.75 V vs. K/K" diminishes upon cycling after the formation of stable
SEL The observed reduction peak at ~0.5 V vs. K/K* elucidates the
adsorption of K* ions on the surface O atoms [51,77]. The region below
0.25 V vs. K/K" infers the intercalation of K* ions. The oxidation peak
above 0.40 V vs. K/K ™ corresponds to removing adsorbed K™ ions from
the carbon surface. On cycling, the overlap of redox peaks below 0.5 V
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Fig. 4. HR-TEM image of (a) KAP-1000 and (b-d) KAP-1100 (inset: corresponding SAED pattern). The light orange dashed circles and curvy yellow lines indicate the
pores and turbostratic pseudographitic crystallites of KAP-1100, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 5. Cyclic voltammogram at 0.05 mV/s for KAP-1000 and KAP-1100.

vs. K/K" demonstrates the reversibility of the charge storage[16].

Further, the cyclic voltammogram was measured at various scan
rates from 0.05 to 10 mV/s to investigate the K-ion storage mechanism
(Fig. 6). The redox peaks in the region below 0.5 V vs. K/K" (Fig. 6 (a
and c), elucidate that the charge storage is predominantly due to the
insertion mechanism. The KAP-1100 electrode contributed more current
area through the diffusion-controlled K-ion insertion due to the avail-
ability of a more graphitic region.

On the other hand, no redox peaks were observed at higher scan rates

(Fig. 6 (b and d)), and the rate of increase in current was different at slow
scan rates (0.05 — 0.5 mV/s). The charge storage mechanism was
investigated using the Power law (eqn. 5), and the results are given in
Fig. 7a.

I=al

()

where, I is the peak current (I), v is the scan rate (mV/s), a and b are
the constants. The constants a and b are derived from the slope, plotting
between the log (v) vs. log (i). If b = 0.5, the process is diffusion-
controlled (Faradaic), where the ion insertions occur into the bulk and
pores [94]. If b = 1, the charge storage occurs at the surface/surface
functionalized heteroatoms [26]. In the present case, the obtained b-
value for KAP-1000 is 0.76, and KAP-1100 is 0.66, with an excellent
linear relationship (R2 = 0.986). The b-values indicate the occurrence of
both diffusive and pseudocapacitive reactions during charge storage
[26]. However, the obtained b-value is closer to the average of 0.75,
where the region lies between the diffusive and capacitive regions.
Therefore, Dunn’s method is employed to investigate further the indi-
vidual contribution and the detailed insight mechanism [7].

It is well known that the pseudocapacitive and diffusion current is
directly proportional to scan rates and the square root of the scan rates.
Therefore, the CV current is the summation of the current contribution
of pseudocapacitive and diffusion-controlled. It can be expressed as
equation (6) [7],

I=kjv+kv'? (6)

where kj and k; are the constants. At any given voltage, the observed
current reflects their respective contributions. The capacitive and
diffusive contribution was calculated (Fig. 7b) by resolving the observed
current using Dunn’s method. The diffusion-controlled contribution of
KAP-1100 is 78.34 % at 0.05 mV/s and 46.55 % at 1 mV/s. Whereas
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Fig. 6. Cyclic voltammograms of (a, b) KAP-1000 and (c,d) KAP-1100 at different scan rates.

0.0 4 Capacitive Contribution @ Diffusion contribution
. 1
<1mVis 1 >1mVis o 100%
-0.2 ) i
l . 80% 3 ]
0.4 . = s 3 G g ¢
— . : ° 60% ?2' o o
‘é -0.6 ’
- A | 40%
*qc-; -0.84 . [ o &1 2 w» g.
o 1 i Ll "2 o0
5 104 1 20% § g E 8 gl i g in
[$] ' ° ° : N n g 3
2 0% = ! ! !
2 1.2 ! (a) o o o © o o o o o o
. \ S © S © S o S o S o
. 1 g T g T g = g T g T
-1.44 . | o KAP-1000 & % % % % % % & % %
! o KAP-1100/ (b) ¥ € & ¥ & ¥ g ¥ ¢
'1.6 T T T T T
0.05 mV/ 0.1 mV/ 0.2 mV/ 0.5 mV/ 1 mVI;
S5 1i0 = tolss 000 0. HID e e me SIS S

log scan rate (mV/s)

Fig. 7. (a) Power law (b) Contribution of capacitive and diffusion-controlled processes at 0.05-1 mV/s of KAP-1000 and KAP-1100.

71.14 % were at 0.05 mV/s, and 30.02 % were at 1 mV/s for KAP-1000.
The observed larger diffusion contribution in KAP-1100 at a higher scan
rate (1 — 10 mV/s) is due to the change in the degree of disorderedness
[6,91]. Further, the area under the CV curves is large at higher scan rates
(Fig. 6b, d), representing the contribution solely of pseudocapacitive
nature.

Subsequently, the diffusion coefficient of K-ions was calculated using
Randel Sevick’s equation (eqn. 7). The plot of the square root of the scan
rate vs peak current graph is shown in Fig. S6. Comparatively, the peak
current increasing rate is low at a higher scan rate (above 1 mV/s),
which is dominated by the surface adsorption mechanisms. On the other
hand, a linear increase in peak current is observed below 1 mV/s due to
the insertion mechanism of K-ions. The calculated diffusion coefficient
below 1 mV/s is 15.73 x 10® em?/s for KAP1000 and 3.705 x 108 cm?/
s for KAP1100 [6].

)

nFvD\
RT

1, = 0.4463NFAC(

where n is the no. of electrons transferred in the redox process
(n = 1/8) [1,15], A is the area of the electrode-electrolyte interface
(A=1.13cm?,Fis Faraday constant, C is the concentration of K-ions
(mol/cm®)(C = 0.0008 mol/cm3), R - gas constant and T is the tem-
perature, D is diffusion coefficient of K ions in cm?/s.

Unfortunately, the KAP-1000 provides a larger ionic diffusion coef-
ficient since it contains more micropores and the O-atoms at the surface,
which is confirmed by the observed higher capacitive current (Fig. 7b)
[95]. On the other hand, the structural ordering occurs at 1100 °C,
where the disordering in the edge defects and the pores are reduced,
which gives more room for the interaction of the K- ion with surrounding
carbon atoms. So, the K-ion adsorption on the surface and surface in-
duction improve the kinetics and increase the capacitive contribution
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since the formation of SEI is dominated by C-O. In contrast, the highly
conductive KoCO3 promotes/forms the thin layer of SEI. Hence, the in-
crease in temperature modified the bonding of O with the carbon atom
with a high decrease in C=0 and compensated by the C-O. As observed
in the BET analysis, the effective surface area of the prepared hard
carbon is less due to the inability to convert cellulose and hemicellulose
into graphitic carbon entirely. However, KAP-1100 provides a higher
surface area and oxygen (as observed in the XPS analysis) hard carbon
with a high pseudo-graphitic domain, leading to a comparatively
pseudocapacitive contribution.

Fig. 8 (a, b) and S5a show the GCD curves of the KAP-1000 and KAP-
1100 electrodes measured at different current densities in the potential
range between 0.01 and 3 V vs. K/K*. The discharge profile has both
steep/slopy and plateau regions. Typically, the steep region in the
voltage range 1.5-0.5 V vs. K/K™ corresponds to the K-ion adsorption on
the surface of the active electrode. Meanwhile, the plateau region, be-
tween 0.5 and 0.01 V vs. K/K", corresponds to the intercalation of K™
ions into pseudo-graphitic layers and the filling of micropores of the
hard carbon. In the present case, the obtained normalized discharge
curve (Fig. S7) reveals the slopy profile in KAP-1000. In contrast, both
slope and plateau regions were observed in KAP-1100 [91]. It elucidates
that the charge contribution in K'-ion storage is highly capacitive in
KAP-1000 and almost equally via insertion and adsorption of K-ions in
KAP-1100 at low discharge voltages. The first discharge and charge
capacities of KAP-1100 are 547 & 230 mAh/g. The initial coulombic
efficiency (ICE) of KAP-1100 was 42.3 %, and KAP-1000 was 32 %. The
irreversible capacity arises due to the formation of the SEI layer. In the
subsequent cycles (Fig. S7), the coulombic efficiency gradually
increased to 95 %. Further, the rate capability performances of the
prepared KAP-1000 and KAP-1100 electrodes at different current den-
sities are shown in Fig. 8c. Among these, the KAP-1100 demonstrated
better reversible specific capacities of 220, 180, 160, 110, 68, and 32
mAh/g at 20, 50, 100, 200, 500, and 1000 mA/g, respectively. Again,
when cycled back at 20 mA/g, it exhibited a capacity of 182 mAh/g with
a capacity retention of 82.7 %. Interestingly, KAP-1100 provided a
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higher discharge capacity of 110 mAh/g at 200 mA/g (Fig. 8b). On the
other hand, the rate capability of KAP-1000 shows a severe capacity
fading upon cycling until 200 mA/g (Fig. 8c) since there is no extended
plateau region (marked in Fig. 8a) while current densities increase.
Therefore, it delivered only 10 mAh/g discharge capacity at 200 mA/g
due to decreased K-ions during reversible insertion.

Using the GCD profile (Fig. 8a and b), the contribution of adsorption
(>0.5 V vs. K/K") and insertion (<0.5 V vs. K/K ") behavior is explained
by calculating the plateau capacity and slope capacity (Fig. 8d and S7).
The slight but proportional decrease in the plateau capacity with
increasing current densities is observed for KAP-1100 (Fig. 8d), whereas
KAP-1000 (Fig. S8) shows relatively poor kinetics in the low voltage,
causing a quick fade exhibiting a capacity of 44 mAh/g, unlike KAP-
1100 with 140 mAh/g at a current density of 100 mA/g. Interestingly,
KAP-1100 retained 83.7 % of its initial capacity upon cycling even after
200 cycles at a higher current density of 200 mA/g (Fig. 8e). Therefore,
it is understood that the local ordering significantly facilitates the
migration pathways for K-ions through the nanographitic domains in
KAP-1100. Overall, the low d-spacing of KAP-1100, the layer-to-layer
coherency in the randomly oriented graphenic layers determined from
the R factor using the (002) plane, relatively high graphitization from
the integrated intensities of the D and G band, and the curved and
interconnected graphenic domains supporting the observed improved
kinetics for feasible insertion of K-ions. Larbi et al. [85] investigated the
hard carbon derived from resin spheres and exhibited a cyclic stability of
79-88 % after 50 cycles. Liu et al. [96] employed hard carbon derived
from hypercrosslinked polymer and attained 83.2 % capacity retention
at 50 mA/g. Further, the mixed biomass has demonstrated a decay of
0.147 % after 1000 cycles due to the presence of N, P, and S in the
carbon spheres derived from single glucose [97]. Besides synthetic
precursors, Wu et al. [6] investigated the K-ion storage of lignin with
varied molecular weight and carbonization temperatures and reported a
capacity retention of 80 % even after 100 cycles. Therefore, tempera-
ture, surface chemistry arising from the functional groups, specific
surface area, and interplanar spacing collectively affected the
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electrochemical performance (Table 1). Considering the cost-
effectiveness, the naturally occurring lignin, hemicellulose, and cellu-
lose in biomass are considered quite economical and eco-friendly.

Electrochemical Impedance Spectroscopy (EIS) analysis was con-
ducted to study the charge transfer properties of the K-ion cells (Fig. 9a).
The EIS spectra were fitted through an equivalent circuit constituting
the R and R corresponding to ohmic and charge transfer resistance. It
is well known that the x-intercept in the EIS represents the ohmic
resistance (Rg) of the current collector and the active material. This is
followed by a semicircle in the mid-frequency region, arising from the
charge transfer resistance and the solid electrolyte interface (SEI) of the
KAP carbon and the electrolyte. A Warburg region in the low frequencies
corresponds to the constant phase element (CPE) for the double-layer
formation. The fitted parameters are given in Table S5, where the Rt
of KAP-1100 shows increased charge transfer resistance. [51]. When the
temperature is increased from 1000 °C to 1100 °C, the effect of change in
the domains of disorderness to pseudographitic domains leads to a
relatively high charge transfer resistance for the migration of K-ions.

The real part of impedance was calculated from equation (8)
[103,104].

7' =R, + Ry + o0'? )

here Z' is the real impedance, R is the solution resistance, R is
charge transfer resistance, and o is the angular frequency, o is calculated
from the plot in Fig. 9b. Further, the kinetics of the K™ diffusion coef-
ficient (D¥) was calculated from equation (9)

R*T?

Dyt =————
T A R 2

©)]

where R- gas constant, T is absolute Temperature in K, A is the
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surface area of the electrode in cm?, n is the number of electrons, F is
Faraday’s constant, Cx concentration of K-ions, and ¢ is the Warburg
Coefficient. The calculated values are 0.317x 10" cm?/s for KAP-1000
and 1.154 x 10" em?/s for KAP-1100. The initial kinetics are faster for
KAP-1100, with a relatively high diffusion coefficient.

GITT analysis was performed to understand further the charge
storage mechanism in the porous and the intercalation of K-ion in the
anode. During the GITT measurements, the constant current pulse was
applied for 20 mins at 10 mA/g and left at the open potential for 2 hrs to
reach equilibrium potentials throughout the charge-discharge. Fig. 10
(a,b) shows the GITT analysis of KAP-1000 and KAP-1100 measured at
10 mA/g.

Based on Fick’s second law, the Dg+ was calculated using eqn. 10.

Do A (Ve INA
KT <MBS) (AE,)
Where t is the pulse duration (30 mins), mp is the mass of active
material in the electrode (g), S is the crosssection of the electrode
(1.13 cmz), Mjp and V,,, are molar mass (12 g/mol) and volume (8 cmg/g)
since the density of hard carbon is ~1.5 g/cm3. (d=(m/V) =38 (g/cm3))
of the active material (hard Carbon) AEs and AE; are the change in
potential during and after the current pulse [33]. Fig. 11a shows the IR
drop and the change in voltage at the steady state (AEg) and during the
current pulse (AE,). The calculated diffusion coefficients using equation
10 for potassiation and de-potassiation are given in Fig. 10 (c and d).
During potassiation (Fig. 10c), the calculated diffusion coefficient of
KAP-1100 is 5 x 10" cm?/s at higher voltages (above > 0.8 V vs. K/K™).
This high value indicates the ease of adsorption of K* ions. A linear
decrease in the diffusion coefficient was observed further below 0.8 V vs.
K/K" due to the electrostatic repulsion experienced on continuous
insertion of K™ into the nanographitic domains [83]. The lowest

(10$)

Table 1
The electrochemical properties of reported hard carbon.
Sl Raw material Temp. Procedure BET-Specific Initial specific Cycling stability - Cycles  Specific capacity Reference
No Q) surface area capacity (mAh/g) @ reversible capacity (mAh/g) @
(mz/g) current density (mAh/g) @ current current density
(mA/g) dentsity (mA/g) (mA/g)
1 Balsa Wood 800 Preoxidation 69.3 252.7 @ 100 233.1 @ 200 500 165@2000 [7]
2 Animal Bone 850 Precalcination 1474.5 470 @ 58(0.2C) 250 @ 58 (0.2C) 450 113@580 (2C) [39]
3 N - Doped 800 Activation 466.21 142 @100 100 @ 200 400 20 @ 1000 [42]
Sugarcane
4 Jute Fiber 1000 Microwave 516 153@60 (0.2 C) 116 @ 30 (0.1 C) 50 32@ 3000 (10 C) [44]
synthesis
5 Ficus Religiosa 900 Acid 205 @20 76 @ 50 50 25 @ 280 [45]
Leaf pretreatment
6 Water Chestnut 900 Acid 243.8@100 220.5 @100 1000 134.8@ 1000 [46]
Pretreatment
7 S-Doped Bamboo 700 Hydrothermal 336.4 314 @50 87.41% @ 200 124.2 @ 1000 [471]
Derived Carbon
8 Rose Petals 1000 Preoxidaiton 236.2 @100 193.1 @500 800 134.6 @ 1000 [48]
9 N,P Doped 700 Direct 10.5 280 @ 1000 138 @ 2000 2000 179 @ 5000 [50]
Soybean carbonization
10 0O-Doped Orange 1000 Peroxidation 113.86 320 @50 79.5% @ 2000 134.6 @ 2000 [51]
Peel Derived
Carbon
11 Biopolymer (1% 1000 Freeze drying 362.2 357 @ 100 180 @ 500 1000 170 @ 1000 [69]
Cellulose
Nanofibrils)
12 Magnolia 1200 Direct 95.7 240.6 @ 30 96.6@2000 2000 126.8 @ 2000 [98]
Grandiflora Lima carbonization
13 N-Doped Glucose 900 Hydrothermal 251 @200 80% @ 200 600 93 @ 2000 [99]
Derived Carbon
14 Tremella 800 Molten salt 517 386.3 @ 100 122.9 @ 1000 1000 119.7@ 2000 [100]
15 Boron Doped 800 Molten salt 963 238.7 @50 115.9 @ 1000 2000 130.9 @ 1000 [101]
Pine Cone
Carbon
16 Masson Pine 600 Molten salt 150.2 @50 71.6% @ 1000 700 64.4 @ 1000 [102]
Trees
17 Kigelia Africana 1100 Direct 5.2 220@20 71 @ 200 200 32 @ 2000 This work
carbonization
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diffusion coefficient of 0.2 x 108 cm?/s of KAP-1100 indicates the dif- Similarly, during de-potassiation (Fig. 10d), a stable region is
ficulty with which the K" ions are inserted into the nanographitic observed, attributed to the de-insertion of K™ from the domains. The
domain [83,84,105]. characteristic increase in diffusion coefficient from 1 x 10 em?/s to

10
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7 x 108 cm?/s is due to the weakening of electrostatic repulsion.
Further, a parabolic regime 6.5 x 107 cm?/s to 1.6 x 10® cm?/s) was
observed with the release of accumulated K charges from the low en-
ergy O-active sites on the surface at above 0.8 V vs K/K" [51]. Similar
and close differences in diffusion coefficient were observed for KAP-
1000, with approximately four times less diffusivity than the KAP-
1100 infers from the well-grown nanographitic crystallites. This facili-
tated better K* ion diffusivity, even at the high voltage region above
1.5 V vs. K/K*. Overall, KAP-1100 has better adsorption of K* ions than
KAP-1000, as evident from both Fig. 10c and 10d.

In addition, the reaction resistances experienced by the electrode
during the relaxation at equilibrium potentials are depicted in Fig. 11b.
Usually, the overpotential in the K-ion batteries deduces the resistance
of the active material at the desired voltages. The overpotential in the
electrode gradually decreases during the potassiation (discharge) and
increases gradually during the de-potassiation (charge). The reaction
resistances are calculated by dividing the overpotential with the applied
pulse current [106,107]. It can be seen that the reaction resistance is
high in the high voltage region ~ 20 Ohm g (Fig. 11b). During the
discharge, the gradual decrease in resistance to 1 Ohm g shows the
contribution of the capacitive type charge transfer occurring from the
disordered carbon. Likewise, a stable reduction in the resistance below
0.5 V vs K/K™ region is entirely due to the increasing K-ion concentra-
tion in the electrode as it approaches 0.01 V vs K/K*. The alkali metal
ion insertion into graphitic crystallites enhances the contact between
intergraphitic crystallites, resulting in better electrical conductivity on
contact. In KAP-1100, a small increase in the reaction resistance on
discharge/ reduction is due to the phase transformation that occurred;
the accumulated stress in the region in Fig. 11b (inset) shows a small
peak-like increase in reaction resistance from 7 to 9 Ohm g and then
gradually decreasing to 7.3 Ohm g as the reaction progresses. Similar
types of phase transitions could not be observed in KAP-1100, indicating
the resistance experienced during insertion. Despite the continuous
charge storage in the graphite-like layers, the stable reaction resistance
resembles the charge storage by partial intercalation, indicating less
stress induced on hard carbon on insertion. This further corroborates the
b-values obtained around ~250 mV at different scan rates from CV. On
de-insertion of K-ions, the decreasing concentration of K-ions in the
anode leads to less electrical conductivity between nano-graphitic
crystallite domains. Hence, as the phase transition progresses there is
a high reaction resistance [108].

4. Conclusion

In summary, cellulose-rich Kigelia Africana-derived hard carbon is
prepared by direct carbonization method at high temperatures. The
formation of randomly oriented nano-graphitic crystallites by local
ordering was confirmed by HRTEM analysis. The larger d-spacing than
graphite and the low surface area controls the formation of SEI layer on
the surface. The effect of temperature on the physical characteristics of
the carbon on the degree of dis-orderness and graphitization was
analyzed. Despite the lower surface area of 5.2 m?/g, the presence of
surface oxygen from XPS analysis and the formation of graphitic crys-
tallites has shown significant differences in CV and GCD analysis. At low
scan rates, the consecutive fading at around 0.25 V vs K/K™ offers the
passivation of the irreversible loss of K-ion at the electrode to the SEI
layer. KAP carbonized at 1100 °C shows better rate capability with a
reversible 180 and 68 mAh/g capacity at 50 and 500 mA/g. The CV,
GITT, and EIS confirmed that the diffusion of K-ions in the prepared hard
carbon has a maximum capacitive dominant contribution and the
insertion capacity in the nanographitic crystallites. The smaller quasi-
plateau region at low voltages corresponds to the pseudo-graphitic do-
mains obtained at elevated temperatures. The local ordering responsible
for the formation of nanographititc crystallites resistive to structural
transformation on intercalation of K-ions upon insertion played a major
role in KAP-1100 for better performance. Therefore, the direct pyrolysis

11

Chemical Engineering Journal 480 (2024) 147835

method could elevate the internal structural properties of the biomass
for better electrochemical characteristics without any pretreatment.
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