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Abstract
In this work, a detailed investigation on the temperature-dependant surface features of biomass derived porous carbon 
nanoparticles was conducted. The carbon nanoparticles were prepared by carbonization of Caesalpinia Sappan waste pods 
in single step pyrolysis, using a range of temperature from 400 to 1000 °C. The systematic analysis of materials obtained at 
different temperatures assisted to correlate the effect of pyrolysis temperature on the surface properties. Different methods 
were employed which were beneficial to demonstrate the overall surface area and porous features constituted by pores of 
different size (micropores, mesopores) and shapes such as cylindrical or narrow slit shape. This study confirmed the optimiza-
tion of material properties with rise in pyrolysis temperature; as a result, Caesalpinia Sappan derived carbon nanoparticles 
pyrolyzed at 1000 °C (CSCNP1000) exhibited the largest surface area (794  m2  g−1 by BET) and pore volume (0.37  cm3  g−1) 
in the series. The resulted carbon products were microporous/mesoporous in nature, the condition which is considered 
suitable for the energy storage applications. The energy storage device, supercapacitor, was fabricated which exhibited a 
specific capacitance of 170.5 F  g−1 at 0.25 A  g−1. This work demonstrated the suitability of temperature dependent surface 
of a carbon nanoparticle to be actively used as a cost-effective energy storage device.
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Introduction

Particle size and surface area have been the significant fac-
ets which persuade nanoparticles/nanomaterials to manifest 
unique properties. It has been now understood that one can 
design and develop a new nano- structure or device by con-
trolling the size, shape and surface features [1]. Therefore, 
since last few decades, nanoscience and nanotechnology has 
been crowned as a leading field of science and engineering 
and integrated with most of the disciplines including phys-
ics, chemistry, biology, materials, medicine, space explora-
tion, etc. [2]; it also has enormously become a part of daily 
life products such as cosmetics, food packaging, sensors, 
purification agents, etc.

In the materials having high surface area, as in nano-
porous materials, the surface properties dominate overall 
material behaviourr [3]. This allows the architecture of 
novel nanoscale porous materials, which open new dimen-
sions of designing materials for technological important 
areas such as energy storage and conversion, photochemi-
cal applications, catalysis, sensing and water desalination 
[4]. In this regard, the molecular design and tailoring of 
surface properties of porous carbonaceous materials has 
gained huge attention in recent years [5, 6]. The tuning 

of carbon surface has been proven to be a powerful tool 
to change the surface polarity, electrochemical landscape 
and wettability [5, 7–12]. Further, the nanoporous carbons, 
generally, contain pores in a broad range from micro- to 
macropores [13]. The functions executed by these pores 
are different [14]; macropores behave as reservoirs of ion 
for micro and mesopores; mesopores provide adequate 
channels of transport for the diffusion of ions; and the 
micropores act as molecular sieves and control the charge 
status and capacitance of the material by controlling the 
diffusion of ions. These behaviours of different porous 
structures are useful for various applications.

The current scenario demands sustainable carbon 
nanomaterials with large surface area and porosity pre-
pared from an inexpensive carbon source by simple fab-
rication method, so that they could be utilized in a wide 
range of industrial/technological applications [15–19]. 
In this regard, biomass, a natural source of carbon has 
been widely used to prepare porous carbon nanostructures 
because of abundant availability [20, 21]. In the past few 
years, several plant-, animal- and microorganism-based 
biomasses have been applied for this purpose [22]. The 
major advantage of biomass as raw material is that it facil-
itates construction of porous carbon material with high 
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specific surface area. Another important advantage is that 
the bio- precursors are rich with heteroatom composition, 
such as N, O, S, K, etc. which act as natural dopants for 
porous carbon [23]. Further, the biomass allows trans-
formation to sustainable nanocarbon materials by simple 
procedures like hydrothermal carbonization, ionothermal 
carbonization and direct pyrolysis [24].

Generally, the porous carbon nanomaterials prepared 
from biomass demand physical/chemical activation pro-
cesses for enhancing the surface features [25–27]; but in 
the current study, the waste dry pods of Caesalpinia Sap-
pan is converted in to spherical shaped porous carbons in 
nanoscale by one-step pyrolysis method, without using acti-
vating agents. Caesalpinia Sappan is a leguminous tree that 
could most commonly be found in India, Thailand, Malaysia, 
China, and Myanmar. It belongs to family Leguminoesae 
and is known by different names, such as Biancaea sappan, 
Sappan wood, False Sandalwood, Brazil wood, Patang, 
etc. The pods of Sappan tree are woody, indehiscent and 
obliquely oblong. The pods produce large amount of bio-
mass once the seeds ripe. The chemical composition of 
pods is constituted by tannin, flavonoids, lignin, vitamins, 
and metal contents [28]. The hard wood content of the pods 
could be transformed into carbon nano- product under con-
trolled conditions. Thermochemical conversion methods 
such as pyrolysis can retain and enrich carbon percentage 
and eject other elements. With careful selection of precur-
sor material and processing conditions such as heating rate, 
residual plateau, and end temperature, it is possible to form 
conjugated carbons with  sp2 state with hierarchical micro-
mesopores [24]. Porous nanocarbons can be produced in 
one pot process unlike templated carbons which require post 
processing to remove the template. The one pot process is 
highly acquiescent to industrial scale processing [29–34].

In the current study, the biomass of Caesalpinia Sappan 
pods was used, for the first time, to produce carbon nanopar-
ticles. The pods were subjected to pyrolysis at different tem-
peratures; the carbonized products obtained at correspond-
ing temperatures were analysed using various techniques. 
The results allowed comprehensible insight on the particle 
size and more significantly, the surface features. The surface 
features provide an insight into understanding the role of 
surface area for various electrochemical applications involv-
ing only carbon- or carbon-based electrodes.

Pure carbon-based capacitors cannot meet the require-
ments in high energy storage. Research is now focussed 
enhancing the capacitance by incorporating various metal 
oxides, graphene composites, MXenes, ternary metal oxides 
[35–39], and doped carbon materials [40]. Transition metal 
oxides (MOx), such as  RuO2,  MnO2, which possess high 
theoretical pseudo-capacitance, might be a promising alter-
native for enhanced energy storage capacity [41]. However, 
most of the pseudo-capacitance comes from surface redox 

reactions and only the first few nanometres from the surface 
layer are utilized in the faradic processes. Consequently, the 
capacitance of MOx in bulk is much lower than the theo-
retical value. In addition, the poor electrical conductivity 
of MOx results in poor rate capability and thus limits their 
applications as electrode materials for high power superca-
pacitors. Because porous carbon nanomaterials show high 
surface area and good electrical conductivity, deposition of 
MOx onto carbon supports not only increases the effective 
utilization of the active materials, but also improves the elec-
trical conductivity of the composites [42, 43].

Experimental details

Materials

The biomass was collected from Hat Yai, Songkhla prov-
ince, Thailand. Tube furnace (NoPo Nanotechnologies India 
Pvt. Ltd.) was used to pyrolyze the raw biomass material. 
 N2 gas of 99.999% was used in the pyrolysis of pods. The 
carbonized products were analysed by various techniques; 
the chemical composition of products was demonstrated 
by energy dispersive X-ray spectroscopy (EDS, X Max 80, 
Oxford Instrument, United Kingdom); the morphology and 
particle size was determined using field emission scanning 
electron spectroscopy (FESEM, SEM microscope, Apreo, 
FEI, Czech Republic); the surface features of waste pod 
derived carbon nanoparticles investigated by static volu-
metric  N2 gas adsorption–desorption studies using BET 
(Brunauer–Emmett–Teller) analyzer (ASAP2460, Micro-
mimetics, USA); X-ray diffraction (X-ray) patterns were 
collected using Empyrean XRD diffractometer (Empyrean, 
Netherland), in a 2θ range from 10° to 80° using Cu Kα 
radiations with a wavelength of 0.154 nm; Raman spectros-
copy was performed using Raman microscope spectrometer 
(RAMANforce, Nanophoton, Japan); further, the thermo-
gravimetric analysis (TGA) of raw material and the carbon-
ized product was conducted by heating them from 50 to 
1000 °C at 10.0 °C/min under  N2 atmosphere using Perkin 
Elmer, USA TGA 7.

Electrochemical studies on CSCNP1000 as electrode 
materials were done in AUTOLAB M204 potentiostat/galva-
nostat fitted with a frequency response analyser (FRA). The 
CSCNP1000 electrode material was analysed for superca-
pacitor behaviour by cyclic voltammetry (CV), galvanostatic 
charge discharge (GCD) tests, electrochemical impedance 
spectroscopy (EIS).

Methods

The waste pods of Caesalpinia Sappan (represented as 
CS) were used as precursor for the synthesis of carbon 
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nanoparticles, which were collected from Hat Yai regions 
of Thailand; however, the plant could be found in all parts 
of the world. The pods were cleaned with distilled water 
and dried completely in an oven. It was crushed and mixer 
was used to grind the pods into fine powder. The pow-
der was collected using sieve of mesh size ~ 62 µm from 
vibratory shaker. The precursor powder was placed in a 
quartz boat and subjected to pyrolysis in a tube furnace. 
The followed was a catalyst free and template free, one-
pot pyrolysis method in the presence of  N2 gas (flow rate: 
150  cm3/min). Pyrolysis was conducted at different tem-
peratures, 400 °C, 600 °C, 800 °C and 1000 °C. The car-
bonized products were coded with simple representations 
as CSCNP400, CSCNP600, CSCNP800 and CSCNP1000, 
respectively (CSCNP: Caesalpinia Sappan carbon nano-
particles). The Fig. 1 illustrates the CNPs synthetic pro-
cedure step-by-step.

Results and discussion

A substantial amount of details was collected for CS pod 
derived carbon nanoparticles from various characteriza-
tion techniques. The data were analyzed meticulously, 
which manifested the upgradation of morphology, size 
and especially surface features in parallel with the pyroly-
sis temperature.

Chemical composition

The chemical constitution of CSCNP materials was ana-
lysed by EDS technique; the resulted spectra are given in 
Fig. 2a–d. It was evident from the spectra that the products 
were composed of carbon in major portions. The high-inten-
sity peak at 0.27 keV represented carbon. Further, CSCNP 
products also showed other low-intensity peaks, correspond-
ing to oxygen, potassium and calcium, indicating the traces 
of these elements in negligible amounts.

The insets of Fig. 2 are the EDS maps, which showed the 
distribution of carbon in the given area; it could be noticed 
that with increase in pyrolysis temperature, the purple color 
got intensified and better distributed. Figure 2e is drawn 
to represent the increment in the percentage of carbon in 
parallel to the temperature; as a result, CSCNP1000 held 
the highest purity. The percentage of carbon in CSCNP400, 
CSCNP600, CSCNP800 and CSCNP1000 are as follows: 
82, 86, 87 and 91%.

The systematic increase in the temperature drove the 
decomposition of biomolecules and polymeric skeleton of 
pod biomass, resulting in the elimination of volatile mat-
ters formed during heating process and forming the residue 
which was rich with carbon content. A similar observation 
was reported, where onion peels were pyrolyzed from 200 to 
1000 °C [44]; the corresponding products showed systematic 
increase in carbon percentage with rise in temperature.

FTIR analysis was performed for the samples before and 
after pyrolysis, to demonstrate the changes occurring in 

Fig. 1  Schematic representation 
of preparation of carbon nano-
particles from waste Caesal-
pinia Sappan pods
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Fig. 2  a CSCNP400 b CSCNP600 c CSCNP800 d CSCNP1000 e plot showing increasing percentage of carbon with increase in temperature; 
insets are the EDS maps showing distribution of carbon nanoparticles (purple colored spots represent carbon)



 Journal of Nanostructure in Chemistry

1 3

the material with respect to the functional groups and their 
respective vibrations (Fig S1). The raw sample showed a 
prominent broad band at a range of 3000–3600  cm−1 cor-
responding to –O–H stretching in various biomolecules. 
The peak at 1573  cm−1 could be due to –C=C– stretching 
vibrations. The vibration due to –C–O– stretching appeared 
at 1028  cm−1. After pyrolysis, a different pattern in FTIR 
spectrum obtained for CSCNP samples. The spectrum of 
CSCNP400 and the raw sample could be comparable, indi-
cating existence of bio-molecular traces in the carbonized 
product. The prominent peaks disappeared in later stages, 
but indicating the presence of –O–H and –C–O– vibrations 
in minute quantities.

Morphology and grain size

The particle shape and size of CSCNP materials were ana-
lyzed using electronic microscopy. The FESEM images 
obtained for these materials are given in Fig. 3. It was 
observed that CSCNP400 material did not form any defi-
nite shape; CSCNP600 contained near to spherical shapes, 
whereas, the CNPs produced at higher temperatures 
(CSCNP800 and CSCNP1000) showed definite spherical 
morphology. The TEM analysis of CSCNP samples corrob-
orated with the SEM analysis and confirmed the spherical 
morphology. The TEM image of CSCNP1000 is given in 
supplementary section for representation (Fig. S2).

Further, the carbon particles exhibited size in nanoscale 
range. Histograms of individual products were drawn, Fig. 4, 
to demonstrate the size distribution in CSCNPs. The size of 
nanoparticles was found to decrease when the pods were 

carbonized at higher temperatures. The graph (Fig. 4a) indi-
cates reduced average particle size (110–25 nm) with respect 
to corresponding CSCNP materials. Reduction in particle 
size with increase in pyrolysis temperature occurs due to the 
dissociation of larger solid clusters or particles. At higher 
temperatures, the particles are exposed to more stress in the 
form of heat. In the process of releasing heat, fracture of 
disoriented crystallites takes place resulting in smaller par-
ticles with spherical morphology [45].

Study of surface area

The surface of CSCNP materials were studied diligently as 
the surface properties are the vital factors for nanoparticles 
that determine the material behaviour, dispersity, etc. and 
also makes them suitable to be applied in various significant 
applications such as energy storage, adsorption, catalysis, 
etc. Various methods were employed while analysing the 
surface characteristics of CNPs, to describe them cumula-
tively from different perspectives.

The surface area of CSCNP materials were deter-
mined by Single point, BET, Langmuir, BJH (Bar-
rett–Joyner–Halenda), D–H (Dollimore and Heal), D–A 
(Dubinin–Astakhov), t-plot, MP (Mikhail et  al.), DFT 
(Density functional theory) and NLDFT (Non-local density 
functional theory) methods. The Figs. 5, 6, and 7 repre-
sent the different surface area measurements obtained for 
CSCNP materials prepared at different temperatures from 
400 to 1000 °C.

Single point method is a rapid testing method of deter-
mining accurate specific surface area of materials from 

Fig. 3  FESEM images of Cae-
salpinia Sappan derived carbon 
nanoparticles; CSCNP400, 
CSCNP600, CSCNP800 and 
CSCNP1000
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a single point on nitrogen adsorption isotherm [46]. The 
single point surface area values obtained for CSCNP400, 
CSCNP600, CSCNP800 and CSCNP1000 were 17.6, 74.4, 
529.6 and 644.2  m2/g, respectively, as shown in Fig. 5. Aside 
from the advantages such as simple and speed measurement, 

Single point is considered to be lesser reliable than the mul-
tipoint method [47].

Multipoint BET is the commonly followed and more reli-
able method of determining the specific surface area, which 
considers the entire surface of nanomaterial, including sur-
face of pores and external surface. Figure 5 also shows the 
BET surface area of corresponding CSCNP materials pro-
duced at increased temperature.

The graph confirms enhancement of active sites at sur-
face with rise in pyrolysis temperature. The surface area 
values obtained for CSCNP400, CSCNP600, CSCNP800 
and CSCNP1000 were 33.8, 85.7, 674.8 and 793.9  m2/g, 
respectively.

The  N2 adsorption–desorption plots obtained for CSCNP 
materials are given in Fig. 6. The patterns of the curves and 
hysteresis loops were used to gather details about surface 
characteristics. The amount of gas adsorbed by CSCNP400 
and CSCNP600 materials was lower than that of the 
CSCNP800 and CSCNP1000 products. Further, the curves 
appeared to follow Type II isotherm, indicating no substan-
tial active sites and porous structures at the surface. The 
large hysteresis loops were H2 type, which correspond to 
cylindrical or spherical pores. On the other hand, the carbon 
particles produced at higher temperature range (CSCNP800 
and CSCNP1000) showed enhanced surface features. Higher 

Fig. 4  Histograms showing particle size distribution of CSCNP materials; (a) represents linear fitted graph of decreasing average particle size 
with increase in temperature from 400 to 1000 °C
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quantity of gas was adsorbed and the curves were Type IV 
indicating mesoporous characteristics. Additionally, the 
hysteresis loop was H4 type which suggested the exist-
ence of micropores [48]. Therefore, it could be inferred that 
CSCNP800 and CSCNP1000 were microporous/mesoporous 
solids. The porous structures were attributed to cause large 
surface area in these materials.

The surface area of CSCNP materials was also deter-
mined by Langmuir method. The corresponding surface 
area values obtained are drawn in Fig. 5 (42.1, 244.8, 773.9 
and 995.6  m2/g for CSCNP400, CSCNP600, CSCNP800 
and CSCNP1000, respectively). But the Langmuir method 
is considered to be more applicable to chemisorption than 
physical adsorption [49]; but could be applied to physisorp-
tion isotherms of Type I (as in microporous solids). This is 
because the method is limited strictly to one molecular layer 
[50], which cannot be exceeded. But the physical adsorption 

of  N2 gas does not always cease to monolayer formation 
(as in CSCNP materials which exhibited Type II and Type 
IV isotherms) [51]. Also, CSCNP materials have shown to 
possess micropores and mesopores; in this regard, Langmuir 
method could be considered as less effective to determine 
the surface area.

Surface area in pores is evaluated by various methods, 
as shown in Fig. 7. The BJH, DFT/NLDFT, t-plot, D-A 
and MP methods showed a common trend similar to Single 
point, BET and Langmuir methods of determining surface 
area values. The surface area determined by each method 
is given in Table 1. With rise in carbonization temperature, 
there observed significant increase in the surface features 
of CSCNP materials. While the difference in surface area 
between CSCNP400 and CSCNP600 was less, a sharp 
increase was observed from CSCNP600 to CSCNP800 and 
CSCCNP1000. This could be attributed to the well-defined 
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porous spherical nanostructures formed at ≥ 800 °C, as per-
ceived from FESEM images.

t-plots were obtained for CSCNP materials are given in 
the Fig. 8, as representation of microporous structures. The 
plots of CSCNP400 and CSCNP600 showed straight line, 
indicating the absence of significant porosity; further, the 
pattern obtained for CSCNP800 and CSCNP1000 was Type 
I which corresponded to microporous materials [52]. The 
filling of narrow micropores took place at lower vapour pres-
sures [53], above which the interaction between adsorbate-
adsorbent resulted in secondary filling in larger micropores 
at a vapour pressure up to 0.01–0.2 [54]. Moreover, the t-plot 
surface area of CSCNP materials was found to increase with 
increase in pyrolysis temperature.

Pore analysis

The evaluation of pores was conducted by different meth-
ods. The average pore width obtained for CSCNP materials 
from BET, BJH, D–H, H–K (Horvath and Kawazoe) and 
MP methods are given in Table 2; the same is illustrated in 
the Fig. 9. It could be demonstrated from the graphs that 

Fig. 7  Surface area in pores determined by a BJH, D-H, D-A, MP 
and t-plot methods; and b DFT and NLDFT methods
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the products were mesoporous/microporous in nature, as 
the average pore width is ≤ 20.2 nm. Furthermore, the pore 
size was found to reduce in the materials produced at higher 
pyrolysis temperatures and this was the common trend in 
all the methods. Beyond 600 °C, no significant difference 
in the pore size was observed, and the size also lied near to 
microporous region, possibly making them suitable materi-
als for the fabrication of energy storage devices [55].

Pore volumes obtained for CSCNP materials from 400 
to 1000 °C are given in Table 3; Figure 10 represents pore 
volume corresponding to the CSCNP materials. It was evi-
dent from the results that the carbon nanoparticles produced 

at 800 and 1000 °C (CSCNP800 and CSCNP1000, respec-
tively) were highly porous in nature, whereas CSCNP400 
and CSCNP600 did not show significant values. The D–H, 
H–K and MP methods signified the micropores; also, D–H 
method was useful to give an estimation of the cylindrical 
pores [56]; H–K method was considered to be effective for 
highly microporous carbon materials [57].

Further, MP method is the extension of t-plot method 
which analyses micropores of slit shape [58, 59]. Thus the 
study of CSCNP surface by different methods helped to 
demonstrate the overall surface properties of the materials, 
such as surface area, pore size and shapes.
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Fig. 8  t-plots obtained for a CSCNP400; b CSCNP600; c CSCNP800; and d CSCNP1000

Table 2  Pore width of CSCNP 
materials determined by 
different methods

Material BET (nm) BJH (nm) D–H (nm) H–K (nm) MP (nm)

CSCNP400 8.5 6.1 20.2 0.7 0.0
CSCNP600 5 3.2 5.5 0.7 0.9
CSCNP800 1.9 1 5.1 0.5 0.3
CSCNP1000 1.7 1.1 3.9 0.5 0.4
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Pore size distribution curves were drawn for the CSCNP 
materials using the BJH data in Fig. 11. The graphs clearly 
showed the volume of variable sized pores; the pore vol-
umes were larger towards microporous region (< 2 nm). The 
CSCNP400 and CSCNP600 materials indicated pores in a 
wide size range, whereas the CSCNP800 and CSCNP1000 
materials indicated well-defined porous structure constituted 
by mesopores and the large volume of micropores.

Influence of temperature on surface features

The analysis of surface parameters provided facts about the 
influence of pyrolysis temperature on the porous surface of 
CSCNP materials. In the study, temperature has been uti-
lized as a tool to surface engineer the carbon nanomaterials. 
It is evident from the earlier explanations that the surface 
area and pore volume raise with progressive increase in the 
pyrolysis temperature from 400 to 1000 °C. The increase in 
these properties could be attributed to the decomposition of 
cellulosic matters (> 600 °C) and the subsequent removal of 
volatile matters, creating rudimentary pores in the material. 
Further, when the biomass was exposed to larger heat (at a 

rate of 10 °C/min) as in CSCNP800 and CSCNP1000, tem-
perature reached quickly into the material, resulting in the 
enhancement of cellulose decomposition and volatile matter 
extraction. While nitrogen gets diffused easily into the core 
of the material in this condition, it forms large volume of 
pores and surface area.

The morphological and surface studies confirmed that the 
CSCNP1000, produced at 1000 °C, exhibited the enhanced 
features compared to the other CSCNP materials, with 
respect to well defined spherical shape, small grain size 
and excellent surface area and porous nature. Therefore, the 
CSCNP1000 sample was considered for further material 
analysis to understand the physical and chemical aspects.

Thermal stability of CSCNP by TGA 

The thermal stability of CSCNP1000 was studied by TGA 
analysis. A known weight of raw biomass and CSCNP1000 
was heated from room temperature to 1000  °C and the 
weight loss with respect to temperature was drawn in Fig. 12. 
The TGA graph of raw material (Fig. 12a) showed large loss 
in weight because of decomposition of biomolecules during 
the heating process; reduction of weight up to ~ 120 °C was 
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Fig. 9  Graph illustrating pore width in CSCNP materials from 
CSCNP400 to CSCNP1000

Table 3  Pore volume of CSCNP materials determined by different methods

Material Single 
point 
 (cm3/g)

BJH  (cm3/g) DFT  (cm3/g) NLDFT  (cm3/g) t-plot  (cm3/g) H–K  (cm3/g) D–A  (cm3/g) MP  (cm3/g)

CSCNP400 0.07 0 0.08 0.08 0.07 0.01 0.02 0
CSCNP600 0.11 0.02 0.1 0.1 0.1 0.03 0.04 0.05
CSCNP800 0.29 0.04 0.27 0.24 0.26 0.26 0.3 0.27
CSCNP1000 0.37 0.05 0.43 0.32 0.36 0.32 0.37 0.36
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Fig. 10  Illustration of pore volume corresponding to the CSCNP 
materials obtained from 400 to 1000 °C
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due to removal of water content. Elimination of volatile mat-
ters occurred up to ~ 230 °C; beyond this temperature, a huge 
dip in the weight was caused up to 640 °C, which could be 
attributed to the decomposition of biopolymers (cellulosic 
components) [60].

The disintegration of lignocellulosic component 
occurred at higher temperatures beyond 600 °C; no sig-
nificant weight loss was observed at ≥ 800 °C indicat-
ing the formation of stable carbon residue, which also 
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Fig. 11  Pore size distribution curves obtained for a CSCNP400, b CSCNP600, c CSCNP800 and d CSCNP1000
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corroborated with the high purity and excellent features 
of CSCNP materials produced in this temperature range.

On the other hand, the TGA plot of CSCNP1000 
(Fig. 12b) showed no remarkable reduction in weight up to 
1000 °C, confirming the outstanding thermal stability of the 
material. Therefore, this porous material could be utilized in 
the applications which require harsh temperature conditions.

Physico‑chemical analysis of CSCNP by XRD 
and Raman spectroscopy

The CSCNP1000 was subjected to XRD and Raman spec-
troscopic analysis to demonstrate the physical and chemi-
cal structure of CSCNP1000 material. The XRD spectrum 
obtained for CSCNP1000 is given in Fig. 13a. The pattern 
showed two prominent peaks at 2θ = 24° and 44°, corre-
sponding to carbon. The broad bands indicated that the car-
bon product was amorphous in nature. Further, a peak was 
observed at 26° which could be attributed to the graphitic 
nature present in the carbon matrix. A peak formed at 31° 
could be due to the traces of calcium oxides or carbonates. 
The XRD analysis of other CSCNP samples also demon-
strated structural arrangement of carbon atoms in these 
materials (Fig S3). The XRD patterns showed two predomi-
nate broad bands at a range of 2θ = 20° and 30° (002) and 
at ~ 45° (100). The broad bands indicated amorphous nature 
of CNPs. The other small sharp peaks could be due to trace 
elements such as calcium and potassium.

Raman spectroscopy was performed to demonstrate the 
order in the carbon structure. The graph obtained (Fig. 13b) 
showed two sharp peaks at 1344 and 1595  cm−1, called D 
band and G band, respectively. D band, generally, represents 
disorder in the structure and G band corresponds to graphitic 
nature. In CSCNP1000, the intensity of D band was higher 

than the G band; this could be attributed to the bending of 
graphic layers at the curvatures of spherical shaped carbon 
nanoparticles. Small size of the particles, as discussed under 
SEM analysis, led to the larger bending of carbon layers, 
which resulted in the prominent D band intensity [44, 59]. 
However, the rise of G band confirmed graphitic carbons; 
further, an additional graphitic band was observed at a range 
of 2500–3000  cm−1. The Raman spectroscopic analysis was 
also carried out for other CSCNP samples too. The spectra 
showed two prominent peaks at 1340  cm−1 and 1598  cm−1, 
(Fig. S4) where the former represented imperfections in the 
material lattice and the latter indicated the graphitic order 
of the carbon atoms. It could be observed that the D band 
intensity progressively increased with increase in pyroly-
sis temperature. This could be attributed to the decrease 
in particle size. As particle size decreases, more and more 
bending of the carbon layers takes place at the curvature 
of spheres, resulting in higher strain and more number of 
dangling bonds at the curved surface.

Electrochemical performance of CSCNP1000

For evaluation of electrochemical performance of 
CSCNP1000, electrode was prepared using the homoge-
neous mixture of CSCNP1000, polyvinylidene difluoride 
(PVDF) and carbon black in 9:1:1 ratio using N-methyl 
pyrrolidone (NMP) as the solvent. This mixture was coated 
on nickel foam current collector (1 × 1  cm2 area). A more 
detailed procedure for the electrode preparation is reported 
in our earlier works [61–64].

The cyclic voltammetry (CV) was carried out at the 
potential window of − 1.0–0 V in a three-electrode setup 
using CSCNP1000 coated Ni foam as working electrode and 
1.0 M KOH as electrolyte, the other two electrodes being 
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Fig. 13  a XRD and b Raman spectroscopic plots obtained for CSCNP1000
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saturated calomel electrode (SCE) and platinum rod as ref-
erence and counter electrode, respectively. The CV plot at 
different scan rates (Fig. 14a) ranging from 10 to 100 mV  s−1 
shows rectangular shape without redox peaks, which is typi-
cal of materials exhibiting EDLC behaviour. The non-Far-
adaic charge transfer was further confirmed from galvano-
static charge discharge (GCD) tests carried out at potential 
window of − 1.0–0 V (Fig. 14b) at current densities. The 
plot shows symmetric triangular shape with longer dis-
charge times at lower current densities. Specific capacitance 
was calculated from formula reported in earlier work [64]. 
Maximum specific capacitance of 170.5 F/g was obtained at 
0.25 A/g. Figure 14c shows the variation of specific capaci-
tance as function of current density. Impedance of the sys-
tem was analysed from 100 kHz to 0.01 Hz, at 10 mV with 
AC current amplitude signal at open circuit potential. The 
Nyquist impedance plot (Fig. 14d) shows a semi-circular 
curve followed by a 45° vertical tail. The RS and RCT values 
of 1.3 Ω and 0.6 Ω were obtained after fitting the impedance 
data with the equivalent circuit. Variation of phase angle 
with frequency was plotted in Fig. 14e. The low impedance 
values and high capacitance indicate that CSCNP1000 can 
be used as electrode material in supercapacitors. The elec-
trochemical results were compared with some of the earlier 
reports. Table S3 compares the surface area of the carbon 
material and the specific capacitance obtained. In some cases 

when the surface area was high (~ 2900  m2/g) the capaci-
tance observed was less (189 F/g) [55], And in some other 
cases, surface area was moderately high (~ 1000  m2/g) while 
capacitance was high (~ 330 F/g) [65]. There are also reports 
where carbon materials with lower surface area (440.7  m2/g) 
have shown a high capacitance (356 F/g) [63]. Hence it can 
be concluded that, though there exists a direct relationship 
between surface area and capacitance, the extent of surface 
actually available for the ions and electrode kinetics play role 
in increased or decreased capacitance. Detailed investigation 
on various parameters related to energy storage device study 
in progress and will be reported elsewhere.

Conclusions

Surface engineered carbon nanoparticles were prepared by 
pyrolysing the waste seed covers of Caesalpinia Sappan 
plant at different temperatures from 400 to 1000 °C, in a 
single step. The carbonized products were rich in carbon 
content and the material produced 1000 °C, CSCNP1000 
exhibited the excellent purity (91% of carbon) and well-
defined spherical shape with small grain size (~ 30 nm). A 
detailed investigation of surface features of CSCNP400 to 
CSCNP1000 samples was carried out using various methods 
such as Single point/multipoint BET, BJH, Langmuir, D–H, 

Fig. 14  Cyclic voltammetry plot (a) and galvanostatic charge dis-
charge curves (b) of CSCNP1000 electrode at different scan rates and 
different current densities, respectively, plot of specific capacitance 

as function of current density (c), Nyquist impedance plot (d), inset 
shows the high-frequency region, Bode plot (e) as function of fre-
quency of CSCNP1000 electrode in 1.0 M KOH electrolyte



Journal of Nanostructure in Chemistry 

1 3

D–A, t-plot, H–K, DFT/NLDFT and MP methods. All these 
methods showed a similar trend of improved surface area 
and pore volume for carbon nanoparticles produced at higher 
temperatures (≥ 800 °C). The CSCNP1000 exhibited the 
highest surface area of 794  m2/g and 1515  m2/g, determined 
by BET and BJH methods, respectively. The maximum pore 
volume obtained for CSCNP1000 was 0.37  cm3/g. The sur-
face analysis by various methods helped to demonstrate the 
surface features from different aspects, such as adsorption 
by pores of variable size and shape. Further, the analyses 
confirmed that the porous structure of carbon samples was 
constituted by micropores and mesopores. Therefore, the 
charge holding capacity of CSCNP1000 was tested by per-
forming electrochemical experiments, which determined the 
specific capacitance of 170.5 F/g at 0.25 A/g. It confirmed 
the suitability of these porous materials for the fabrication 
of cost effective energy storage devices (supercapacitors).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40097- 021- 00427-4.
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