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Abstract
In this study, cellulose nanoplates (CNPs) were fabricated using cellulose nanocrystals ob-
tained from commercial microcrystalline cellulose (MCC). Their pyrolysis behavior and the 
characteristics of the product carbonaceous materials were investigated. CNPs showed a 
relatively high char yield when compared with MCC due to sulfate functional groups in-
troduced during the manufacturing process. In addition, pyrolyzed CNPs (CCNPs) showed 
more effective chemical activation behavior compared with MCC-induced carbonaceous 
materials. The activated CCNPs exhibited a microporous carbon structure with a high sur-
face area of 1310.6 m2/g and numerous oxygen heteroatoms. The results of this study show 
the effects of morphology and the surface properties of cellulose-based nanomaterials on 
pyrolysis and the activation process.
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1. Introduction

Two-dimensional (2D) carbon-based nanomaterials (CNMs) such as graphene, carbon 
nanosheets, and carbon nanoplates have attracted tremendous attention due to their unique 
properties. These include such as excellent electronic conductivity, high chemical stability, 
large surface area, and low cost [1-4]. The physical and chemical properties of CNMs are 
highly dependent on their morphologies, components, and microstructural characteristics. 
Numerous attempts have been made to prepare and characterize 2D CNMs using diverse 
carbon precursors and synthesis processes [5-8]. Among the various processes for manufac-
turing CNMs, pyrolysis of polymeric material has the merits of large scale production, wide 
availability, and cost effectiveness [9]. Cellulose, a natural polymer composed of anhydro-
D-glucopyranose units linked by β-1,4-glycosidic bonds, is a well-known carbon precursor 
used commonly as a source for carbon fibers. However, the disadvantages of low carbon 
yield and poor mechanical properties when compared with, polyacrylonitrile-based carbon 
fibers, has inhibited the production of cellulose-based carbon fibers [10,11]. A combination 
of increased demand for new CNMs and general environmental awareness has led to a resur-
gence in the use of cellulosic precursors in recent years [12,13].

Cellulose consists of alternating highly ordered crystalline regions organized by 
numerous inter-/intra-chain hydrogen bonding between cellulose molecules, and less-
ordered amorphous regions. Cellulose nanocrystals (CNs), rod-like nanoparticles with 
high aspect ratios, are acquired by retaining cellulose nano-fibrils along the transverse 
direction and disrupting amorphous segments under controlled acid hydrolysis or me-
chanical force [14-16]. Due to their excellent mechanical properties, chemical tenability, 
low density, renewability, and low cost, CNs have been primarily investigated for ap-
plication as reinforcement fillers in polymer nanocomposites [17-20]. In recent years, 
new attempts have been reported to extend the applications of CNs by fabricating mi-

DOI: http://dx.doi.org/
DOI:10.5714/CL.2016.20.032

This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License 
(http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted 
non-commercial use, distribution, and 
reproduction in any medium, provided 
the original work is properly cited.

KCS Korean Carbon Society

 carbonlett.org

pISSN: 1976-4251 
eISSN: 2233-4998VOL. 20 October 31 2016



Cellulose-based activated carbon nanoplates

33 http://carbonlett.org

2.4. Preparation of activated CMCC and CCNPs 

The CMCC and CCNPs were chemically activated with 
KOH (carbon to KOH ratio of 1:1) (95%, OCI Co.) at 800°C 
for 2 h at a heating rate of 10°C/min under N2 gas in a tubular 
furnace. The resulting samples (activated-CMCC [ACMCC] 
and -CCNPs [ACCNPs]) were washed with distilled water 
and ethanol several times; then stored in a vacuum oven at 
30°C.

2.5. Characterization

The morphologies of the MCC and CNPs were investigated 
via field-emission scanning electron microscopy (FE-SEM) 
(S-4300; Hitachi, Tokyo, Japan) after Pt coating (E-1030; 
Hitachi). The formation of CNs was examined using atomic 
force microscopy (AFM) (Multimode IVa; Bruker, Billerica, 
MA, USA). The pyrolysis behaviors of MCC and CNPs were 
studied using a thermogravimetric analyzer (TGA) (Q50; 
TA instruments, West Sussex, UK) from room temperature 
to 800°C at a heating rate of 5°C/min under N2 atmosphere. 
The chemical bonding characteristics of the samples were 
evaluated via X-ray photoelectron spectroscopy (XPS) (PHI 
5700 ESCA; Physical Electronics, Chanhassen, MN, USA) 
using monochromatic Al-Kα radiation (hν = 1486.6 eV). X-
ray diffraction (XRD) (DMAX 2500; Rigaku, Tokyo, Japan) 
analysis for the carbonaceous materials was carried out using 
Cu-Kα X-radiation (λ = 0.154 nm) at 40 kV and 100 mA. 
Raman spectroscopy (Jobin Yvon, Longjumeau, France) was 
used to determine the microstructure of the samples. The sur-
face area and pore properties of the samples were character-
ized using the Brunauer-Emmett-Teller method (Tristar 3000; 
Micromeritics, Norcross, GA, USA).

3. Results and Discussion

3.1. Morphology and surface characteristics of 
MCC, CNs, and CNPs

Fig. 1a shows a schematic diagram and images of the 
fabrication of CNPs using CNs. The CNs were prepared 
using commercial MCC exhibiting irregular shapes, as 
shown in Fig. 1b. Following sulfuric acid hydrolysis, the 
formation of rod-like nanoparticles (CNs) with an aver-
age length of 170 ± 7 nm and width of 17 ± 5 nm was 
confirmed via AFM analysis, as revealed in Fig. 1c. These 
dimensions are similar to the dimensions and aspect ratio 
(~10) of the cotton-linter based CNs reported elsewhere 
[25]. The strong acids and mechanical forces resulted in 
the removal of amorphous segments of pristine cellulose, 
and accordingly, the bulk MCC broke down into rod-like 
CNs. During the sulfuric acid treatment, it is known that 
negatively charged sulfate groups attach to the surface 
of CNs, limiting hydrogen bonds between the individual 
CNs via electrostatic repulsive force [26]. As a result, CN 
dispersion can be stable and homogeneous in an aque-
ous solution, and the suspended CNs are organized into 
nanoplate structures by being rejected by the growing ice 

cro-/nano-structured foams using a freeze drying technique 
[21-23]. Several materials with different morphology (e.g., 
porous, cellular, fibrous, and plates) were fabricated using 
controlled growth and sublimation of ice crystals in a CN 
suspension (freezing temperature, suspension concentration, 
atmosphere pressure, cooling rate, and particle size).

In this study, we fabricated cellulose nanoplates (CNPs) us-
ing a freeze drying technique and investigated their pyrolysis 
and activation behaviors. Through comparisons with commer-
cial microcrystalline cellulose (MCC), the pyrolysis behaviors 
of cellulose-based carbon materials at nanometer-scale were 
examined. Pyrolyzed CNPs (CCNPs) and activated CCNPs 
(ACCNPs) showed different morphological or topographic 
characteristics, and distinct microstructures, when compared to 
MCC-based carbon materials.

2. Experimental

2.1. Preparation of CNs

MCC (20 μm; Sigma Aldrich, St. Louis, MO, USA) from cot-
ton linter was used as raw material. CNs were prepared via the 
hydrolysis of MCC using sulfuric acid (H2SO4, 95%; OCI Co., 
Seoul, Korea). Acid hydrolysis was performed at 45°C with 65 
wt% H2SO4 for 1 h under continuous stirring. After the reaction, 
the suspension was diluted with 200 mL of distilled water and 
then centrifuged at 3000 r/min for 15 min to separate the CNs 
(MR 23i; Jouan, Winchester, VA, USA). The obtained CNs were 
then dialyzed using tubing cellulose membrane (typical molecu-
lar weight cut-off = 14,000; Sigma Aldrich) until reaching neu-
tral pH. The final concentration of the CNs in suspension was 
approximately 1 wt%.

2.2. Preparation of CNPs

The CNs suspension was gradually frozen in dry ice for 1 h. 
Once completely frozen, the products were placed in a lyophi-
lizer (ALPHA 1-2 LD plus; Fisher Bioblock Scientific, France), 
and then freeze dried at –50°C and 0.0045 mbar for 4 d to re-
move the solvent. Finally, the dried white product was obtained 
and stored in a vacuum oven at 30°C.

2.3. Pyrolysis of MCC and CNPs

It has been proposed that the pyrolysis of cellulose proceeds 
in the following four stages: 1) the physical desorption of water 
(25°C–150°C); 2) dehydration from the cellulose unit (150°C–
240°C); 3) thermal cleavage of the glycosidic linkage, with scis-
sion of other C-O bonds and some C-C bonds via free-radical 
reactions (240°C–400°C); and 4) aromatization (400°C and 
above) [24]. In this study, both MCC and CNPs were initially 
stabilized at 150°C in air for 2 h. After stabilization, the samples 
were pyrolyzed to 800°C in a nitrogen atmosphere at a heating 
rate of 2°C/min, followed by a 2 h isotherm. All heat treatment 
was performed in a tubular furnace. The resulting carbonaceous 
samples (Pyrolyzed MCC [CMCC] and CCNPs) were washed 
with distilled water and ethanol several times and stored in a 
vacuum oven at 30°C.
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Removing oxygen atoms in the form of water would inhibit 
weight loss and contribute to the increasing char yield by sup-
pressing the release of CO and CO2, which is related to signifi-
cant weight loss during the pyrolysis of cellulose. 

3.3. Morphologies and microstructures of 
CMCC, ACMCC, CCNPs, and ACCNPs

The morphologies of CMCC, CCNPs, and their activation 
products, ACMCC and ACCNPs, were confirmed via FE-
SEM, and are revealed in Fig. 3. It was confirmed that both 
MCC and CNPs maintained their morphologies after pyroly-
sis and activation. The microstructures of the samples were 
characterized via XRD. All XRD patterns shown in Fig. 4 ex-
hibited broad peaks centered at approximately 2θ = 22°–23°, 
and 43°–44°, corresponding to the (002) and (100) planes, 
respectively, of the typical amorphous carbon structure. The 
peak positions differed slightly from sample to sample. The 
(002) peak was observed in CMCC at approximately 22.4°, 
while that in CCNPs was indicated at approximately 23°. 
These results suggest that the increased crystallinity index 
affects the rearrangement of crystalline regions into a more 

crystal to accumulate in the spaces between the ice crys-
tals [22,27]. After freeze-drying, CNs self-assembled into 
nanoplate-like structures (CNPs) as shown in Fig. 1d via a 
template effect from the ice crystals. In addition, the same 
procedure was carried out using MCC, where no plate-like 
structures were observed, and the MCCs maintained their 
initial shapes.

3.2. The pyrolysis behavior of MCC and CNPs

The TGA curves in Fig. 2 show that the pyrolysis behav-
iors of MCC and CNPs developed through several decom-
position stages. By ~100°C, both MCC and CNPs showed 
a small initial weight loss (approximately 5%) attributed to 
the evaporation of adsorbed moisture. In case of MCC, a dra-
matic weight loss at approximately 300°C was observed that 
resulted from the dehydration and decomposition of cellulose 
molecules, and is similar to that of pristine cellulose, as re-
ported elsewhere [28]. A char residue of ~13 wt% remained 
through the aromatization process (above 400°C) from the 
MCC after pyrolysis at 800°C; however, the CNPs revealed 
a different pyrolysis behavior than that of the MCC. Even 
though the thermal decomposition of the CNPs started at a 
relatively low temperature (~140°C), the yield of CNP char 
residues (~22%) was significantly higher than that of MCC. 
Various surface properties induced by strong acid treatment, 
such as the creation of free-end chains and the introduction 
of sulfate groups in CNs, might play an important role in di-
minishing their thermal stability [29,30]. The high yield of 
CNP char residues can be interpreted as due to the presence 
of sulfate groups on their surfaces [31]. Sulfate groups may 
be responsible for solid-gas phase transition catalysis; during 
the pyrolysis process, sulfate groups expedite the dehydration 
at lower temperature. Through vigorous thermal motion at 
temperatures above 140°C, sulfate groups chemically extract 
water from cellulose and the water would evaporate immedi-
ately, as follows: 

Cn(H2O)m → mH2O + nC

Fig. 1. (a) Schematic diagram of the entire process, including the preparation of cellulose nanoplates (CNPs); (b) field-emission scanning electron micros-
copy (FE-SEM) image of microcrystalline cellulose (MCC); (c) atomic force microscopy images of cellulose nanocrystals (CNs) after acid hydrolysis reaction, 
and (d) FE-SEM image of CNPs after the freeze-drying process.

Fig. 2. Thermogravimetric analyzer (5°C/min in N2) curves of microcrys-
talline cellulose (MCC, solid line), and cellulose nanoplates (CNPs, dashed 
line). 
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studies of the sample microstructures were carried out via 
Raman spectroscopy in Fig. 5. The bands centered at ~1355 
and ~1582 cm–1 in the Raman spectrum are the representa-
tive peaks characteristic of hexagonal carbon materials, and 
correspond to D bands (disordered) and G bands (ordered), 
respectively. The D bands arise from the breathing mode of 
sp2 sites in rings, not in chains; and the G bands represent the 
stretching vibration of any pair of sp2 sites, whether in C=C 
chains or in aromatic rings [34]. The extended band range is 
due to amorphous characteristics with a defective hexagonal 
carbon structure. Specifically, the ratio of D and G bands (ID/
IG) can be regarded as a measure of the structural order of 
various carbonaceous materials [35]. The intensity ratios for 
two peaks (ID/IG) of CMCC, ACMCC, CCNP, and ACCNP; 
were 0.87, 0.91, 0.81, and 0.86, respectively. The slightly 
higher ID/IG ratios of the activated carbon materials are rea-
sonable, because they were chemically attacked by an activa-
tion agent, inducing a disordered-carbon structure. 

3.4. Chemical characteristics of CMCC, AC-
MCC, CCNPs, and ACCNPs

As shown in Fig. 6, XPS was used to investigate the chang-
es in chemical compositions according to pyrolysis and/or 
chemical activation of MCC and CNPs. All samples (CMCC, 
ACMCC, CCNPs, and ACCNPs) were composed primarily 
of carbon and oxygen atoms, but the C/O ratios differed from 
sample to sample. Three distinct peaks of the samples were 
observed in the XPS C 1s spectra with binding energies of 
284.5, 286.0, and 257.6 eV; corresponding to C-C/C=C, C-O, 
and C=O, respectively. Two peaks in the O 1s region can be 
confirmed with binding energies of 531.5–532.0 and 533.0 
eV, corresponding to C=O and C-O, respectively [36,37]. 
The individual spectra show changes in the chemical com-
ponents according to the pyrolysis and activation processes. 
During the pyrolysis of the cellulose molecules, based on re-
lease of CO and/or CO2, the C=O and C–O–C species were 
transformed into C-C or C=C. This transformation increased 
due to dehydration, depolymerization, and aromatization. In 
addition, the amount of oxygen in the samples increased af-
ter chemical activation [38]. More specific C/O ratios can be 
seen in Table 1.

ordered carbon structure [32,33]. Additionally, the XRD pat-
terns of activated carbonaceous materials are shown to shift 
toward lower angles when compared to non-activated car-
bonaceous materials, which results from the expansion of 
CMCC and CCNP carbon lattices via the intercalation/ex-
traction of potassium during the activation process. Further 

Fig. 3. Field-emission scanning electron microscopy images of cellu-
lose-derived materials: (a) pyrolyzed microcrystalline cellulose (CMCC), (b) 
activated CMCC (ACMCC), (c) pyrolyzed cellulose nanoplates (CCNPs), and 
(d) activated CCNPs (ACCNPs).

Fig. 4. X-ray diffraction patterns of (a) pyrolyzed microcrystalline cel-
lulose (CMCC), (b) activated CMCC (ACMCC), (c) pyrolyzed cellulose nano-
plates (CCNPs), and (d) activated CCNPs (ACCNPs). 

Fig. 5. Raman spectra of (a) pyrolyzed microcrystalline cellulose (CMCC), 
(b) activated CMCC (ACMCC), (c) pyrolyzed cellulose nanoplates (CCNPs), 
and (d) activated CCNPs (ACCNPs).

Table 1. Specific surface area and chemical composition of 
CMCC, CCNPs, ACMCC, and ACCNPs

Sample SBET (m2/g) C (at%) O (at%) C/O

MCC  1.4 57.9 42.1 1.4

CNPs  1.8 56.3 43.7 1.3

CMCC  265.0 89.8 10.2 8.8

CCNPs  384.3 86.2 13.8 6.3

ACMCC 1166.2 88.8 11.2  7.93

ACCNPs 1310.6 83.4 16.6 5.0

CMCC, pyrolyzed MCC; CCNPs, pyrolyzed CNP; ACMCC, activated CMCC; 
ACCNPs, activated CCNPs; BET, Brunauer-Emmett-Teller; MCC, micro-
crystalline cellulose; CNPs, cellulose nanoplates.
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above 700°C in the KOH activation process and intercalates 
into the carbon lattices, expanding the space between the lattices 
and increasing the specific surface area [41]. Also, the ACCNPs 
have a higher surface area than that of ACMCC, suggesting that 
a more effective activation occurs in CCNPs. Additional details 
related to the surface area properties of the samples are shown 
in Table 1.

4. Conclusions

In summary, we fabricated CNPs using CNs via an ice tem-
plate technique, and investigated the pyrolysis behavior and 
chemical activation effects with KOH. Strong acid treatment 
of commercial MCC resulted in the formation of rod-like CNs 
with an average length and width of 170 ± 7 nm and 17 ± 5 
nm, respectively. CNPs prepared from CNs via self-assembly 
exhibited significantly different pyrolysis behaviors and prod-
uct materials compared with those of MCC. The pyrolysis of 
CNPs induced relatively high char-yields due to the free-end 
chains and the presence of sulfate groups. The CMCC, CCNP, 
ACMCC, and ACCNP samples exhibited a typical amor-
phous carbon structure composed of defective hexagonal car-
bon planes. Chemical activation resulted in carbon structures 
with a higher defect density. The pyrolyzed and/or activated 
samples were composed primarily of carbon and oxygen at-
oms, and the activation process further increased the oxygen 
content. While the CCNPs and CMCC exhibited a mesoporous 
carbon structure, the ACCNPs and ACMCC had microporous 
carbon structures with significantly increased surface areas. In 
addition, CNP-based samples showed higher surface area than 
those of the MCC-based samples.
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3.5. Surface area characteristics of CMCC, 
CCNPs, ACMCC, and ACCNPs

As shown in Fig. 7, the pore characteristics of the CMCC, 
ACMCC, CCNPs, and ACCNPs were investigated via nitrogen 
adsorption/desorption isotherm curves. The isotherm curves re-
lated to adsorption/desorption, indicate the specific volume ad-
sorbed on the sample as a function of relative pressure (P/P0). 
The isotherm curves of CMCC and CCNPs are of International 
Union of Pure and Applied Chemistry (IUPAC) type-IV, indicat-
ing a mesoporous pore structure [39]. CCNPs show a greater 
surface area than that of CMCC, which might be induced by 
the nanostructures of the CNPs. The sulfate groups on the CNP 
surface can also be utilized as an activation agent [40], leading 
to more effective activation. However, after the activation pro-
cess, ACMCC and ACCNPs exhibited typical characteristics of 
IUPAC type-I isotherm curves, implying the existence of well-
developed micropores. Metallic K is produced at temperatures 

Fig. 6. X-ray photoelectron spectroscopy of C 1s and O 1s of (a) pyro-
lyzed microcrystalline cellulose (CMCC), (b) activated CMCC (ACMCC), (c) 
pyrolyzed cellulose nanoplates (CCNPs), and (d) activated CCNPs (ACCNPs).

Fig. 7. Adsorption/desorption isotherms of N2, for different carbo-
naceous materials. The closed symbols represent adsorption, and the 
open symbols represent desorption. STP, standard temperature pressure; 
CCNPs, pyrolyzed cellulose nanoplates; CMCC, pyrolyzed microcrystalline 
cellulose; ACCNPs, activated CCNPs; ACMCC, activated CMCC.
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