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Cellulose is the most abundant renewable material in nature. In this work, ordered cellulose nanocrystals
(CNCs) have been transformed into porous carbon with an increased short-range ordered lattice and percolated
carbon nanoﬁber at a relatively low carbonization temperature of 1000 °C. When evaluated as anode for
sodium-ion batteries (SIBs), the CNC derived porous carbon shows superior performances including a high
reversible capacity of 340 mA h/g at a current density of 100 mA/g, which is one of the highest capacity carbon
anodes for SIBs. Moreover, the rate capability and cycling stability of the porous carbon are also excellent. The
excellent electrochemical performance is attributed to the larger interlayer spacing, porous structure, and high
electrical conductivity arising from the ordered carbon lattice and the percolated carbon nanoﬁber. The
formation of nano-sized graphitic carbon from the ordered CNC at the low carbonization temperature of
1000 °C is supported by both molecular dynamic simulations and as well as in-situ TEM measurements. This
study shed light on the fundamental understanding of converting hydrocarbon biopolymer from wood to high
quality carbon with a large domain of ordered lattice.

1. Introduction
Carbon is known as the most essential material for energy storage,
electronics, catalysis, and other high performance multifunctional
applications [1–8]. Various allotropic forms of carbon including
graphite, carbon nanotubes (CNT), diamond, and fullerenes et al. have
been intensively studied due to their extraordinary electrical, thermal,
and mechanical performances and chemical inertness. Carbon is
believed to play a key role in the upcoming smart energy era for either
assisting electron transfer as a conductive additive or providing ion
storage as an electrode in energy storage technologies. Currently,
graphite dominates the anode side in the state-of-art lithium-ion
batteries (LIBs), which are the main mobile power for portable
electronics and electrical vehicles. But LIBs are still too pricy for other
cost-sensitive applications like grid scale energy storage. Recently,
sodium-ion batteries (SIBs) have become one of the most attractive
alternatives due to the abundance and low cost of sodium resources [9].
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Unfortunately, the limited interlayer spacing of graphite (0.335 nm)
forbids Na ion intercalation, thus, hard carbon is emerging as a
promising anode for SIBs due to its low cost and relatively high
capacity [10–12]. However, the poor rate and cycling performance of
hard carbon anodes have signiﬁcantly limited the overall performance
of SIBs. Therefore, developing a high-performance hard carbon anode
is highly desirable [13].
Plants and trees are the primary carbon resources on Earth, which
can convert carbon dioxide to biomass via photosynthesis. Various
biomasses, such as hemp, bamboo, banana peel, have been converted
to hard carbons for energy storage applications such as batteries and
supercapacitors [14–20]. These precursors are typical biomass composites, which are mainly composed with cellulose, hemicellulose, and
lignin with a small crystalline ratio in the range of 10–20%. In the walls
of wood ﬁber cells, typically approximately 36 individual cellulose
molecule chains assemble with each other through hydrogen bonds and
form elementary ﬁbrils, which are further packed into larger micro-
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Fig. 1. (a) Photograph of a wood block (left) and the schematic of CNC molecular structure extracted from wood (right); (b) HRTEM images of CNC before (left) and after carbonization
(right), respectively; (c) Molecular structures of glucose unit in the cellulose chain (left) and the derived carbon ring (right). The inset in (b) showing a diﬀraction pattern of carbonized
CNC.

ﬁbrils. The assembly of microﬁbrils then forms the familiar cellulose
ﬁbers. These cellulose ﬁbers have both disordered amorphous domain
and well-ordered crystalline domain [21,22]. When the cellulose ﬁbers
are subjected to acid hydrolysis, the amorphous regions of ﬁbers are
selectively hydrolyzed under certain conditions because compared to
crystalline domains they are more accessible to acid hydrolysis [23].
Consequently, the neat crystalline domains with high crystalline ratio
known as cellulose nanocrystals (CNCs) are liberated from the cellulose
ﬁbers [24]. Due to the highly ordered structure, the obtained CNC has
been found to exhibit a theoretical Young's Modulus of 206 GPa along
the [001] plane and a tensile strength of nearly 10 GPa [25,26].
The choice of CNC with excellent nature-made orientation and
crystallinity is important for cellulose-based carbon production due to
the highly ordered structure. Regardless of the source, each cellulose
chain is composed with anhydro-D-glucose via β-1-4 linkage [27,28].
The well-aligned CNC has the right basis to form well-ordered and
oriented graphitic structures. In this study, for the ﬁrst time, we
carbonized the neat CNC into porous carbon with higher graphitic
structure at a relatively low temperature and used it as anode for SIBs.
Well-deﬁned hexagonal structure and long carbon nanoﬁbers were
observed within the CNC derived porous carbon. Both the experimental
results and atomistic simulation support the formation of hexagonal
carbon rings from glucose unit of CNC. The electrochemical performance of CNC derived carbon is shown to be promising.

2. Experimental section
2.1. Preparation of CNC
Cellulose was hydrolyzed with 60% sulfuric acid at 45 °C for 6 h.
Immediately following hydrolysis, suspensions were diluted 10-fold to
stop the reaction. The suspensions were then centrifuged, washed once
with water, and re-centrifuged. The resulting precipitate was placed in
dialysis membranes having a molecular weight cutoﬀ of 12,000–14,000
and dialyzed against water for one week until the water pH remained
constant.
2.2. Carbonization of CNC
The carbonized CNC electrode was obtained through thermal
pyrolysis. Abovementioned 60 mL CNC dispersion with concentration
0.5 wt% was degassed 10 min and transferred into a 90 mm diameter
petri dish and kept in oven at 60 °C over night. Then, the CNC ﬁlm was
heated to 240 °C with the heating rate of 1 °C/min and stabilized at
240 °C for 8 h in air. Afterward it was further heated to 1000 °C with
the heating rate of 5 °C/min and dwelled for 2 h in Argon.
2.3. Characterization
The structural (physical) analysis of the samples was evaluated by
38
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X-ray diﬀraction (XRD) using Bruker D8 Advance powder diﬀractometer with Cu Kα sealed tube source (λ=1.5418 Å) operating at 40 kV
and 40 mA. A JEOL 2100 microscope was employed for morphology
characterization at an accelerating voltage of 150 kV. High-resolution
transmission electron microscope (HRTEM) was conducted using a
FEI TITAN microscope at an accelerating voltage of 300 kV. The
samples were sonicated before being transferred to the TEM grid.
Zero loss Energy-ﬁltered bright ﬁeld TEM image was captured to
enhance the contrast of CNC relative to amorphous carbon. In-situ
TEM holder was Poseidon P-500 model from Protochips and a
molybdenum grid was used for sample preparation. A Veeco
MultiMode atomic force microscope (AFM) with a silicon probe
Tap300GD-G (Budget Sensors, USA) at a high aspect ratio tip (typical
radius of curvature 10 nm) was used to image the morphology of CNC
at room temperature in an ambient atmosphere.

regions i.e. the CNC. The hydrolysis process is detailed in the
experimental section. Fig. 2b and c are TEM and AFM images of
CNCs cast from suspension at a dilute concentration around 5.0 mg/
mL, respectively. From these images, we observe that the diameter of
the CNC is around 10–30 nm and the length is around 300–400 nm.
The agglomeration of CNC nanorods reﬂects strong intermolecular
hydrogen bonding and the hydrophilic interface of the nanorods. The
crystalline structure of CNC is well deﬁned in the HRTEM image as
shown in Fig. 2d, in which the inset image shows the diﬀraction
pattern. XRD was then used to examine the crystalline structure of
regular ﬁber before and after hydrolysis treatment. The XRD patterns
of regular ﬁber (Fig. 2e) shows two peaks, one at 2θ=16.5° and the
other at 2θ=22.2° assigned to (110) plane and (200) plane, respectively
[40]. In contrast, while the (110) and (200) planes are well maintained
in CNC, and the crystallinity is dramatically increased after acid
hydrolysis.
Fig. 3a and b illustrate the transformation from CNC to a percolated
conductive carbon by carbonization, where the red color represents
carbon nanoﬁbers. Unique mesoporous carbon with large percentages
of short-range ordered lattice and a high speciﬁc ratio of carbon
nanoﬁbers was obtained from direct carbonization of CNC at
1000 °C. In this work, we used scanning electron microscope (SEM)
and TEM to examine the detailed structures with diﬀerent length
scales. SEM image of carbonized CNC shows a porous structure with
pore diameters ranging from 20 to 50 nm, which are uniformly
distributed throughout the entire sample (Fig. 3c). A higher magniﬁcation SEM image (Fig. 3d) shows many carbon nanoﬁbers wrap around
the mesopores, which are likely due to the one-dimensional nature of
CNC before carbonization [20]. These carbon nanoﬁbers could provide
electron transfer paths, which therefore could dramatically improve the
electrical conductivity of the carbon electrode and result in a good rate
performance in batteries. HRTEM was then used to investigate the
nanoﬁbers in details. Both amorphous carbon (Fig. 3e) and short-range
ordered crystalline pattern (Fig. 3f) are identiﬁed. Long, curved, carbon
nanoﬁber-like structures are also found ubiquitously distributed in the
porous carbon (Fig. 3g and h). The inter-layer distance in the crystalline region of short-range ordered carbon and carbon nanoﬁbers is
measured to be 0.39 nm and 0.32 nm respectively, where each layer is
a 2D hexagonal lattice of carbon, such as in graphene. Note that the
carbonization temperature is only 1000 °C. More HRTEM images of
the obtained carbon are presented in Fig. S3.
Fig. 4b is the HRTEM image of the CNC derived carbon from the
area contained in the red-squared site in Fig. 4a. Higher magniﬁcation
HRTEM image of the area contained in the red-squared site in Fig. 4b
is given in Fig. 4c with the inset Fourier transform images showing the
crystalline carbon structure. More HRTEM images are given in Fig. S4
to support the crystalline carbon structure. The experimental data
proves the formation of graphitic carbon from CNC under 1000 °C
carbonization. We then used molecular dynamics (MD) simulation to
explain the possible mechanism of ordered carbon formation from CNC
nanorods. Our MD model is shown in Fig. 4d, in which a cellulose
bundle contains 36 cellulose chains (each with 4 repeat units) that are
packed in a pattern as in a cellulose crystallized region. Fig. 4e–h shows
the decomposition process as the temperature increases. Details of
simulation can be found in Supplementary material. At 600 K, the
cellulose bundle remains in a rather crystalline conﬁguration. At 800 K,
this crystal shows signs of destabilization, as certain cellulose chains
are dislocated from their original position. Further increase of temperature causes the gradual decomposition of the bundle. At 900 K, a
major portion of the original bundle has been de-polymerization into
various types of segments. We observe molecules of H2, H2O, CO, CO2,
as well as carbon radicals. At 1300 K, the entire cellulose bundle has
been decomposed and more carbon radicals emerge. The zoomed-out
image in Fig. 4h shows four carbon radicals and some other segments,
such as CO, CO2, –CH2.
The eﬀect of temperature is three-fold. Firstly, it enables the

2.4. Electrochemical measurements
For electrochemical testing, 2025 coin cells were made by directly
punching round discs out of carbon ﬁlm derived from CNC as binderfree and additive-free working electrodes. The typical mass loading of
the electrode was 2 mg/cm2. 1.0 M NaClO4 in (1:1 V/V) ethylene
carbonate/diethyl carbonate served as the electrolyte, pure Na metal as
the counter electrode, and a 25 µm thick polypropylene membrane was
used as the separator. Galvanostatic cycling was conducted with an
Arbin tester at diﬀerent current densities and at room temperature.
3. Results and discussions
CNC has a well-ordered structure, in which the cellulose chains are
tightly stacked in parallel with one another (Fig. 1a). As illustrated in
the zoomed-in image of cellulose molecular structure, hydrogen bonds
between hydroxyl groups and oxygen of adjacent molecules enhance
parallel stacking of multiple cellulose chains forming a highly ordered
crystalline domain. At the early stage of carbonization, the pyrolysis of
cellulose is controlled by two predominant reactions: dehydration and
depolymerization [28]. Dehydration is the reaction that eliminates the
non-carbon elements in the biomass like hydrogen and oxygen by
generating evaporable gases such as CO2, CO, and H2O.
Simultaneously, the depolymerizations of the cellulose chain results
in double bonds, conjugated double bonds, and even free carbon
radicals, which are the participating units for the subsequent repolymerization and atomization reactions. Using the well-ordered
CNC as precursor (Fig. 1b left), we obtain graphite-like layers at a
carbonization temperature of 1000 °C, which is far below the previously reported temperatures of a typical graphitization process
(above 1800 °C) [29,30]. The graphitization of carbonized CNC is
conﬁrmed by HRTEM. The left image in Fig. 1b shows the long-range
parallel ordered cellulose chains in the CNC. After carbonization, these
chains are likely to form short-range ordered crystalline domains which
display hexagonal arrangements of carbon atoms (Fig. 1b right),
similar to those seen in multilayered graphene [31,32]. The Fourier
transform of a larger ordered region displays two sets of hexagonal
reﬂections at 0.24 nm and 0.14 nm, corresponding to the lattice
constant and carbon-carbon nearest neighbor distances, respectively
(see thresholded FTs shown in Fig. S1). These values are in good
agreement with those measured in literature, conﬁrming the presence
of conducting graphitic domains in the CNC derived carbon (Fig. 1c)
[32–34]. Partially graphitized CNC has a low resistivity of 0.13 Ω cm,
as measured by a four-probe method (see details in Supplementary
material and Fig. S2).
The rod-like CNC is extracted from wood, which is comprised of
microﬁbers that have both crystalline and amorphous regions. The
amorphous region is highly accessible to acid hydrolysis as shown in
Fig. 2a. We removed the amorphous region in regular ﬁber using
sulfuric acid [35–39], resulting in the release of the robust crystalline
39
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Fig. 2. (a) A schematic to illustrate obtaining CNC through selective acid hydrolysis of amorphous domain in the natural wood ﬁber. Characterizations of CNC: (b) TEM image; (c) AFM
image; (d) HRTEM image with inset showing diﬀraction pattern; and (e) XRD pattern. The inset of (b) shows the as-prepared CNC aqueous suspension.

order’ peak (D-band) centered at 1350 cm−1 is typically observed,
which is attributed to in-plane vibrations of sp2 bonded carbon within
structural defects. The intensity ratio of D-band and G-band (ID/IG) of
carbonized CNC is 1.07, as shown in Fig. S6c. The XRD pattern in Fig.
S6d shows a typical hard carbon structure with two broad peaks at
2θ=23° and 2θ=43°, which correspond to the interlayer scattering of
graphene stacks [41].
The low cost mesoporous carbon derived from CNC at a low
carbonization temperature is ideal for high-performance SIBs for the
following reasons. (1) The inter-layer distance is around 0.39 nm based
on XRD studies, larger than the minimum distance required for the Na
ion intercalation [42]; (2) the small pore volume of 1.7–30 nm based
on BJH study is excellent for adsorbing enough electrolyte to support
fast electrochemical reaction at high rate; (3) the crystalline ordered,
carbon-nanoﬁber-structure (from TEM study) embedded within porous network (from SEM study) can provide fast electronic and ion
transport for high-rate performance.
To evaluate the Na ion storage properties of the carbonized CNC,
coin cells are assembled using the free-standing carbonized CNC ﬁlm as
binder and current-collector free working electrodes (see details in
experimental part). Galvanostatic charge/discharge cycling is performed in a potential window of 0.01–2.5 V versus Na/Na+. Fig. 5a
shows the potential proﬁles of the carbonized CNC at diﬀerent current
densities. Interestingly, in contrast to typical hard carbon anode, we do
not observe a long potential plateau near 0.0 V versus Na/Na+ in the
potential proﬁle of carbonized CNC [43]. Moreover, two slopes are
found; the ﬁrst one between 2.5 V and 0.25 V is related to the storage of
Na ions at defects or pores of the carbonized CNC. The later short slope
below 0.25 V corresponds to the intercalation of Na ions in the shortrange ordered layers (0.39 nm) [44].
The mesoporous carbon with a network structure also shows
excellent kinetics and rate performance, which delivers 375 mAh/g,
350 mAh/g, 320 mAh/g and 220 mAh/g at 20 mA/g, 40 mA/g,
100 mA/g and 200 mA/g, respectively (Fig. 5b). As the applied current
density increases, the speciﬁc capacity slightly drops accordingly
(Fig. 5a). But no signiﬁcant over-potential is observed, suggesting
great electrochemical kinetics of the carbonized CNC electrode from
the excellent electronic conductivity of the carbonized CNC. Long-term
cycling is further performed at 100 mA/g after a pre-cycling at 10 mA/
g for 5 cycles, as shown in Fig. 5c. Carbonized CNC electrode exhibits a
stable capacity around 300 mAh/g with nearly 100% CE over 400

generation of enough carbon radicals, which increases the spatial
density of carbon radicals. It also renders adequate kinetic energy to
those carbon radicals. To form a carbon dot, three conditions have to
be satisﬁed. The spatial density of carbon radicals should allow a
favorable possibility that there are enough pairs of carbon radicals that
can potentially engage in collision. Secondly, the carbon radicals should
possess enough kinetic energy, so that when they collide (best scenario:
head-on; worst scenario: tailgate), there are enough carbon radicals to
have a favorable possibility to overcome the van der Waals and
electrostatic repulsive energy barrier and thus come close enough to
form carbon-carbon bonds, as in the C2 pairs shown in Fig. 4i. Thirdly,
the spatial density of carbon radicals should continuously increase,
allowing for the formation of graphene-like network patterns from the
collision and coalescence of scattered, already-bonded carbon radicals.
Fig. 4i–j shows the eﬀect of continuously increased spatial density of
carbon radicals, as seen in our MD simulations. Fig. 4k shows the
formation of many long carbon atom chains, by merging many C2 pairs
and carbon radicals. Fig. 4j shows that a nucleation of a carbon dot
occurs as the spatial density further increases, while the remaining
amorphous region is composed of densely packed carbon chains. Such
amorphous regions eventually transform into a graphene structure, as
in Fig. 4l. In-situ TEM study (detailed in Fig. S5) further proves the
transformation of cellulose to crystalline carbon (Fig. 4m) after
carbonization at 1000 °C.
We further characterized the properties of the obtained mesoporous
carbon using nitrogen adsorption-desorption, X-ray photoelectron
spectrum (XPS), Raman scattering and XRD. The speciﬁc BrunauerEmmett-Teller (BET) surface areas of the mesoporous carbon is
145.56 m2/g, and the Barrett-Joyner-Halenda (BJH) desorption cumulative pore volume between 1.7nm and 30.0 nm is 0.06 cm3/g.
From the pore size distribution curve in Fig. S6a, we conclude that
most of the pores are distributed in the range of less than 3 nm. The
inset isothermal curve shows a typical type IV with a hysteresis loop
characteristic of mesoporous structures. The XPS survey presented in
Fig. S6b has a broad, asymmetrical tail toward high binding energy,
indicating a high concentration of SP2 carbon existing in the carbonized CNC. The XPS result is in good agreement with the HRTEM
analysis. The Raman spectrum exhibits that G-band centered at
1575 cm−1 arising from the in-plane vibrations of the sp2-bonded
crystallite carbon and has been observed for single crystal graphite. For
polycrystalline graphite, however, another peak denoted as the ‘dis40

Nano Energy 33 (2017) 37–44

H. Zhu et al.

Fig. 3. Schematic to illustrate the transformation of (a) CNC to (b) mesoporous carbon with a short-range ordered carbon lattice (black area) and percolated carbon nanoﬁbers (red
ﬁber). Morphology of carbonized CNC: SEM showing (c) the porous structure and (d) the carbon nanoﬁber wrapped hybrid structure; (e) TEM image showing the carbon nanosheet;
HRTEM images showing (f) the hard carbon co-existing with the short-range ordered carbon, (g) carbon nanoﬁber with the graphitic crystalline pattern and (h) the curved long range
ordered carbon observed side-on.

cycles, suggesting a promising candidate for SIB anode. Furthermore,
the stable speciﬁc capacity of 300 mAh/g at 100 mA/g is one of the
highest among the biomass derived carbon anodes for SIBs [45–48]. In

a control experiment, we also explored the Na ion storage properties of
carbon derived from regular cellulose microﬁber at 1000 °C. The
HRTEM image of the carbonized regular cellulose microﬁber is

41
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Fig. 4. (a) TEM image of the CNC derived carbon (front-on); (b) Higher magniﬁcation HRTEM image of the area contained in the red squared in (a); (c) higher magniﬁcation HRTEM
image of the area contained in the red squared in (b) with the Fourier transform shown in the inset; (d) molecular dynamics model showing cellulose bundle containing 36 cellulose
chains. Color code: cyan for carbon, red for oxygen, white for hydrogen. (e)–(h) show representative snapshots of the cellulose bundle during the increase of temperature. Each
temperature is maintained for 100 ps. (i)–(l) show the formation of a graphene-like structure as the spatial density of carbon radicals increases. (m) In-situ TEM diﬀraction patterns at
400 °C and 1000 °C to show the transformation from cellulose to crystalline carbon.
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Fig. 5. Electrochemical performances of carbonized CNC: (a) galvanostatic charge/discharge proﬁles at diﬀerent current densities in a potential window of 0.01–2.5 V versus Na/Na+;
(b) rate performance at various current densities; and (c) cycling performance at 10 mA/g for the ﬁrst ﬁve cycles and then 100 mA/g, corresponding Coulombic eﬃciency (CE) in the
right Y axis.

presented in Fig. S7. There is no nano-sized graphitic domain
observed. The cycling performance of regular cellulose microﬁber
derived carbon, as displayed in Fig. S8, shows a much lower capacity
than that of carbonized CNC (200 mAh/g vs 300 mAh/g at 100 mA/g).
Moreover, rate capability of regular cellulose microﬁber derived carbon
(Fig. S9) is also poor, due to low reaction kinetics. Note that the ﬁrst
cycle CE of carbonized CNC is relatively low at this stage (Fig. S10),
which could be further improved by using better electrolytes and
modifying the surface [49].

Appendix A. Supplementary material
Supplementary material associated with this article can be found in
the online version at http://doi:10.1016/j.nanoen.2017.01.021.
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