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Waste Sawdust-Derived Nanoporous Carbon as a Positive Electrode 
for Lithium-Ion Storage

Abstract: Sustainable resources, particularly those induced from bio-derived waste

materials, can be transformed into useful nanocarbon materials with high function-

ality. In this study, nanoporous carbon materials (N-CMs) were fabricated from

waste sawdust using a simple heating process and a carefully controlled activation

process. The waste-induced N-CMs had a high specific surface area of ~3044.6 m2 g-1,

a nanoporous structure, and > 6 at.% heteroatoms. These properties led to high

electrochemical performance with a specific capacity of ~298 mAh g-1 and excellent

cycling stability over 2,000 cycles as a cathode in lithium-ion storage. Moreover, when

the N-CMs were assembled with a nanostructured carbon-based anode, all full car-

bon-based cells could deliver high specific energy and specific power of ~377 Wh kg-1

and ~20,247 W kg-1, respectively, with a long-term cycle life of more than 1,000

cycles.

Keywords: nanoporous carbon, pseudocapacitance, cathode, waste biomass, Li-ion, upcycling.

1. Introduction

With the rapid advances in modern society, the demands for

cutting-edge technologies, such as portable electronic devices

and electric vehicles, have been increasing. Accordingly, studies

to develop high-performance energy storage devices (ESDs) are

being carried out.1,2 Several types of rechargeable batteries, includ-

ing well-known lithium-ion batteries (LIBs), have been reported.

Multivalent ion batteries, metal-air/sulfur/carbon dioxide bat-

teries, and alkali metal batteries have also attracted considerable

attention as a high energy density ESD.3-8 On the other hand, the

new types of ESDs have many obstacles to overcome, such as

low round-trip energy efficiencies, poor cycling stabilities, and

safety issues.9,10 In addition, an increase in the lithium supply

and the development of infra technology in the LIB system have

led to the sustainable expansion of LIB markets, requiring more

advanced LIBs with higher energy and power densities as well

as longer-term cycling performance. 

The electrochemical performance of LIBs is strongly depen-

dent on the properties of active electrode materials (AEMs) because

they play a key role as a charge storage host. Conventional cath-

ode materials, such as lithium cobalt oxide and lithium manga-

nese oxide, are based mainly on an intercalation reaction, in which

a lithium-ion is inserted in a designated site within the crystal

lattice (host structures).11 Transition metal oxide (TMO)-based

cathode materials can deliver a specific capacity of approximately

150~200 mA h g-1 in a high redox potential of approximately

3.5~4.0 V vs. Li+/Li with stable cycling behavior, while they suffer

from significantly low kinetic performance and inadequate cycling

behaviors.12 In addition, TMOs, including high oxygen contents,

are flammable and relatively expensive, requiring an alternative

AEM with high-performance, superb safety, and mass-scalability.13

On the other hand, nanoporous carbon-based materials (N-CMs)

are promising AEMs owing to their high specific active surface

area, good electrical conductivity, and chemical stability.14,15 In

the nanoporous structure, a large amount of charges can be

accumulated by forming electrochemical double layers.16,17 In

addition, defective structures on N-CMs can be a redox host for

pseudocapacitive charge storage.18 These charge storage behav-

iors show significantly stable cycle lives because they mainly hap-

pen on the surface and/or near surface of N-CMs with no volume

change. Moreover, the very easy and inexpensive fabrication

process based on bio-abundant polymer precursors and sim-

ple heating methods make N-CMs more attractive as AEMs for

LIBs.19 Furthermore, the material properties of N-CMs can be tuned

simply by controlling the pyrolysis conditions and precursor
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materials.20,21 Therefore, several types of bio-induced polymer

materials, such as ginkgo leaf, coconut oil, fungus, and sweet potato,

have been used as a precursor for N-CMs. They have been applied

actively as an anode for LIBs, but there are few reports of their

use as a cathode.22-26 

In this study, high-performance N-CMs as a positive electrode for

Li ion storage were developed from bio-waste by simple fabri-

cation method. Lignocellulosic biomass-derived waste, waste

sawdust, was used as a precursor to fabricate the N-CM because

cellulose-based natural resources can be pyrolyzed into car-

bonaceous materials with a balance of sp3 carbon defects and

oxygen functional groups. N-CM-6s have a high specific surface

area of 3044.6 m2 g-1 and a large number of nanopores with

oxygen functional groups, showing outstanding electrochemical

performance in a cathodic voltage region of 1.0~4.5 V vs. Li+/Li.

In addition, they delivered 298 mAh g-1 at a current density of

0.1 A g-1 that was maintained for more than 2,000 cycles at a

current density of 1 A g-1 with capacity retention of 89%. Moreover,

the N-CM-based full cells demonstrated feasible electrochemical

performance with a specific energy density of ~377 Wh kg-1.

2. Experimental

2.1. Preparation of N-CMs

Waste-sawdust was obtained from a furniture factory around

Korea University. The sawdust was ground to a fine dust before

the two-step heat-treatment process. The resulting sawdust was

heated to 600 °C at a heating rate of 10.0 °C min-1 for 2 h under a

N2 atmosphere in a tubular furnace to obtain the lignocellulose-

derived carbonaceous materials.27 After the first heating process,

the carbonaceous sawdust was heated with potassium hydrox-

ide (KOH) in a tubular furnace to 800 °C at a heating rate of 10.0 °C

min-1 under a N2 atmosphere. The amount of KOH to the carbona-

ceous sawdust was 400, 600, and 800%. The products were puri-

fied thoroughly with distilled water and ethanol and stored in a

vacuum oven at 80 °C. The products, N-CMs, are called N-CM-4,

N-CM-6 (WSD-N-CMs), and N-CM-8 according to the weight ratio

of KOH. 

As an anode material for the full cell test, bacterial cellulose

(BC) hydrogels were synthesized using Acetobacter xylinum BRC

5 in Hestrin and Schramm medium according to a previously

reported process.28 Before the freeze-drying process, the BC

hydrogels were immersed in tert-butanol to exchange the solvents.

The BCs were freeze-dried at -45°C and 4.5 Pa for 3 days, resulting

in a white color cryogel. The BC cryogel was pyrolyzed to 800 °C

for 2 h at a heating rate of 2 °C min-1 under an inert gas (nitrogen)

flow rate of 3 mL s-1. The resulting sample was stocked in a vac-

uum oven at 30 °C.

2.2. Characterization

Materials properties of N-CM samples and their electrochemical

analysis methods were described in Supporting Information.

3. Results and discussion

The morphologies of N-CM-6s were examined by field-emission

scanning electron microscopy (FE-SEM) and field-emission

transmission electron microscopy (FE-TEM). FE-SEM revealed

an interconnected macroporous structure (Figure 1(a)), and TEM

indicated that N-CM-6s have a fully amorphous carbon-ring

structure with poor graphitic ordering (Figure 1(b) and Figure

S1). The microstructural features are also supported by the X-ray

Figure 1. Morphology and microstructure of N-CM-6: (a) FE-SEM image; (b) FE-TEM image; (c) XRD pattern, and (d) Raman spectrum.
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diffraction (XRD) data, which revealed a broad (002) graphite

peak, meaning that N-CM-6s is composed of a basic structural

unit with short-range ordering (Figure 1(c)). In addition, as shown

in Figure 1(d), the Raman spectra exhibited distinct D and G bands

at ~1,348 and ~1,580 cm-1, respectively. The D band corresponds

to the asymmetric A1g breathing mode of the poly-hexagonal ring

structure, and the G band originates from the E2g vibration mode of

the crystals related to conjugated carbon atoms. Therefore, the

similar intensity ratio of the D to G band shows that N-CM-6s are

composed of a few nanometer-sized symmetric hexagonal car-

bon-ring structures with a number of defect sites. 

The surface chemical properties were also characterized by

X-ray photoelectron spectroscopy (XPS), as shown in Figure 2(a)

and 2(b). In the C 1s spectra, C=C bonding centered at 284.4 eV

was observed. Minor C-C bonding (285.1 eV), C-O bonding (286.4

eV), and O=C-O (288.4 eV) were also noted (Figure 2(a)). In the

O 1s spectra, distinct C=O bonding and C-O bonding were found

at 531.5 and 533.0 eV, respectively. Table 1 lists the atomic

ratio of C, N, and O. The large number of heteroatoms of N-CM-6s

can act as pseudocapacitive charge storage hosts that can sharply

increase their specific capacities. The nitrogen-based isothermal

test results of the N-CM-6s revealed a high specific surface area

of 3044.2 m2 g-1 (Figure 2(c)). The shape of BET data was similar

to IUPAC type-I, meaning that N-CM-6s consists mainly of micropores.

The pore size distributions (PSDs) also indicate that N-CM-6s

have numerous nanopores (< 2 nm) (Figure 2(d)). Table 1 lists

the textural properties of all samples fabricated with 400 and

800% weight ratio of KOH to the precursor sample. 

Electrochemical tests were performed to characterize the

properties of N-CM-6s in a lithium-based electrolyte using an

automatic battery cycler from Wonatech and a 2032-type coin

cell. In the half-cell test, lithium metal foil was used as a counter

and reference electrode. The mass loading of N-CMs was ~0.6 mg

cm-2. The galvanostatic charge/discharge curves showed that

N-CM-6s could deliver a discharge capacity of 298 mA h g-1 and

159 mA h g-1 at a current density of 0.1 A g-1 and 4 A g-1, respectively,

under the voltage range from 1.0 to 4.5 V vs. Li+/Li (Figure 3(a), (b)).

From the linear profiles, the charge storage mechanism of N-CM-6s

was considered to be surface-driven charge storage behavior,

mainly a pseudocapacitive reaction that occurred at the edge

Figure 2. Materials properties of N-CM-6s: (a) XPS C 1s spectra; (b) XPS O 1s spectra; (c) Nitrogen-adsorption and desorption isotherm curves;

(d) pore size distribution data.

Table 1. Microstructure and chemical properties of N-CM-6s characterized by BET and XPS

Sample name
Specific surface area (m2∙g-1) Atomic ratio (%)

SBET
a SMic

b SExt
c C O N

N-CM-4s 2776.5 2588.2 188.3 91.1 8.7 0.2

N-CM-6s 3044.6 2861.2 183.3 93.1 5.9 1.0

N-CM-8s 2312.8 2111.6 201.1 93.3 5.6 1.1
aBET surface area, bsurface area of micropore and csurface area except micropore.
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defects and the heteroatoms as a redox host. In addition, the

rapid Li-ion transport induced from the surface-driven reaction

results in good rate performance.29 To characterize the surface-

driven storage mechanism in more detail, cyclic voltammetry

(CV) was conducted at voltages ranging from 2.9 to 4.5 V (Fig-

ure 3(c)). In the CV curves, no sharp peaks related to a redox

reaction were noted, indicating that the charge storage behav-

iors progressed without the formation of any new phase as a

one-phase reaction, which is dependent mainly on the chemical

potential of lithiated active carbon materials. Moreover, large

increases in pseudocapacitance were observed with increasing

voltage range. Basically, the physical adsorption and desorption

behaviors of charge carriers by electrochemical double layer for-

mation showed constant current at the given scan rate, whereas

the CV curves on N-CM-6s exhibited a continuous current, indi-

cating the presence of additional charge storage behaviors. The

additional charge storage behaviors can be interpreted as pseudo-

capacitance because the redox reaction on carbon-based mate-

rials have a large voltage hysteresis between the adsorption and

desorption reaction. Therefore, with a larger operating voltage

window, more pseudocapacitance values can be achieved, as

shown in Figure 3(c). The CV profiles also provided key informa-

tion that the pseudocapacitance has high rate capability (Fig-

ure 3(d)). The CV curves characterized at a range of scan rates

from 0.01 to 0.1 V s-1 exhibited similar rectangular-like shapes,

indicating great rate capabilities. In addition, in a cycling test at

a current density of 1 A g-1, a Coulombic efficiency of 99%, and

capacity retention of 89% were maintained over 2,000 cycles

(Figure 3(e)), indicating highly reversible surface-driven charge

storage behavior. To further prove the cycling stability of N-CM-6s,

additional comparative analysis was performed (Figure S1).

After the repeated 2,000 cycles, a slight change of carbon struc-

tures was observed, and inactive byproducts were accumulated

on the electrode surface (Figure S2a, S2b). Because of the presence

of non-conducting products, a charge transport resistance (Rct)

of N-CM-6s was increased from ~15 to 50Ω after the long-term

cycling (Figure S2c). Nevertheless, the macroporous structure

is well-maintained, and the equivalent series resistance of N-

Figure 3. Electrochemical performance of N-CM-6s in a cathodic voltage region for lithium-ion storage: (a) Galvanostatic charge/discharge pro-

files; (b) rate capabilities at various current rates; (c) cyclic voltammograms at different voltage ranges from 2.9 to 4.5 V vs. Li+/Li at a scan rate of

0.1 V s-1; (d) CV curves of N-CM-6s at various scan rates; (e) cycling performances at a current density of 1 A g-1 over 2,000 cycles.



© The Polymer Society of Korea and Springer 2020 1208 Macromol. Res., 28(13), 1204-1210 (2020)

Macromolecular Research 

CM-6s is still below ~70Ω after the cycling. Considering the

significantly long cycling process, these morphological changes

and piling up of small amount of byproducts seem to be an accept-

able level. Therefore, the highly stable cycling behaviors can be

achieved during the long-term cycling process. The superiority

of N-CM-6s on electrochemical performances was also confirmed

by comparing them with the previously reported results.30-33

Through full-cell tests, the feasibility of N-CM-6s as an active

cathode material was investigated. BC-derived nanoweb-car-

bons (BNCs) were selected as the anode material because they

have well-balanced energy and power performance. The mate-

rials properties of BNCs were characterized, as shown in Figure

4. FE-SEM showed that BNCs have a three-dimensional nanoweb

structure, which is an advantageous structure to provide them

with several charge diffusion channels (Figure 4(a)). In addition,

FE-TEM, XRD, and Raman spectroscopy of the BNCs indicated

they have a fully amorphous six-membered carbon structure

without long-range graphitic ordering (Figures 4(b)-(d)). The

chemical structure of BNCs supports the characterization results;

the C 1s spectrum revealed mainly sp2 C=C and sp3 C-C bonding

structures with a few oxygen heteroatoms that have C-O and/

or C=O bonding (Figure 4(e), (f)). Hence, BNCs have an amor-

phous nanostructure and some hydrophilic functional groups

that assist in wettability in the carbonate-based electrolyte.

Galvanostatic charge/discharge profiles of BNCs show that

they can deliver a high specific capacity of 317 mAh g-1 at a current

density of 0.1 A g-1 with high reversibility (Figure 5(a)). The gal-

vanostatic charge/discharge profiles are linear shapes, indicating

that the BNCs also store charge by a surface-driven mechanism.

The specific capacities were maintained by ~110 mAh g-1, even

at an 80 times higher current density corresponding to 8 A g-1

(Figure 5(b)). In addition, the high Coulombic efficiency of 99%

and capacity retention of 77% after 1,000 cycles at a current

density of 1 A g-1 are noteworthy results (Figure 5(c)). The spe-

cific capacities and rate capabilities of BNCs are similar to those

of N-CM-6s, suggesting that they can be an excellent electrode

pair with well-balanced energy and power performance. 

To assemble an optimized full cell, full-cell tests were performed

after pre-cycling several cycles at a half-cell configuration with

the same electrolyte system. In the pre-cycling process, the open-

circuit voltage of the half-cell was fixed to 1.5 V vs. Li+/Li. Figure

4(d) shows a schematic diagram of the respective galvanostatic

charge/discharge profiles of the anode and cathode, which starts

at 1.5 V vs. Li+/Li as an onset voltage and operates in a voltage

gap between 0.5 and 4.5 V. As shown in Figure 5(e), the full-cells

can deliver a specific capacity of 211 and 149 mAh g-1 at a current

density 0.2 and 8 A g-1 (even at a 40 times higher rate), respectively.

The rapid charge/discharge behaviors suggest that they have a

good balance in rate capabilities. As shown in the Ragone plot,

the energy density and power density of the full-cell were higher

than those of ESDs based on the carbon cathodes (Figure 5(f)).34-36

The cycling performance of the full-cell was examined at a

Figure 4. Material characterization of BNCs: (a) SEM image; (b) TEM image; (c) XRD data; (d) Raman spectra; (e) XPS C 1s spectra; (f) XPS O 1s

spectra.

Table 2. Electrochemical performances of previously reported carbon-based positive electrodes

Samples Working voltage (V) Specific capacity Cycle life Ref.

rGO-CNT 2.0-4.0 63 mAh g-1 (0.2 A g-1) 280 cycles (1 A g-1) [30]

CPAC-5 2.0-4.5 135 mAh g-1 (0.5 A g-1) 2,000 cycles (1 A g-1) [31]

YP 2.0-4.0 66 mAh g-1 (0.01 A g-1) 500 cycles (0.1 A g-1) [32]

PG 2.0-4.5 69 mAh g-1 (0.1 A g-1) 3,000 cycles (1 A g-1) [33]
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current density of 1 A g-1. The BNC//N-CM-6s full cells retained

approximately 66% of the initial capacity over 1,000 cycles,

demonstrating their practicability. 

4. Conclusion

N-CM-6s were fabricated from waste sawdust, a ubiquitous

material. N-CM-6s had an amorphous carbon structure, high

specific surface area of 3044 m2 g-1, nanoporous structure, and

> 6 at.% heteroatoms. These properties enabled N-CM-6s to

exhibit surface-driven charge storage behavior with a hybrid

capacitive and pseudocapacitive reaction. In addition, a high

capacity of 298 mAh g-1 and reversible cycles of more than 2,000

repetitive cycles can be achieved as a cathode for lithium-ion stor-

age. In addition, in a full-cell test with the BNC anode, well-bal-

anced energy, and power capabilities were achieved during

1,000 cycles. Therefore, this result reveals the successful upcy-

cling of waste sawdust into nanostructured carbon materials

that show high electrochemical performance.

Supporting information: Information is available regarding

the experimental methods and results of H-CMs. The materials are

available via the Internet at http://www.springer.com/13233.
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