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Abstract

The cryogenic process has been widely applied in various fields, but it has rarely been reported in the preparation
of anode materials for lithium-ion battery. In this paper, activated carbon derived from hemp stems was prepared
by carbonization and activation; then, it was subjected to cryogenic treatment to obtain cryogenic activated
carbon. The characterization results show that the cryogenic activated carbon (CAC) has a richer pore structure than
the activated carbon (AC) without cryogenic treatment, and its specific surface area is 1727.96 m2/g. The porous
carbon had an excellent reversible capacity of 756.8 mAh/g after 100 cycles at 0.2 C as anode of lithium-ion battery,
in which the electrochemical performance of CAC was remarkably improved due to its good pore structure. This
provides a new idea for the preparation of anode materials for high-capacity lithium-ion batteries.
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Introduction
Due to agricultural waste, such as rice husks, stems, and
fibers, having the advantages of rich resources and re-
producibility, researchers have paid great attention to
the development and application of these agricultural
wastes, which are not usually noticeable. Nowadays,
there have been many innovative advances in the re-
search and application of biomass carbon materials, pro-
viding good theoretical support for preparation of the
high-quality anode materials for lithium-ion batteries.
Many researchers are constantly trying new biomass car-
bon sources and treatment processes to improve the
quality of biomass carbon and apply it to different fields.
As a traditional treatment method, activation treatment
can effectively improve the porosity of the material and
increase the active site [1–5]. Pan et al. used K2FeO4 to
complete the simultaneous carbonization and
graphitization of bamboo charcoal, which takes less time

and has high efficiency [1]. In the treatment of biomass
carbon, hydrothermal methods are more and more
widely used in current production and scientific research
[6–11]. Yang et al. extracted hemicellulose from hemp
stem and prepared it into a well-shaped carbon sphere
by low-temperature hydrothermal and KOH activation,
which is a potential sustainable material for energy and
environmental applications [6]. The structural size of
biomass carbon can be more accurately and effectively
controlled by the template method. In addition, the
template method has huge advantages in controlling
the size of the material and has great application
prospects [12–15]. Lin et al. prepared a hierarchical
porous hard carbon from rubber wood sawdust via a
ZnO-based hard template method and applied it to
sodium ion batteries [12]. Although the current re-
search methods of biomass carbon materials are ap-
proaching maturity, the development of new process
methods and new materials is still the development
direction of electrode materials [16–20].
Cryogenic process is a new type of material processing

technology, and more widely used in the metal field
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currently. Cryogenic treatment can refine metal crystal
size to achieve excellent mechanical properties [21–24].
Abrosimova et al. investigated the effect of cryogenic
treatment on the rejuvenation of the amorphous phase
of Al-based alloys [21]. Li et al. explored the effect of
cryogenic treatment (CT) on the mechanical properties
and microstructure of IN718 superalloy [22]. Cryogenic
treatment also has excellent applications in the fields of
composite materials and fibers [25–32]. Shao et al. ex-
plored the effects of low-temperature treatment on the
interfacial characteristics and electrical resistance of car-
bon nanotube (CNT) fiber/epoxy composites [25]. In
addition, cryogenic treatment has also made achieve-
ments in other fields [33–35]. Song et al. summarized
the characteristics of cryogenic technologies for CO2

capture [33]. Guo et al. evaluated the effects of various
experimental conditions on the regeneration behavior of
Zr-based metallic glass during deep cryogenic cycling
treatment [35]. Cryogenic treatment has an extraordin-
ary role in many fields and is reasonably applied, but
there are few reports on the treatment of biomass car-
bon materials and applied it into lithium-ion battery.
In this paper, cryogenic treatment process, a purely

physical treatment method, is applied to improve the
quality of activated carbon, so that it can form more
pores that are widened and make the overall structure
relatively stable, which is beneficial to improve subse-
quent electrochemical performance. Activated carbon
material is obtained by activating hemp stems, and then
cryogenic treatment to further widen the pore size,

stabilize the carbon structure, and change the physical
and chemical properties of the material. The obtained
cryogenic activated carbon was named CAC and applied
into anode for lithium-ion battery, which has a high spe-
cific capacity. The method is an ideal preparation way
for realizing a low-cost, high-efficiency, high specific
capacity anode for lithium-ion battery.

Materials and Methods
Preparation of Cryogenic Activated Carbon Derived from
Hemp Stems
Hemp stems were gained from the field of Heilongjiang
Province, China. As shown in the schematic diagram of
Fig. 1, the activated carbon were prepared using the
method [36] which was mass ratio of 1:5 and the mix-
ture temperature of 500 °C. The dried activated carbon
was placed in a cryostat and cooled gradually to − 185 °C
for 2 h, as shown in Fig. 2. Then, it is returned to room
temperature to obtain cryogenic activated carbon mater-
ial. Cryogenic activated carbon samples were denoted as
CAC-β, where β is the activation temperature. The sam-
ple that was also activated at 500 °C without undergoing
cryogenic treatment was denoted as AC-500.

Materials Characterization
The microstructure of the activated carbon was observed
by field emission scanning electron microscope (JEOL
JSM-6700F) and transmission electron microscope
(JEM-2100F). The X-ray diffraction (XRD) pattern of the
hemp stems powder was observed by Siemens D5000 X-

Fig. 1 Schematic illustrations for preparing cryogenic activated carbon with porous structure
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ray Diffractometer. The specific surface area and pore
size distribution of carbon material were measured by
nitrogen adsorption-desorption measurement (Micro-
meritics, ASAP2420). The Raman spectra were observed
with Renishaw inVia instrument.

Electrochemical Measurements
Using the cryogenic activated carbon, the button battery
was prepared using the methods [36]. After assembly,
the cycle performance test of the button battery was per-
formed by LAND battery test system at the voltage
range of 0.02~3 V. The cyclic voltammetry (CV) curve
and impedance test was performed on the electrochem-
ical workstation.

Results and Discussion
Structural and Morphological Characterization
The activated carbon derived from hemp stems is ob-
tained through carbonization and activation pretreat-
ment as shown in Fig. 3a. After the cryogenic treatment,
the morphology of CAC-500 did not undergo other
changes overall, except that it was more fragmented, as
shown in Fig. 3b, which is due to the brittleness of AC-
500 increased and cracking occurred by cryogenic treat-
ment. The fragmented material can be provided more
active sites because of a large number of sheet-like struc-
tures and slit-like interspace. Both are amorphous car-
bon overall, and no obvious macropores are observed.
At large magnifications, AC-500 and CAC-500 have rich
pore structures, and most of them are microporous or
mesoporous, which will facilitate the storage and trans-
mission of lithium ions as shown in Fig. 3e and f.
The X-ray diffraction patterns of the two samples ob-

tained before and after cryogenic are shown in Fig. 4a. It
is obvious that there are two distinct diffraction peaks at
22° and 44°, corresponding to the (002) and (100) crystal

planes of the graphite structure, respectively. The 22°
diffraction peak is due to the presence of continuous
parallel graphite flakes, while the 44° diffraction peak is
caused by the honeycomb structure formed by sp2
hybridization. In addition, both samples exhibit the char-
acteristics of traditional amorphous carbon materials
due to the absence of sharp diffraction peaks.
The Raman spectra of AC-500 and CAC-500 are

shown in Fig. 4b. The tow materials have evident D peak
and G peak. The D peak is induced by the defects of the
material, while the G peak is generated by the vibration
of the sp2 hybrid carbon atoms of the graphite sheet.
The intensity ratio of D peak to G peak is usually used
to characterize the degree of material defects. Accord-
ingly, the calculated ratios of AC-500 and CAC-500 are
0.7937 and 0.6899. It indicates that the two materials
have high amorphousness and more edges and defects,
which can provide more active sites for the insertion of
lithium ions, thereby exhibiting preeminent electro-
chemical performance.
Figure 5 displays the specific surface area and pore size

distribution of the two materials. The specific surface
area of AC-500 and CAC-500 are 2024m2/g and 1728
m2/g, respectively. The lower specific surface area indi-
cates that the CAC-500 material has more macropores
and mesopores, which will improve the efficiency of cyc-
ling insertion and extraction of lithium ion [37]. At the
same time, the corresponding average adsorption pore
size of AC-500 and CAC-500 are 2.651 nm and 3.547
nm. The isotherm adsorption and desorption curve in
Figure 5a shows that the types of AC-500 and CAC-500
are type I and type IV, and the types of closed hysteresis
loop are H4 and H1, respectively. Obviously, it is con-
firmed that AC-500 has more microporous structures,
while CAC-500 has a large number of mesoporous
structures. In addition, the CAC-500 sample reflects the

Fig. 2 a Process curve of the cryogenic treatment. b Program-controlled cryogenic chamber
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Fig. 4 a X-ray diffraction patterns. b Raman spectrums of AC-500 and CAC-500

Fig. 3 a SEM image of AC-500. b SEM image of CAC-500. c TEM pattern of AC-500. d TEM pattern of CAC-500. e HRTEM pattern of AC-500. f
HRTEM pattern of CAC-500
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cylindrical hole with a uniform diameter at both ends,
which can be realized with mesoporous materials with a
relatively narrow pore size distribution.

Electrochemical Characterization
Figure 6a shows that the charge-discharge cycle per-
formance of cryogenic activated carbon by different acti-
vation temperatures at a rate of 0.2 C, in which the
current corresponding to 1 C is 372 mA. Clearly, CAC-
500 exhibits an excellent cycling performance of 740
mAh/g. Compared with CAC-600 and CAC-700,
CAC-500 performs a better cycle performance that
are stems from the abundant mesoporous and micro-
porous structures inside the material. The first dis-
charge specific capacity and charge specific capacity
of CAC-500 are 2469.7 mAh/g and 1168.1 mAh/g, re-
spectively. The relatively poor coulomb efficiency of
first cycle (only about 36%) is in a good agreement
with the common characteristics of lithium-ion bat-
teries cycle performance [38, 39]. It is the large
amount of lithium ions consumed by the solid elec-
trolyte interface (SEI) film formed in the first cycle
due to the large specific surface area that leads to the
huge capacitance loss of the first cycle. In addition,
its other coulomb efficiency is around 100%, indicat-
ing that AC-600 has a small capacity loss rate. Figure
6b and c show the charge and discharge curves from
the first cycle to the 100th cycle of AC-500 and
CAC-500, where the charge and discharge curves
gradually became consistent as the increasing number
of cycles. The discharge curves of CAC-500 at the
20th, 50th, and 100th cycles almost completely coin-
cide, while the AC-500 possesses a lower degree of
coincidence and exhibits the unstable electrochemical
performance, implying the better stability of CAC-50
in electrochemical performance.

Figure 6d plots the rate discharge performance of the as-
prepared materials at current densities of 0.2–5 C. The
good rate ability can be observed for CAC-500 with average
discharge capacities of 615.7mAh/g, 467.1mAh/g, 336.9
mAh/g, 225.4mAh/g, and 80.6mAh/g at current densities
of 0.2 C, 0.5 C, 1 C, 2 C, and 5 C, separately. It is noteworthy
that the initial performance of the AC-600 is high although
the capacity drops significantly at large magnifications.
However, the performance of CAC-500 can still be restored
to a higher reversible capacity of 627mAh/g when the
discharge rate is restored to 0.2 C, indicating the better
capacity retention of CAC-500. Conversely, the lower rate
performance capacity of AC-500 is exhibited with the aver-
age discharge capacities of 480.7mAh/g, 320.8mAh/g,
233.8mAh/g, 162.4mAh/g, 95mAh/g, and 394.1mAh/g at
same current densities as CAC-500, which is due to the in-
crease of active sites and the expansion of pore structure
caused by cryogenic treatment.
Figure 7a and b exhibit the initial three cycles of cyclic

volt-ampere (CV) curves at a scan rate of 0.1 mV/s be-
tween 0.01 and 3.0 V. Clearly, there exist a sharp peak
around 0.7 V and a weak peak around 1.35 V in the re-
duction process of the first circle, indicating that an irre-
versible reaction has begun between electrode and
electrolyte [40]. Note that it is the decomposition of the
electrolyte on the electrode surface and the formation of
the SEI film that lead to the forming of the peak around
0.7 V. The vanishment of these peaks in the subsequent
second and third cycle is due to the irreversible reactions
in the first cycle. In the first cycle, lithium deintercala-
tion process occurs at anodic peak around 0.25 V, which
is consistent with the reported carbon substance [1, 40].
Both AC-500 and CAC-500 have a tendency to gradually
coincide with the subsequent second and third cycles,
and the second and third circles are completely coinci-
dent in Fig. 7, indicating the good stability of electrode
material.

Fig. 5 a Isothermal adsorption-desorption curve of AC-500 and CAC-500. b Pore size distribution of AC-500 and CAC-500
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Fig. 7 a Cyclic voltammogram profiles of AC-500. b Cyclic voltammogram profiles of CAC-500

Fig. 6 a Cycle performance curves. b Charge-discharge voltage curves of AC-500. c Charge-discharge voltage curves of CAC-500. d Rate
performance of AC-500 and CAC-500
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We also tested the impedance spectrum of AC-500 and
CAC-500 to further demonstrate the kinetics of the elec-
trodes during lithium ion transport, as shown in Fig. 8.
The larger contact resistance of AC-500 than that of
CAC-500 can be explained by the difference of high fre-
quency region. Although there is no remarkable difference
in charge transfer impedance corresponding to the IF
region, the diffusion impedance corresponding to high
frequency region of CAC-500 is significantly smaller than
that of AC-500. These results demonstrate that the AC-
500 after cryogenic treatment has a small impedance,
which is due to more mesopores produced by the acti-
vated carbon after cryogenic production, thereby reducing
the diffusion resistance of lithium ions.

Conclusions
The activated carbon derived from hemp stems has a
rich pore structure, and the vast majority of the pores is
microporous. Further, the cryogenic treatment of the ac-
tivated carbon not only widens the pore diameter of the
material, but also produces more mesopores, which re-
duces the impedance and improves the electrochemical
performance. Cryogenic activated carbon has a high sur-
face area of 1728 m2/g and an excellent specific capacity
of 756.8 mAh/g, making it an ideal material for anode
material of lithium-ion battery. The preparation of cryo-
genic activated carbon derived from hemp stems for
lithium-ion battery is not only the successful application
of hemp stems, but also provides a new idea for the de-
velopment of anode materials for lithium-ion batteries.

Abbreviations
CAC: Cryogenic activated carbon; AC: Activated carbon; CV: Cyclic
voltammetry; SEI: Solid electrolyte interface; DMC: Dimethyl carbonate;
EC: Ethylene carbonate; EMC: Ethyl methyl carbonate
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