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A B S T R A C T

In this study, Nypa fruticans shell-derived cellulose was successfully produced, and the hydro-
thermal method was employed to generate ZnO@C (ZOC) composites, which were then subjected 
to calcination in N2 gas at a temperature of 600 ◦C for varying durations. X-ray diffraction and 
thermogravimetric analyses demonstrated that the annealing duration had a substantial impact 
on the quantities of C and ZnO in the ZOC composites. The scanning electron microscope images 
indicated the presence of ZnO nanoparticles on the surface of the C phase and revealed a similar 
morphology among the ZOC composites. ZOC anodes exhibited excellent electrochemical prop-
erties when used in lithium-ion batteries (LIBs), making them promising alternatives to graphite 
as LIB anode materials. As an illustration, the ZOC_2h electrode delivered a reversible capacity of 
500 mAh g− 1 after 100 cycles at a current density of 0.1 A g− 1. The excellent electrochemical 
performance of the ZOC electrodes may be attributed to the carbon matrix obtained from cel-
lulose, the appropriate quantity of C and ZnO phases in the ZOC composites, and their distinctive 
structure.
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1. Introduction

Nanotechnology is anticipated to serve as the cornerstone of numerous technological advancements in the 21st century, coinciding 
with rapid economic growth. In addition, nanotechnology-driven advances are regarded as a prominent feature of the forthcoming 
industrial revolution. Nanocellulose is far superior to other materials in terms of environmental sustainability and versatility, and has 
applications in various domains, such as biological materials [1], nano composites [2], food additives [3,4], biomedical materials [5]. 
Among the many existing nanoparticles, metal oxide nanoparticles are considered the most promising because they exhibit unique 
physical, chemical, and biological properties [6]. Zinc oxide (ZnO) is an important type II–VI semiconductor owing to its notable 
properties, including a wide band gap (3.2 eV), high exciton binding energy (60 MeV), strong physical and chemical durability, 
biocompatibility, nontoxicity, high photosensitivity, and piezoelectric and pyroelectric properties. These properties make ZnO suitable 
for a wide range of applications, such as in solar cells, thin-film transistors, diode lasers, transparent conductive materials, and ul-
traviolet lasers. Recently, the photocatalytic activity of ZnO has been extensively researched [7]. Nanostructured catalysts can be 
immobilized on different types of support materials to avoid agglomeration [8]. Biological polymer carriers possess additional 
characteristics, including reusability, improved catalytic activity, high adsorption capacity, and low cost [9]. The durability, 
biocompatibility, and availability of nanocrystalline cellulose make it suitable for the immobilization of catalyst particles [10]. To 
solve the problems of the greenhouse effect and global warming. Cellulose is one of the main biomass resources which is biodegradable 
and non-toxic. Therefore, compared with other biomaterials, cellulose not only possesses excellent properties including high me-
chanical stability, good temperature stability and unique morphology. Some cellulose-based materials have been fabricated and used 
for electronic devices. The use of cellulose as a carbon source not only brings many economic benefits but also contributes to envi-
ronmental protection. For large-scale batteries, it has opened a new direction in the future, providing a solid alternative to carbon in 
Li-ion batteries [11–13].

Lithium-ion batteries (LIBs), the power source for electric vehicles, portable electronics, and mobile communication devices, have 
garnered particular interest in the scientific and industrial domains because of their high energy density and high efficiency. Graphite 
is frequently utilized as the conventional electrode for anode materials in LIBs because of its reversible charging and discharging 
capabilities under alternating potentials and its respectable specific capacities. To address the growing need for batteries with 
enhanced energy density, numerous research initiatives have focused on investigating novel electrode materials or developing new 
nanostructures of electrode materials [14–17]. According to estimates, the theoretical capacity of zinc oxide (ZnO) is 978 mAh g− 1, 
which is greater than that of graphite (372 mAh g− 1) [14,18]. Consequently, zinc oxide is a promising material for the replacement of 
traditional graphite anodes in LIBs. However, ZnO has poor conductivity and severe capacity degradation during cycling, which 
hinders its application as an anode of lithium-ion batteries. Many ZnO and carbon composite materials, such as ZnO/C, have been 
fabricated to address the poor electrochemical performance of ZnO [19]. In a study by Gongzheng Yang et al., a novel ZnO/nanocarbon 
nanoframework composite was successfully synthesized with carbon and ZnO nanoparticles used as carbon and Zn sources, respec-
tively, and it exhibited a high specific capacity of 915 mAh g− 1 after 100 cycles [20].

As documented in previous literature, ZnO nanoparticles have been synthesized from various sources, including Azadirachta indica, 
Passiflora caerulea, Aloe vera, Vitex trifolia, Trifolium pratense, Bauhinia tomentosa, and Cinnamomum verum [21–28]. The antibacterial 
activities of these nanoparticles have also been reported. However, the process of combining ZnO with nanocellulose has not been 
adopted widely. In Vietnam, Nypa fruticants shell is considered a promising agricultural byproduct for the production of synthetic 
nanocellulose materials. Nypa fruticants shells are commonly regarded as low value materials that are primarily utilized in agriculture, 
fertilizer production, and as a fuel source. Currently, there are a limited number of comprehensive studies on the production of 
nanocellulose from the byproducts of Nypa fruticants shells. Therefore, in this study, cellulose from Nypa fruticants shells was isolated 
and hydrolyzed to create nanocellulose. The next step involved the synthesis of a composite material of ZnO on a nanocellulose base 
using a hydrothermal method. This synthesis aims to replace graphite in rechargeable LIBs, which are in great demand worldwide. 
Graphite is commonly used as an anode material in commercial LIBs because of its affordability, high conductivity, and the ability to 
easily accommodate Li+ ions within its layered structure. However, its low capacity renders graphite unable to meet the high-density 
energy storage requirements of LIBs. Consequently, scientists have become interested in substituting graphite with more appropriate 
materials.

2. Materials and methods

2.1. Materials

Raw materials for Nypa fruticants were gathered from Can Tho City, Vietnam. The material was dried in a temperature-controlled 
oven at 80 ◦C for 24 h. Subsequently, the sample was ground into a fine powder. The chemicals used were zinc nitrate hexahydrate (Zn 
(NO3)2.6H2O, ≥98 %), oxalic acid dihydrate (C2H2O4.2H2O, ≥99.5 %), ammonia solution (NH3, 25–28 %), formic acid (HCOOH, ≥88 
%), hydrogen peroxide (H2O2, ≥30 %), sodium hydroxide (NaOH, ≥96 %). All chemicals were procured from Xilong Scientific Co., 
Ltd., China, and utilized without any purification.

2.2. Cellulose extraction from Nypa fruticants shell

After the Nypa fruticants shells were finely ground, 5 g of the material was weighed and placed in a beaker. The material was then 
mixed with water in a 1:20 (w/v) ratio of material to water for 2 h at a temperature of 90 ◦C and speed of 400 rpm to remove dirt and 
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tannins. The mixture was then filtered several times. The purified material was added to the PFA solution and subsequently stirred for 
4 h at 90 ◦C at a speed of 400 rpm. The PFA solution was a mixture of HCOOH 90 %, H2O2 30 % and H2O a volume ratio of 90:5:5 (v/v/ 
v). The purified material and the PFA solution were mixed in a ratio of 1:40 (w/v). The obtained samples were rinsed with distilled 
water until the pH approached 7. Then, the samples were stirred continuously in 100 ml of 0.5 M NaOH solution for 4 h at 70 ◦C and 
rinsed again with distilled water. This step helped eliminate large amounts of lignin from Nypa fruticants shells. Next, the purified 
samples were treated with H2O2 30 % in a 1:4 (w/w) ratio of sample to H2O2. The mixture was continuously mixed for 1 h at 80 ◦C. 
When the reaction was complete, the samples were centrifuged in distilled water, and pure cellulose was finally obtained.

2.3. Synthesis of ZnO@C derived from cellulose of Nypa fruticants shell

The cellulose material obtained from the above process was impregnated with Zn(NO3)2 salt in a 1:3 (w/w) ratio of cellulose to Zn 
(NO3)2, combined with 20 ml of ammonia solution and oxalic acid 5 % in a 1:10 (w/v) ratio of cellulose to oxalic acid. After mixing, the 
mixture was put into an autoclave to perform the hydrothermal process at 160 ◦C for 4 h. When the hydrothermal process finished, the 
product was rinsed with distilled water until the pH value reached ~7 and dried in vacuum for 12 h at 65 ◦C. The product was py-
rolyzed at 600 ◦C for 1, 2, and 3 h under N2 gas. After cooling the oven to room temperature, the product was rinsed with distilled water 
and ethanol, dried, and ground into a fine powder. These samples were named ZOC_1h, ZOC_2h, and ZOC_3h. The synthesis process of 
the ZOC materials is shown in Fig. 1.

2.4. Material characterization

The structure and morphology were characterized by scanning electron microscopy (SEM, S - 4800 Hitachi) and transmission 
electron microscopy (TEM, Talos-F200X). The elemental distribution was studied using energy-dispersive X-ray spectroscopy (EDS). 
The crystal and phase structures of the ZOC samples were investigated using X-ray diffraction (XRD; Bruker ADVANCE D8). Thermal 
analysis was conducted using thermogravimetric analysis (TGA, TAQ500 thermal analyzer, instrument facility at the Smart Materials 
Research Center for IoT at Gachon University). The samples were scanned from 30 to 800 ◦C in ambient air.

2.5. Anode fabrication

ZOC powder (active material), super P carbon, and polyvinylidene fluoride (PVDF) were mixed at a mass ratio of 70 % for the active 
material, 15 % for super P carbon, and 15 % for PVDF in order to create anode electrodes. After adding a minimum quantity of N- 
methyl-2-pyrrolidone solvent, the mixture was stirred at 250 rpm for 24 h at room temperature in order to produce a suspension. Next, 
the suspension was pasted on copper foil with a doctor blade, dried at 120 ◦C for 4 h in a vacuum oven. The copper foils were then 
perforated into round shapes with a diameter of 15 mm to form the electrodes.

2.6. Electrochemical measurement

The electrochemical properties of ZOC LIBs were characterized in this study. A lithium-metal counter electrode, a reference 
electrode, a single layer of polypropylene film (Celgard 2400), and a ZOC working electrode were all included in each battery. The 

Fig. 1. Preparation of ZOCs materials.
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electrolyte of LiPF6 1M was dissolved in a 1:1 ratio of ethylene carbonate to diethyl carbonate. The charging capacity and fast charging 
ability of the LIB were tested with the Neware battery testing system in the voltage range of 0.01 V–3 V (compared to Li/Li+). 
Electrochemical impedance spectra (EIS) were obtained utilizing a Gamry 1010E instrument across a frequency range of 1000 kHz to 
100 mHz. Cyclic voltammetry (CV) measurements were conducted utilizing the LBT20084 device from Arbin Instruments. The voltage 
range spanned from 0.01 V to 3 V, with a scanning speed of 0.1 mV s− 1.

3. Results and discussions

The carbon compositions of the ZOC_1h, ZOC_2h, and ZOC _3h samples were determined by TGA under N2 carrier air flow passing 
at a speed of 40 ml/min and an air flow of 60 ml/min. The samples were heated from 30 to 800 ◦C at a rate of 20 ◦C/min. As shown in 
Fig. 2, the thermal degradation and stabilities of the ZOC_1h, ZOC_2h, and ZOC _3h samples were approximately identical in the early 
stages. All samples exhibited a weight reduction (4.56 %) as the temperature was lower than 350 ◦C. This loss could be attributed to 
moisture reduction as the water molecules in the sample began to evaporate owing to poor bonding. Between 350 ◦C and 650 ◦C, the 
masses of the three samples (ZOC_1h, ZOC_2h and ZOC _3h) decreased sharply by 16.96 %, 18.88 % and 19.97 %, respectively. This 
could be due to the reduction in the proportion of carbon in the samples. All three samples exhibited only minor mass differences in the 
TGA results, with ZOC_3h exhibiting a greater mass loss percentage than the other two samples. Theoretically, the carbon content in 
the ZOC samples will diminish with an increase in annealing duration (from 1 h to 3 h) due to the enhanced degradation of cellulose 
during carbonization at 600 ◦C under nitrogen gas. As a result, the ZOC_3h sample loses the least amount of weight when compared to 
the ZOC_2h and ZOC_1h samples. As illustrated in Fig. 2, the weight loss of the ZOC_3h sample surpasses that of the ZOC_2h and 
ZOC_1h samples. This phenomenon may be attributed to a minimal quantity of ZnO phase in the ZOC samples reacting with CO to 
generate Zn phase and CO2 during carbonization, resulting in increased weight loss correlating with prolonged annealing time. Since 
there is only a 3 % weight loss difference between the ZOC samples, there is very little Zn phase present in the ZOC samples, making it 
impossible for XRD analysis to identify it. Between 650 ◦C and 800 ◦C, all three samples showed stability in material composition, with 
ash contents of 78.48 %, 76.56 % and 75.47 % for ZOC_1h, ZOC_2h and ZOC _3h, respectively.

Fig. 2. TGA of ZOC samples under air atmosphere.

Fig. 3. The powder X-ray diffraction pattern of the ZOC samples compared to the reference peaks of ZnO and C.
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Fig. 3 shows the XRD patterns of the ZnO@C samples annealed for different durations. The peaks align well with the standard 
diffraction pattern of ZnO (PDF#80-0074). The XRD patterns of ZOC_1h, ZOC_2h and ZOC_3h showed high-intensity peaks at positions 
of 2θ angles of 31.7o, 34.4o, 36.2o, 47.5o, 56.5o, 62.7o, 67.8o and 68.9o, corresponding to the crystal orientation of (100), (002), (101), 
(102), (110), (103), (112) and (201). In addition, the presence of amorphous carbon was revealed by the broad peak located from 20o 

to 30o. This confirms the presence of both ZnO and C in the ZOC_1h, ZOC_2h, and ZOC _3h samples. By using Rietveld refinement on the 
XRD patterns of the ZOC samples, the structures of ZOC samples well matched the reported ZnO (PDF#80-0074) as shown in Fig. S1. In 
addition, the refinement results revealed that the lattice of ZOC materials was slightly enlarged when increasing annealing times 

Fig. 4. SEM image of (a) ZOC_1h, (b) ZOC_2h, and (c) ZOC_3h samples. (d) EDS spectral of ZOC_2h samples.

Fig. 5. TEM images of (a) ZOC_1h and (b) ZOC_3h samples. (c) TEM and (d) HRTEM and SAED images of ZOC_2h sample.
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(Table S1).
The morphologies and elemental compositions of the ZOC_1h, ZOC_2h, and ZOC _3h samples were analyzed using SEM imaging and 

EDS, as shown in Fig. 4. The three samples presented nearly identical morphologies and uniform distributions of ZnO on the material 
surfaces, as shown in Fig. 4(a–c). However, as shown in Fig. 4(c), the particles were stacked in layers. The image clearly shows the 
coverage of the ZnO nanostructures on the carbon background. This structure is ideal for electrode fabrication owing to its large 
surface area and electrochemical properties enhancement [29]. The elemental composition of ZOC_2h was determined using EDS 
mapping (Fig. 4(d)). These results clearly demonstrate the uniform distribution of Zn, O, and carbon elements in the ZOC_2h sample 
(Fig. S2). In addition, the amount of the elements (Zn, O and C) in the ZOC_2h sample was also determined by EDS analysis as shown in 
Table S2. Additionally, the TEM images demonstrate the presence of ZnO nanoparticles (below 50 nm) on the surface of the carbon 
background in the ZOC materials, as illustrated in Fig. 5(a–c). In addition, high resolution TEM (HRTEM) and selected area electron 
diffraction (SAED) images (Fig. 5(d)) confirm the presence of both amorphous and crystalline phases as well as carbon background in 
the ZOC_2h material, which agreed well with XRD results.

Voltage profiles of the ZOC electrodes at 100 mA g− 1 current density in the first three cycles are described in Fig. 6(a–c). These 
profiles exhibited nearly identical contours owing to the presence of similar active components, including C and ZnO. The ZOC 
electrodes annealed for 1 h, 2 h and 3 h demonstrated almost the same initial Coulombic efficiencies (ICE). However, the ZOC_1h 
electrode had preliminary discharging/charging capacity ratio of 1199.3/671.2 mAh g− 1 and an ICE of 55.97 %, which were higher 
than the two ZOC_2h and ZOC _3h electrodes. The ZOC_2h and ZOC_3h electrodes had discharging/charging capacity ratios of 1572.6/ 
853.2 mAh g− 1 and 1351.6/744.2 mAh g− 1, respectively. The ICE values were 54.25 % and 55.06 %. Although all three electrodes 
exhibited low capacity values in the second and third discharging/charging cycles, the curves still matched. This proved that the 
capacity values were stable and that there was no sudden capacity drop. The decrease in the discharging capacity in the subsequent 
cycles is caused by the formation of a solid electrolyte interface (SEI) on the surface of the electrode during the first discharge. Hence, 
the formation of the SEI layer is an undesirable chemical reaction, but it usually occurs. Further, although the SEI reduced the battery 
capacity, it also helped maintain and stabilize the electrode structure second cycle onwards.

Fig. 6(d) illustrates the CV curve of the ZOC_2h electrode during the initial three cycles throughout the voltage range of 0.01 
V–3.00 V, with a scanning rate of 0.1 mV s− 1. During the initial cathodic cycle, the broad peak observed at 0.30 V may result from the 
conversion of ZnO to Zn and the alloying interaction between Zn and Li+ ions (Eq. (1) and Eq. (2)), in addition to the creation of the SEI 
layer [19,30,31]. A small peak occurring in the low-voltage zone (approximately 0.01 V) is thought to be associated with the C and Li+

ion reactions (Eq. (3)) [32]. In the second and third cathodic cycles, there were two distinct peaks at 0.65 V and 0.34 V, respectively. 
These corresponded to the conversion of ZnO to Zn metal (Eq. (1)) and the reaction between Zn and Li + ions to form the LixZn alloy 
(Eq. (2)). During anode scanning, a peak in the range of 0.3 V–0.7 V and a separate peak at 1.35 V represented multi-stage oxidation 
[33,34]. The first peak (0.3 V–0.7 V) related to the dealloying process of LixZn into Zn (Eq. (4)) [35,36]. The second peak corresponded 

Fig. 6. Voltage profile curves of (a) ZOC_1h, (b) ZOC_2h, and (c) ZOC_3h electrodes. (d) CV curves of ZOC_2h electrode.
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to the oxidation of Zn to ZnO (Eq. (5)) [34,37]. Upon further cycling, the intensity of the oxidation peak at 1.35 V decreased steadily 
owing to the incomplete reversible oxidation of Zn to ZnO. After the initial cathodic/anodic scan, the CV curves exhibited similar 
shapes. This reveals stable electrochemical processes at the ZOC_2h electrodes. The CV curves of the ZOC_1h and ZOC _3h electrodes 
were also obtained and are shown in Fig. S3.

3.1. First discharge

ZnO+ 2 Li+ +2 e− → Zn + Li2O (1) 

Zn+ x Li+ + x e− →LixZn (2) 

C+ y Li+ + y e− →LiyC (3) 

3.2. First charge

LixZn → Zn+ x Li+ + x e− (4) 

Zn+ Li2O → ZnO+2 Li+ + 2 e− (5) 

3.3. Subsequent discharge/charge

ZnO+2 Li+ + 2 e− ↔ Zn + Li2O (6) 

Zn+ x Li+ + x e− ↔ LixZn (7) 

The discharging/charging capacities and Coulombic efficiencies of different cycles of the ZOC anodes at a current density of 0.1 A 
g− 1 are shown in Fig. 7(a). All the electrodes exhibited a capacity decline in the first 10 cycles and then maintained their capacity from 
the 10th to the 80th cycle. The capacity then decreased slightly until the 100th cycle. The ZOC_1h, ZOC_2h and ZOC _3h electrodes 
provided charging capacity of 534 mAh g− 1, 500 mAh g− 1, and 267 mAh g− 1 after 100 cycles, respectively. Furthermore, the electrodes 

Fig. 7. (a) Cycling performance, (b) rate capacity, and (c) EIS of the ZOC electrodes.
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consistently exhibited a high Coulombic efficiency of nearly 100 %, signifying the effective occurrence of the reversible process within 
the battery. The ZOC_2h electrode demonstrated superior stability in electrochemical characteristics compared to the other two 
electrodes. This is due to the compositional equivalence between the C and ZnO phases and the carbon matrix in the ZOC_2h sample. To 
investigate the effects of the annealing temperatures to the electrochemical performances, samples with a sintering time of 2 h at 
500 ◦C and 700 ◦C (marked as ZOC_2h_500C and ZOC_2h_700C) were also prepared. XRD analysis of the ZOC_2h_500C and 
ZOC_2h_700C samples (Fig. S4a) indicated that these materials also included ZnO (PDF# 80-0074) and C (PDF# 75–0444) phases. 
However, the electrochemical properties of ZOC_2h_500C and ZOC_2h_700C electrodes, as shown in Fig. S4b, were inferior to those of 
ZOC_2h electrode. The reasons could be related to the different amount between ZnO and C phases in these samples at different 
annealing temperatures.

Fig. 7(b) shows the fast charging of the ZOC electrodes at different current densities. The electrodes ZOC_1h, ZOC_2h and ZOC_3h 
provided charging capacities of 676, 714, 535; 649, 659, 506; 611, 637, 483; 570, 636, 463; 490, 561, 406 mAh g− 1 at current densities 
of 0.1, 0.2, 0.5, 1.0 and 3.0 A g− 1, respectively. When the current density returned to 0.1 A g− 1, the charging capacities were restored to 
692, 768, and 554 mAh g− 1, respectively. The ZOC_2h electrodes displayed outstanding capacity maintenance when exposed to a high 
current because of the formation of a durable SEI layer and the carbon matrix from cellulose, as well as the presence of ZnO and the 
appropriate C phase. Obviously, the ZOC_3h electrode showed the lowest capacity at different current densities compared to the other 
two. These results can be related to the variation in the C and ZnO phase contents of the ZOC materials.

In addition, the cycling performances of the ZOC electrodes at a current density of 0.5 A g− 1 were also investigated as shown in 
Fig. S5. The first charge capacity and ICE of the ZOC_2h electrode are 798 mAh g− 1 and 56.2 %, respectively. Meanwhile, the ZOC_1h 
and ZOC_3h electrodes delivered the initial charge capacity of 453 mAh g− 1 and 653 mAh g− 1 with an ICE of 65.3 % and 68 %, 
respectively. After 150 cycles, the charge capacities of ZOC_1h, ZOC_2h, and ZOC_3h electrodes at current density of 0.5 A g− 1 are 335 
mAh g− 1, 693 mAh g− 1, and 589 mAh g− 1, respectively. It is noted that the ZOC_2h electrode exhibits better cycling stability at high 
current density compared to the ZOC_1h and ZOC_3h electrodes. The ZOC_2h anode exhibited competitive performances comparing to 
other zinc-oxide-based anodes, as showed in Table 1.

Electrochemical impedance spectroscopy was performed to further evaluate the differences between the ZOC anodes after the 
quick-charging study. The EIS profiles in Fig. 7(c) consist of two hemispheres and an elongated tail. They are correlated with the 
resistance of the SEI layer (RSEI), charge-transfer resistance (RCT), and diffusion speed of lithium ions into the anodes of the LIBs. The 
RSEI and RCT values of the ZOC_1h electrode were lower than those of the ZOC_2h and ZOC_3h electrodes in Table 2. This result 
corresponds to the carbon content deviation between the ZOC samples. The lower the C-content of the electrode (or the higher the ZnO 
content), the lower the total resistance.

The relationship between Z’ and ω− 0.5 was linear in the Warburg region as shown in Fig. S6. The slope of these linear assigned to 
Warburg coefficient (σ) of the ZOC electrodes. These σ values were applied to compare the diffusion coefficient of Li+ ions (D) value 
between ZOC electrodes as Arrhenius equation (Eq. S(1)). Because σ for the ZOC_1h anode (96.9 Ω s− 0.5) was lower than of ZOC_2h 
(135.8 Ω s− 0.5) and ZOC_3h (203.4 Ω s− 0.5), therefore, the D value for ZOC_1h was larger than of ZOC_2h and ZOC_3h (DZOC_1h >

DZOC_2h > DZOC_3h). This result also relates to the change of C-content in the ZOC samples. The lower the C-content of the electrode 
leads to the higher diffusion coefficient of Li+ ions.

The CV curves of the ZOC_1h, ZOC_2h and ZOC _3h electrodes at different scanning rates in the range of 0.01 V–3.0 V were 
measured after two cycles of charging/discharging and are shown in Fig. 8. In Fig. 8(a–c), the CV curves of the ZOC_1h, ZOC_2h, and 
ZOC_3h electrodes are similar owing to the equivalent components of C and ZnO. As depicted in Fig. 8(a–c), the measurement results 
revealed that the peak intensity increased gradually as the scan speed rose from 0.3 mV s− 1 to 1.2 mV s− 1. Using this algorithm [45,46], 

Table 1 
Evaluation of the electrochemical performance of zinc oxide-based anodes for lithium-ion batteries.

Zinc-oxide-based anode Current density (A g¡1) Cycle life/end reversible capacity (cycle/mAh g¡1) Reference

Co-ZnO@C 0.1 50/527 [38]
CF@ZnO 0.1 300/510 [39]
ZnO@C nanospheres 0.1 50/440 [40]
ZnO@C 0.825 200/496 [41]
CZO@C 0.1 50/725 [42]
ZnMoO4.0.8H2O 0.1 50/435 [43]
ZnO-C microspheres 0.1 150/520 [44]
ZnO/C 0.1 100/212 [30]
ZOC_2h 0.5 150/693 This work

0.1 100/500

Table 2 
EIS results of ZOC electrodes after rate capacity test.

Re (Ω) RSEI (Ω) RCT (Ω)

ZOC_1h 6.76 10.05 28.43
ZOC_2h 7.51 12.16 44.05
ZOC_3h 6.37 14.78 70.69
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the CV curve at each scan speed could be separated into two small curves, which were equivalent to the diffusion and pseudocapacitive 
processes (Figure S7–9). The contribution ratio of the diffusion process and the pseudo capacitive process was evaluated based on the 
areas of these curves at each scan speed, and the results are shown in Fig. 8(d–f). As shown in Fig. 8(d–f), the percentage of diffusion in 
three samples declined as the scan speed increased from 0.3 mV s− 1 to 1.2 mV s− 1. At the same scanning rate, the ZOC_3h electrode 
presented the highest percentages of pseudo-capacitance, and lowest value in the ZOC_1h. This result was in good agreement with the 
variation in the carbon content of the ZOC samples. Among the three ZOC materials, ZOC_3h had the highest carbon content, and 
ZOC_1h had the lowest. The samples at scanning speeds between 0.8 mV s− 1 and 1.2 mV s− 1 revealed that the percentage of pseudo 
capacity was always higher than that of the diffusion. This demonstrates the excellent ability of rapid electrode discharging/charging 
capacity at high current densities, which is consistent with the rate–capacity results.

4. Conclusions

In summary, a facile method was developed to fabricate ZnO@C composites from Zn(NO3)2 salts and Nypa fruticans shell-derived 
cellulose. The characterization results confirmed the presence of ZnO nanoparticles on the carbon surface, the importance of C and ZnO 
equivalence, and the influence of annealing on the electrochemical properties of the composites. The most suitable annealing condition 
was at 600 ◦C for 2 h in N2 atmosphere. The composite prepared under these conditions (ZOC_2h) exhibited excellent electrochemical 
properties, such as a high reversible capacity and stable cycling performance. These results could be attributed to (i) the carbon matrix 
from the cellulose of Nypa fruticans shell acting as the buffering agent and conducting medium for the electrochemical reactions, 
thereby preventing the volume expansion of the electrode during cycling, (ii) the appropriate amount of ZnO and C (80 % ZnO and 20 

Fig. 8. (a–c) CV profiles and (d–f) contribution ratio of diffusive and pseudo behavior at various scan rates for the ZOC electrodes.
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% C), and (iii) the unique structure of the composite. In addition, the ZnO@C anodes in this study could be considered an excellent 
substitute for graphite in commercial LIBs.
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