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good electrochemical performance of the anode 
was benefited from the sophisticated multi-level 
structures of the composite, small sizes of the 
tin oxide (ca. 5  nm) and molybdenum dioxide 
(ca. 6  nm) nanocrystallites contained therein, 
and the synergistic interactions between the tin 
oxide layer, the outer molybdenum dioxide coat-
ing layers, as well as the porous carbon buffer-
ing matrix. For such a composite with MoO2 and 
SnO2 contents of 20 and 10%, respectively, by 
weight, it delivered a specific capacity of 608.1 
mAh g−1 after 100 discharge/charge cycles at the 
current rate of 100  mA  g−1. The current work 
presents a facile and cost-effective pathway to 
synthesize bio-substance derived nanocomposite 
materials for energy applications.
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Introduction

The recent decades have witnessed the rapid and sig-
nificant developments of rechargeable lithium-ion 
batteries (LIBs) for their potential applications in var-
ious portable electronics and electric vehicles (EVs) 
as well as hybrid electric vehicles [1, 2]. As one of 
the most important component of the battery sys-
tem, electrode materials mostly dominate the battery 

Abstract  A novel cellulose substance (ordi-
nary laboratory filter paper) derived hierarchi-
cal carbon/tin-oxide/molybdenum-dioxide (car-
bon@SnO2@MoO2) ternary nanoarchitectonic 
was fabricated by the self-assembly process and 
subsequent carbonization treatment. The result-
ant nanocomposite was composed of thin tin 
oxide layer sandwiched between the porous car-
bon nanofibers and the external molybdenum 
dioxide coating layer, where the thickness of 
the molybdenum dioxide coating layer was con-
trolled facilely. As being utilized as an anodic 
material for lithium-ion batteries, the nanocom-
posite displayed high reversible capacity and 
good rate performance that are superior to those 
of the carbon@MoO2 hybrid without SnO2. The 
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performances of LIBs [3]. However, the conventional 
graphite-base anodes are unable to meet the ever-
growing demands for high-performance LIBs [4, 5]; 
therefore, the research for the next-generation anodic 
material with low cost, high specific capacity, long 
cycle life as well as good rate-capability is urgent at 
present. The construction of various nanoarchitecton-
ics by different chemical processes provides an effec-
tive methodology for the development of a large vari-
ety of functional nanostructured materials [6–10], in 
particular, the ones for energy applications [11–14].

Metal oxides have been considered appealing can-
didates as electrode materials for LIBs, owing to the 
better operational safety and higher theoretical capaci-
ties compared with those of the traditional graphite-
based anodic materials [15]. Among the various metal 
oxides, tin oxide (SnO2) has been extensively studied 
due to the high theoretical storage capacity of 782 
mAh g−1 and low cost, which makes it to be a substi-
tute for graphite-based anode in LIBs [16–18]. How-
ever, in practical application, SnO2 based anodes are 
typically subjected to the serious volume change upon 
the repeated lithiation/delithiation processes, result-
ing in the structural collapse of the active material and 
ultimately sharp capacity fading and short battery life 
of the pure SnO2 electrodes [2, 19]. One of the avail-
able approaches to improve the performances is to fab-
ricate the SnO2-based composite oxides to introduce 
the synergistic effects benefited from different compo-
nents contained in the composite [19].

Among the different metal oxides, molybdenum 
dioxide (MoO2) has received tremendous attention 
due to the high theoretical capacity (838 mAh g−1), 
less charging potential, and superior metallic elec-
tronic conductivity (> 1 × 104 S cm−1), as well as 
facile ion transport properties [20, 21]. A number of 
MoO2 anodic materials with specific nanostructures, 
such as nanoparticles [22], nanorods [23], nanosheets 
[24], as well as core–shell hierarchical microcapsule 
structures [25], have been reported with improved 
lithium storage performance for LIBs. In spite of the 
high initial specific capacity delivered by the nano-
structured MoO2 anodes, the cyclability and rate 
capability of which are still not satisfactory [26].

To overcome these drawbacks, hybridizing nanoscaled 
MoO2 with elastic and conductive carbon species has 
been proven to be an effective strategy to improve the 
structural integrity and facilitate lithium-ions (Li-ions) 
and electrons transport, hence, resulting in the greatly 

enhanced cycling stability of the electrodes [27]. In this 
regard, some MoO2/C composites have been synthesized 
and employed as anodic materials for LIBs. For instance, 
MoO2/graphene composites with MoO2 nanoparticles 
homogeneously dispersing in the three-dimensional net-
work of the graphene matrixes were fabricated as anodic 
materials for LIBs by different approaches, such as the 
layer-by-layer (LbL) assembly method [28], the chemi-
cal reduction processes [29], and the microwave-assisted 
hydrothermal process followed by thermal annealing 
[30]. And the MoO2/C composite with MoO2 nanoparti-
cles anchored uniformly on the carbon nanotubes [31] or 
carbon nanofibers [32] was fabricated hydrothermally to 
exhibit improved electrochemical behaviors as compared 
with the pure MoO2 counterparts. Besides, hierarchical 
MoO2/C spheres were obtained via the ethanol thermal 
reduction method followed by an annealing process [33] 
or through the calcination of α-MoO3/resin precursor 
formed by a hydrothermal method [34], displaying high 
reversible capacities, good rate capability as well as high 
cycling stability for LIBs. Furthermore, porous MoO2@C 
nano-octahedrons were fabricated via the calcination of 
the polyoxometalate-based metal–organic framework 
(POMOF) precursor combined with etching treatment, 
which was used as a high-performance and stable host for 
Li-ion accommodation [35]. More instances, including 
MoO2/multiwalled carbon nanotubes hybrid [36], MoO2/
ordered mesoporous carbon composite [26, 37], and cage-
like structured MoO2/C composite [38] were prepared via 
different approaches, exhibiting enhanced anodic perfor-
mances for LIBs. While, to the best of our knowledge, the 
synthesis of a three-dimensional carbon/tin-oxide/molyb-
denum-dioxide (carbon@SnO2@MoO2) ternary compos-
ite as an anodic material for LIBs has not been reported 
to date. In the current work, a new hierarchically nanofi-
brous carbon@SnO2@MoO2 nanoarchitectonic was fab-
ricated via a layer-by-layer (LbL) self-assemble approach, 
utilizing the low-cost natural cellulose substance (ordi-
nary laboratory filter paper) as the structural scaffold and 
carbon source.

Biomimetic syntheses based on the self-assem-
bly technique are proven to be a highly versatile 
and effective route to fabricate functional mate-
rials with tailored structures and properties [12, 
39–44]. As an ideal template or scaffold, natural 
cellulose substances (i.e., ordinary laboratory fil-
ter paper) hold inherently unique hierarchically 
multi-level porous structures. Furthermore, the 
abundant hydroxyl and ether groups possessed by 
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cellulose substances enable them to be modified 
by various guest species via hydrogen or cova-
lent bonding, thus bringing in specific properties 
and characters to the artificial matters [45]. When 
being evaluated as anodic materials for LIBs, the 
cellulose substance derived metal oxide-based 
nanomaterials displayed desirable electrochemi-
cal performances due to the fantastic bio-inspired 
morphologies [46–55]. In addition, the carbon 
nanofiber network originated from the carboniza-
tion of the cellulose nanofibers of the filter paper 
and serves as a carbon matrix to immobilize the 
metal oxide nanoparticles to form the correspond-
ing composites. Moreover, the hierarchical three-
dimensional porous structure of the carbon matrix 
would relax the drastic volume variation of the 
active material during the repeated discharge/
charge processes, thus leading to enhanced lithium 
storage properties. The sol–gel and hydrothermal 
processes are commonly employed to fabricate the 
cellulose-derived metal oxide-based anodic mate-
rials for LIBs by utilizing the corresponding metal 
alkoxides as the precursors; hence, the materials 
thus fabricated are restricted to specific oxides 
such as tin oxide and titania. To break this limi-
tation, adopting specific polyoxometalate clusters 
as the metal oxide precursors would effectively 
extend the range of the bio-inspired metal oxide 
materials that can be obtained. As shown in the 
current work, a new hierarchical fibrous carbon@
SnO2@MoO2 nanocomposite was synthesized by a 
layer-by-layer self-assembly approach using poly-
oxomolybdate (POM) cluster as the critical build-
ing block and natural cellulose substance (e.g. fil-
ter paper) as the structural scaffold and the carbon 
source. The resultant nanocomposite is composed 
of tin oxide thin layer coated carbon nanofibers 
with molybdenum dioxide nanoparticles immobi-
lized as an external coating layer on the surfaces. 
When utilized as an anodic material for LIBs, this 
composite presented an improved reversible spe-
cific capacity and good rate performance as com-
pared with the counter material of the carbon@
MoO2 hybrid. This is ascribed to the sophisticated 
multi-level nanostructural features of the compos-
ite, as well as the synergistic interaction between 
the MoO2, SnO2, and carbon components con-
tained therein.

Experimental part

Chemicals

Tin(IV) isopropoxide [(Sn(OiPr)4, 99% metals basis, 
10% w/v in isopropanol] was bought from Alfa Aesar. 
Ammonium molybdate tetrahydrate (AHM) was 
purchased from J&K Chemical Ltd. And polydial-
lyldimethylammonium chloride (PDDA, average 
MW < 100,000 − 350,000, 20 wt% aqueous solutions) 
was bought from Sigma-Aldrich. All the solvents 
were guaranteed reagents and used without purifica-
tion. Commercial quantitative filter paper (ashless, 
made from cotton) was purchased from Hangzhou 
Xinhua Paper Industry Co. Ltd. (China). The filter 
paper is composed of cellulose microfibers, which 
are assembled by cellulose nanofibers with diameters 
varying from tens to hundred nanometers. The water 
used in all the relevant cases was purified by using a 
Milli-Q advantage A 10 system (Millipore, Bedford, 
MA, USA) with resistivity higher than 18.2 MΩ cm.

Fabrication of the nanofibrous carbon@SnO2@
MoO2 composite

The fabrication process is illustrated in Scheme  1. 
Firstly, a piece of filter paper (d = 3.0 cm) was placed 
into a glass funnel, and washed by suction filtration 
of ethanol, then dried by air flow prior to use. Next, 
ultrathin tin-oxide gel layers were initially deposited 
to coat the nanofibers of the bulky filter paper through 
the surface sol − gel process performed at 50 °C, uti-
lizing Sn(OiPr)4 (10 mM in 1:1/v:v methanol/isopro-
panol) as precursor according to our previous reports 
(Scheme  1b) [53, 54]. The deposition cycle of the 
SnO2-gel layer was repeated 5 times. And the as-pre-
pared cellulose/SnO2-gel composite sheet was further 
utilized to immobilize the PDDA/POM electrolyte bi-
layers driven by the electrostatic interaction. To this 
end, PDDA solution (20.0 mL, 1.0 mg mL−1 in 0.5 M 
sodium chloride aqueous solution) was added to the 
filter funnel, half of which was slowly suction fil-
tered through the cellulose/SnO2-gel composite sheet. 
The rest solution remained for 15 min to achieve the 
adsorption of PDDA onto the SnO2-gel surface. After 
that, the remaining solution was suction-filtered, and 
the as-deposited composite sheet was rinsed immedi-
ately by suction-filtration of sodium chloride aqueous 
solution (60.0 mL) and water (60.0 mL) to get rid of 
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the excess reagent, resulting in the cellulose/SnO2-
gel/PDDA composite fiber (Scheme  1c). The result-
ant composite sheet was dried by airflow, and after-
ward, 20.0 mL AHM aqueous solution (0.05 M) was 

used as the precursor to similarly deposited the neg-
atively charged POM layer onto the composite fiber 
surface to form the cellulose/SnO2-gel/PDDA/POM 
composite (Scheme 1d). The deposition cycles of the 

nanofibrous carbon@SnO2 @MoO2 composite

filter 
paper

deposition
tin-oxide gel

deposition

PDDA layer
deposition

POM layer

deposition

PDDA/POM bi-layers

5 mm
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polyoxomolybdate
(POM, Mo7O24
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cellulose microfiber cellulose nanofiber cellulose/SnO2-gel 
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e
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Scheme 1   Schematic illustration of the synthetic route of the 
nanofibrous carbon@SnO2@MoO2 composite derived from 
the natural cellulose matter (ordinary laboratory filter paper). 
a An individual cellulose nanofiber of initial filter paper; 
b thin tin oxide-gel layer was deposited to coat the cellulose 
nanofibers via the surface sol − gel process, yielding the cel-
lulose/SnO2-gel composite; c coating a positively charged 
PDDA layer onto the surface of cellulose/SnO2-gel nanofibers 
to obtain the cellulose/SnO2-gel/PDDA composite; d deposit-

ing a negatively charged POM cluster layer onto the resultant 
composite fiber surfaces to produce the cellulose/SnO2-gel/
PDDA/POM composite; e alternative deposition of the PDDA/
POM bilayers onto the nanofiber surface to result in the cel-
lulose/ SnO2-gel/(PDDA/POM)n composite; f carbonizing 
the cellulose/SnO2-gel/(PDDA/POM)n composite sheet in Ar 
atmosphere to give the hierarchical carbon@SnO2@MoO2 
nanofibrous composite, the inset exhibits the photograph of the 
corresponding bulk sample
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PDDA/POM bilayer were repeated n times, and each 
cellulose nanofiber of the filter paper was coated by 
SnO2-gel/(PDDA/POM)n composite films as shown 
in Scheme 1e. Eventually, the as-obtained cellulose/
SnO2-gel/(PDDA/POM)ncomposite sheet was car-
bonized under the Ar atmosphere at 500  °C for 6  h 
(heating rate of 2  °C  min−1) to remove the PDDA 
component, and meanwhile, the cellulose, amorphous 
SnO2-gel, and POM cluster layer were converted 
into the amorphous carbon, rutile SnO2, and mono-
clinic MoO2 phase, respectively, thus yielding the 
carbon@SnO2@MoO2 nanocomposite with hierar-
chical nanofibrous structures (Scheme 1f). As for the 
control carbon@MoO2 material, it was prepared by 
the impregnation method followed by a similar car-
bonization treatment. Briefly, one piece of filter paper 
(d = 3.0  cm) was immersed in a 0.05 M AHM solu-
tion for 12 h to achieve the adsorption balance of the 
POM cluster onto the cellulose fiber surfaces. Then 
the sample was fetched from the solution and dried 
at room temperature, followed by the same carboniza-
tion treatment mentioned above to generate the car-
bon@MoO2 composite.

Characterizations

X-ray powder diffraction (XRD) patterns were meas-
ured on a Philips X’Pert PRO diffractometer with a 
Cu Ka radiation source (λ = 0.15405 nm) between 10 
and 80°. Raman spectra were conducted on a Jobin 
Yvon LabRAM HR UV Raman spectrometer with 
an excitation wavelength of 532  nm under ambient 
conditions. Thermogravimetric (TG) analyses were 
carried out on a NETZSCH STA 409 PC/PG ther-
mal analyzer and tested from room temperature to 
800 °C with a heating rate of 10 °C min−1 in airflow. 
The specimens for electron microscopic measure-
ments were made by sonicating a small amount of the 
relevant sample (ca. 0.5 mg) in ethanol (1.0 mL) to 
obtain a suspension, and drops of which were placed 
onto a piece of aluminum foil for the field-emission 
electron microscopy (FE-SEM) observations or a 
carbon-coated copper grid for the transmission elec-
tron microscopy (TEM) observations. All the speci-
mens were dried in the air before the measurements. 
FE-SEM images were acquired on a Hitachi SU-70 
electron microscope equipped with EDSX HORIBA 
X-Max80006 apparatus working at an accelerating 
voltage of 25.0 kV, and the specimens were sputtered 

with platinum to alleviate charging effects during the 
examinations. TEM and HR-TEM micrographs were 
obtained using a Hitachi HT-7700 microscope work-
ing at an accelerating voltage of 100 kV and a Philips 
FEI Tecnai G2F30 S-Twin microscope working at an 
accelerating voltage of 200  kV, respectively. X-ray 
photoelectron spectroscopy (XPS) measurements 
were performed on a VG ESCALAB MkII spectro-
photometer with a monochromatic and focused Mg 
Ka X-ray source at the energy of 1253.6  eV, and 
all of the binding energies were internally refer-
enced to the C1s peak at 284.5 eV. Nitrogen adsorp-
tion–desorption isotherms were collected by using a 
Micromeritics ASAP 2020 analyzer at − 196  °C; the 
specific surface areas were calculated based on the 
Brunauer–Emmett–Teller (BET) model over the rela-
tive pressure range of 0.05 − 0.30, and the pore vol-
ume was determined via the Barrett–Joyner–Halenda 
(BJH) approach by integration of the pore size distri-
butions in the range of 1.7 − 300 nm.

Electrochemical measurements

Standard CR2025 type coin cells were assembled 
to evaluate the electrochemical properties of the 
nanofibrous carbon@SnO2@MoO2 composites and 
the comparative carbon@MoO2 hybrid. The work-
ing electrodes were constructed by mixing the active 
material, conductive acetylene black carbon, and 
polyvinylidene fluoride (PVDF) in a weight ratio of 
70:20:10 in N-methyl-pyrrolidinone (NMP) to form 
a uniform slurry, which was further spread onto a 
copper foam substrate (as a current collector). The 
coated electrode was dried at 80 °C for 24 h in a vac-
uum oven to remove the solvent and then pressed at a 
pressure of 10 atm. The active material mass coated 
on each electrode was 2.15 mg cm−2. Then the coin 
cells were assembled in an argon-filled glove box 
where both the oxygen and moisture levels were 
below 0.1 ppm. Lithium foil was utilized as the coun-
ter electrode, and polypropylene film (Celgard-2300) 
was employed as the separator to isolate the two 
electrodes. The electrolyte was made of lithium hex-
afluorophosphate (LiPF6, 1.0 M) dissolved in a mix-
ture of ethylene carbonate (EC) and dimethyl carbon-
ate (DMC) with a volume ration of 1:1, and about 50 
μL of which was used for fabricating each electrode. 
Cyclic voltammetry (CV) curves were recorded 
on a CHI760D electrochemical workstation (CH 
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Instruments, Inc., China) at a scan rate of 0.2 mV s−1 
in the potential range of 0.01 − 3.0 V vs. Li/Li+. The 
battery performance was determined at room tem-
perature by using a Neware battery testing system 
(Neware Technology Co., Ltd, Shenzhen, China). 
The galvanostatic charge/discharge capacities were 
tested by cycling the half-cells at a different current 
rate between 0.01 and 3.0 V; the specific capacities 
were calculated according to the total mass of the 
active materials. To investigate the structural change 
of the composite electrode after 100 discharge/charge 
cycles, the cells were disassembled, and the working 
electrode was rinsed in acetone for 10 min to get rid 
of the remained electrolyte and dried prior to elec-
tron microscopic analyses.

Results and discussions

Structural characterization of the carbon@SnO2@
MoO2 composite

As illustrated in Scheme  1, to obtain the cellulose 
substance derived nanofibrous carbon@SnO2@MoO2 
composite, ultrathin SnO2-gel was firstly deposited 
to coat the cellulose nanofibers of the filter paper 
through a surface sol–gel process, utilizing tin (IV) 
isopropoxide as a precursor. Afterward, the PDDA/
POM double layers were alternatively deposited onto 
the resultant cellulose/SnO2-gel composite fiber sur-
faces followed by carbonization treatment. The result-
ant carbon@SnO2@MoO2 composite is composed of 
SnO2 thin layer coated carbon nanofibers with MoO2 
nanoparticles anchored as an external coating layer 
on the surfaces. In order to adjust the MoO2 content 
in the final carbon@SnO2@MoO2 composites, the 
deposition cycle of the PDDA/POM double layers 
was repeated 5, 10, and 15 times, respectively, and 
the resultant MoO2 content contained in the samples 
was determined to be 4, 12, and 20 wt.%, respec-
tively, based on the energy-dispersive X-ray spec-
troscopy (EDS) results (Fig.  S1a − c) as well as the 
thermogravimetric (TG) analyses (Fig.  S1d). And 
the corresponding samples are accordingly marked 
as carbon − 13%/SnO2 − 4%/MoO2, carbon − 13%/
SnO2 − 12%/MoO2, and carbon − 10%/SnO2 − 20%/
MoO2, respectively. As for the control sample car-
bon@MoO2 composite prepared by an impregna-
tion method combined with the same carbonization 

treatment, the MoO2 content is measured to be 23% 
on the basis of TG analyses, thus the relevant sample 
is denoted as carbon − 23%/MoO2 (Fig. S2a).

Figure  1a  shows the XRD diffraction patterns 
of the nanofibrous carbon@SnO2@MoO2 compos-
ites with varied MoO2 contents. For the sample car-
bon − 13%/SnO2 − 4%/MoO2, two series of diffraction 
peaks are observed. The ones at 2θ = 26.6, 34.0, 51.8, 
and 65.9° are assigned to the (110), (101), (211), 
and (301) planes of tetragonal rutile-structured SnO2 
(JCPDS no.41–1445), respectively, which agrees 
well with the XRD result of the carbon@SnO2 sam-
ple reported in our previous work [53]; and those at 
26.0, 36.5, 53.5, and 66.6° are indexed to the (− 111), 
(200), (− 312), and (− 402) planes of the monoclinic 
MoO2 phase (JCPDS no.32–0671) [56], respectively. 
It is noteworthy that the diffraction peaks related to 
the monoclinic MoO2 phase become distinct with 

Fig. 1   Powder X-ray diffraction patterns (a) and Raman spec-
tra (b) of the commercial filter paper-derived carbon@SnO2@
MoO2 nanocomposites (i. carbon − 13%/SnO2 − 4%/MoO2, 
ii. carbon − 13%/SnO2 − 12%/MoO2, and iii. carbon − 10%/
SnO2 − 20%/MoO2)
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the increment of the MoO2 contents in the carbon@
SnO2@MoO2 composites, and when the MoO2 con-
tent is up to 20 wt.%, only typical diffraction peaks 
of monoclinic MoO2 phase are detected, due to the 
relatively thick MoO2 coating layer on the compos-
ite fiber surface. Moreover, no other diffraction peak 
related to metallic Sn or MoO3 is found, indicating 
the formation of MoO2 was achieved by the carboth-
ermal reduction, and meanwhile, SnO2 did not trans-
form into Sn in this process. As for the control car-
bon − 23%/MoO2 composite, except for the series of 
weak reflection planes belonging to the monoclinic-
structured MoO2, another prominent broad peak is 
observed at ca. 24.5°, which is attributed to the amor-
phous carbon contained in this sample (Fig. S2b).

Figure 1b exhibits the Raman spectra of the nanofi-
brous carbon@SnO2@MoO2 composites derived 
from natural cellulose substances. It is observed that 
all the Raman spectra of the samples displayed two 
typical peaks of carbon species, which are a weak 
D-band at ca. 1360  cm−1 and a strong G-band at 
ca. 1592  cm−1, corresponding to the defect-induced 
disordered structures of carbon and the in-plane car-
bon–carbon stretching vibrations [57–59], respec-
tively. The IG/ID value of all the nanocomposites was 
calculated to be about 1.20. For the control sample 
carbon − 23%/MoO2 (Fig.  S2c), similar Raman sig-
nals of carbon were detected, and the IG/ID ratio was 
1.33. The lower IG/ID value of the carbon@SnO2@
MoO2 composites indicates a more disordered car-
bon structure contained in this composite, which is 
due to the distribution of the SnO2 and MoO2 nano-
particles on the surfaces of the carbon nanofibers, 
resulting in more lattice defects of the carbon. These 
results reveal that the carbon species contained in 
these nanocomposites are relatively disordered in the 
structure, which is in good accordance with the XRD 
examinations.

Template-based LbL self-assemble approach 
is well known as a facile and effective bottom-up 
strategy for the fabrication of functional nanoma-
terials as replicas of the initial template substances 
[60]. As demonstrated by the electron micrographs 
in Fig.  2, the current nanofibrous carbon − 10%/
SnO2 − 20%/MoO2 composite appears to be a bulky 
black sheet (Fig.  2a, inset), which contains a hier-
archical microfiber structure, and each microfiber 
is composed of assemblies of three-dimensionally 
cross-linked nanofibers with the external diameters 

varied from ten to hundreds of nanometers (Fig. 2a). 
This unique, hierarchically multi-level morphol-
ogy was obviously inherited from the original cel-
lulose scaffold. And a high-magnification SEM 
image displayed in Fig.  2b  shows the nanofibers 
are coated uniformly with fine nanoparticles. The 
TEM image of an individual composite nanofiber of 
this sample clearly reveals the core–shell structure 
with cellulose-derived carbon nanofiber as the core 
and tin oxide and molybdenum oxide nanoparticles 
anchored as the shell layer on the surface, and the 
thickness of the shell layer is about 61 nm (Fig. 2c). 
Since the relative atomic weight of Sn and Mo is 
close, it is difficult to distinguish the SnO2 layer and 
MoO2 layer only through TEM measurements. A 
high-resolution (HR)-TEM micrograph of the car-
bon − 10%/SnO2 − 20%/MoO2 composite nanofiber 
surface displayed in Fig.  2d  reveals the diameters 
of the SnO2 and MoO2 nanoparticles are about 5 
and 6  nm, respectively; and the lattice spacing of 
0.343 and 0.335 nm are consistent with the (− 111) 
plane of the monoclinic MoO2 [37], and the (110) 
plane of the rutile SnO2 phase [2], respectively. 
The corresponding selected area electron diffrac-
tion (SAED) pattern contains a series of concentric 
circles (Fig.  2e), which reveals the polycrystalline 
features of the metal oxides in this composite, and 
the diffraction rings from the inside out are assigned 
to the MoO2 (− 111), MoO2 (200), MoO2 (− 312), 
and SnO2 (112), respectively. The elemental dis-
tribution of the carbon − 10%/SnO2 − 20%/MoO2 
composite nanofiber was further evaluated by EDX 
measurement, showing the signals of molybdenum, 
tin, and oxygen elements, which are distributed 
homogeneously along the carbon nanofiber core 
(Fig.  2f). In addition, the Mo signals distributed 
over the external edges of the nanofiber is stronger 
than that of Sn, indicating the SnO2 layer is sand-
wiched between the core carbon nanofiber and the 
outer MoO2 coating layer.

As for the carbon − 13%/SnO2 − 4%/MoO2 and car-
bon − 13%/SnO2 − 12%/MoO2 nanocomposites, similar 
hierarchically nanofibrous structures were observed, 
and the corresponding thickness of the coating layer on 
the carbon nanofiber surface was measured to be ca. 22 
and 39 nm (Figs. S3 and 4), respectively. The control 
sample carbon − 23%/MoO2 also contains intercon-
nected porous carbon nanofibers with MoO2 nanopar-
ticles randomly dispersed on the surfaces (Figs.  S5a, 
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b). As compared with the carbon@SnO2@MoO2 com-
posites fabricated by the LbL self-assembled method, 
the MoO2 nanoparticles obtained by the impreg-
nation method appeared to be aggregated to some 
extent, therefore, the particle size is enlarged to be ca. 
18  nm (Fig.  S5c). As being utilized as anodic mate-
rial for LIBs, the hierarchical network structures, small 
MoO2 crystallite sizes, as well as the synergistic effect 
between MoO2, SnO2, and the porous carbon nanofiber 
held by the current carbon@SnO2@MoO2 compos-
ites, are expected to facilitate the Li ions and electrons 
transfer as well as alleviate the serious volume varia-
tion and agglomeration of the active particles upon the 
repeated discharge/charge processes, thus resulting in 
the enhanced lithium storage performances.

X-ray photoelectron spectroscopy (XPS) was 
applied to determine the oxidation state of molybde-
num and tin elements contained in the carbon − 10%/
SnO2 − 20%/MoO2 nanocomposite, and the whole 
spectrum of which validates the presence of molyb-
denum, tin, oxygen, and carbon elements (Fig.  3a). 
The high-resolution Mo 3d XPS spectrum of the sam-
ple (Fig. 3b) shows a doublet peak centered at 229.9 
and 233.1  eV, with a typical spin energy separation 
of 3.2 eV, which are assigned to the Mo 3d5/2 and Mo 
3d3/2 signals of molybdenum in the tetravalent state 
[48]. In addition, no signal from Mo6+ is observed in 
this spectrum, confirming the initial POM cluster was 
completely transformed into MoO2 by the heating 
treatment. For the Sn 3d region (Fig. 3c), the peaks 

Fig. 2   Electron micro-
graphs of the hierarchical 
nanofibrous carbon − 10%/
SnO2 − 20%/MoO2 compos-
ite derived from com-
mercial filter paper, where 
the deposition cycles of 
(PDDA/POM) bilayers by 
the LbL self-assembly pro-
cess were repeated 15 times 
to fabricate the sample. a 
FE-SEM overview image 
of one microfiber com-
posed by the sample. The 
inset is a photograph of the 
bulky material; b FE-SEM 
close view micrograph of 
the sample, displaying the 
nanofiber assemblies; c 
TEM image of an indi-
vidual composite nanofiber 
of the sample; d HR-TEM 
micrograph and the cor-
responding e selected area 
electron diffraction (SAED) 
pattern of the compos-
ite nanofiber surface, 
confirming the presence 
of monoclinic MoO2 and 
rutile SnO2 phases; f energy 
dispersive X-ray (EDX) 
elemental maps of an indi-
vidual composite nanofiber 
of the sample, showing the 
distribution of molyb-
denum, tin, carbon, and 
oxygen elements contained 
therein
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of Sn 3d5/2 and Sn 3d3/2 are located at 486.5 and 
495.0  eV, respectively, and the 8.5  eV peak separa-
tion of which indicates the existence of Sn4+ in the 
nanocomposite [54]. Figure 3d presents the HR-XPS 
spectrum of the O1s region, and it is deconvoluted 
into three peaks: the one at 530.1 eV is correspond-
ing to the lattice oxygen of Mo − O and Sn − O bonds 
formed in MoO2 and SnO2 [61, 62]; the other at 
531.5 eV is ascribed to the O2– species bonded with 
C atoms in the porous carbon nanofiber derived from 
natural cellulose substance [27], and the third one 
located at 533.3  eV is related to the chemisorbed 
water [63], respectively. The deconvoluted C 1  s 
spectrum (Fig.  3e) reveals two carbon components, 
the peak at 284.5  eV is indexed to the C − C bond 
arising from the aromatization reaction of cellulose 
during carbonization treatment [64], and the peak at 

285.2  eV is related to C − O group stemming from 
small residual oxygenated functional groups upon 
carbonization of cellulose [58]. These results dem-
onstrate the formation of the carbon@SnO2@MoO2 
hybrid, which are in good accordance with the XRD, 
Raman, and HR-TEM results discussed above.

Figure  3f  represents the nitrogen adsorption–des-
orption isotherm and the pore-size distribution of 
the nanofibrous carbon − 10%/SnO2 − 20%/MoO2 
composite. It is seen that the isotherm is classified 
as type IV with an H2-type hysteresis loop based on 
the IUPAC classification, demonstrating the exist-
ence of mesoporous and three-dimensional network 
structure in this composite [64]. Moreover, the des-
orption branch of the isotherm was not closed in the 
low-pressure regions, which is caused by the irregu-
lar nanopores contained in the carbon nanofibers of 

Fig. 3   XPS general spec-
trum (a); high-resolution 
XPS spectra of Mo(3 d) 
(b), Sn (3 d) (c), O (1 s) 
(d), C (1 s) (e) regions, and 
nitrogen adsorption–desorp-
tion isotherm as well as the 
pore size distribution profile 
(f) of the nanofibrous 
carbon − 10%/SnO2 − 20%/
MoO2 composite
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this composite [65, 66]. The pore size distribution is 
mainly centered at 3.88 nm, and the total pore volume 
as well as the BET-specific surface area are measured 
to be 0.03 cm3  g−1 and 74.5 cm2  g−1, respectively. 
These results reveal that the mesopores existed in the 
carbon − 10%/SnO2 − 20%/MoO2 composite, which 
would promote the electrode/electrolyte contact and 
shorten the diffusion length for Li-ions, thus resulting 
in an improved lithium storage behavior.

Electrochemical properties

As described above, the bio-inspired hierarchically 
three-dimensional network structures, small size 
of the metal oxide nanoparticles, and the effec-
tive synergistic interaction of the carbon nanofiber, 
SnO2, and MoO2 components possessed by the pre-
sent nanofibrous carbon@SnO2@MoO2 composites 
would be beneficial for the enhanced electrochemi-
cal performances as being employed as anodic 
materials for LIBs. Figure  4a  displays the cyclic 
voltammetry (CV) curves of the carbon − 10%/
SnO2 − 20%/MoO2 composite anode for the ini-
tial four cycles at a scan rate of 0.2 mV s−1 in the 
potential range of 0.01 − 3.0  V vs. Li/Li+. In the 
first cathodic sweep process of the sample, the two 
reduction peaks that appeared at 1.21 and 1.53  V 
are attributed to the phase transition of partially 
lithiated LixMoO2 from monoclinic to orthorhom-
bic phase and from orthorhombic to monoclinic 
phase, respectively [34, 67]. And the peak at 
0.74  V is caused by the insertion of Li ions into 
SnO2 to yield metallic Sn and amorphous Li2O 
[68], as well as the formation of solid electrolyte 
interface (SEI) films [50]. The strong cathodic 
peak at about 0.02 V is corresponding to the con-
version reaction from LixMoO2 to metallic Mo and 
Li2O [69], as well as lithiation of Sn to form the 
LixSn alloy [68]. The related electrochemical reac-
tions are given as follows [31, 70]:
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In the first anodic sweep process, the revers-
ible oxidation peak at 0.53 V is assigned to the del-
ithiation process of the LixSn alloy [53, 54], and the 
anodic peaks at 1.28 and 1.70  V are related to the 
generation of tin oxide due to the partial recombi-
nation reaction between metallic Sn and Li2O [53], 
as well as the reversible phase transition process 
(monoclinic − orthorhombic − monoclinic) for the 
removal of Li-ions to give MoO2 [31]. From the sec-
ond cycle onward, the three pairs of the redox peaks 
at 0.02/0.53, 1.12/1.31, and 1.58/1.70 V are observed; 
the first one involves the highly reversible alloying/
de-alloying process of metallic Sn [54] and the con-
version reaction of LixMoO2 to metallic Mo [69]. 
The other two correspond to the reversible conver-
sion of LixMoO2 and MoO2 caused by the lithiation/
delithiation process [34, 67], respectively. Moreo-
ver, other redox peaks that appeared at 0.91/1.21  V 
are caused by the lithiation/delithiation of carbon 
species derived from cellulose substance [54]. The 
overlapped CV profiles after the first cycle indicate 
the good electrochemical reversibility and cyclabil-
ity of the nanocomposite in the following lithium 
insertion/extraction processes. For the cellulose, 
substance derived carbon − 13%/SnO2 − 12%/MoO2, 
carbon − 13%/SnO2 − 4%/MoO2, and carbon − 23%/
MoO2 composites, similar CV features were observed 
(Fig.  S6), except that the redox peaks intensity of 
0.02/0.53  V became weaker owing to the decreased 
SnO2 contents.

Figure  4b  displays the galvanostatic discharge/
charge (GDC) voltage profiles of the nanofibrous car-
bon−10%/SnO2−20%/MoO2 composite electrode in 
the 1st, 2nd, 10th, 20th, and 50th cycles at a constant 
current rate of 100 mA g−1 between 0.01 and 3.0 V 
vs. Li/Li+. During the first lithiation process, a small 
potential plateau at ca. 1.24 V is caused by the phase 
transition related to the generation of the LixMoO2 
phase (Eqs.  1,2) [34, 67]. The slope that appeared 
at 1.0−0.5 V is assigned to the lithiation process of 
SnO2 yielding metallic Sn and Li2O phase (Eq.  4) 
[68], as well as the formation of the LixC phase [54] 
and SEI films [50]. The long plateau below 0.40 V 
is caused by the conversion reaction of LixMoO2 to 

(4)SnO
2
+ 4 Li

+
+ 4 e

−
→ Sn + Li

2
O

(5)Sn + xLi
+
+ x e

−
↔ Li

x
Sn (0 ≤ x ≤ 4.4)
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produce metallic Mo and Li2O matrix (Eq. 3) as well 
as the alloying process of Sn (Eq.  5) [68, 69]. All 
the potential plateaus agree well with the CV results 
described above. The initial discharge and charge 
capacities of this composite are 1170.3 and 732.1 
mAh g−1, respectively, with a Coulombic efficiency 
of 62.6%. The low Coulombic efficiency obtained in 
the first cycle is common for the metal oxide-based 
electrodes, which is mainly attributed to the irre-
versible electrochemical processes such as decom-
position of organic electrolyte to form excessive SEI 
films coated on the surfaces of the active species and 
partial Li-ions trapped inside the crystalline lattices 

of the metal oxide, as well as the irreversible reduc-
tion of SnO2 [71, 72]. The Coulombic efficiency was 
increased to 94.4% in the second cycle and continu-
ally increased to be 97.9% after five cycles. In addi-
tion, the GDC profiles were similar to those obtained 
from the second cycle, indicating a good cycling 
stability of this composite anode; and the discharge 
capacity of the sample decreased to be 609.3 mAh g−1 
after 50 cycles, and the capacity retention is 82.9% 
according to the 50th/2nd discharge values. As for 
the carbon−13%/SnO2−4%/MoO2 and carbon−13%/
SnO2−12%/MoO2 nanocomposites (Fig.  S7a, b), 
the GDC voltage curves are similar to that of the 

Fig. 4   Electrochemical performances of the carbon@SnO2@
MoO2 nanocomposite utilized as anodic material for LIBs, 
the sample was synthesized with 15 cycles of (PDDA/POM) 
bilayers deposited onto SnO2-gel precoated cellulose nanofiber 
surface (sample carbon − 10%/SnO2 − 20%/MoO2) unless 
otherwise stated. a Cyclic voltammetry curves of the sample 
scanned at 0.2  mV  s−1 within the potential window of 0.01–
3.0  V vs. Li/Li+; b galvanostatic charge/discharge profiles of 
the sample at the 1st, 2nd, 10th, 20th, and 50th cycles meas-

ured at a constant current rate of 100  mA  g−1 between 0.01 
and 3.0  V; c galvanostatic discharge cycling performances of 
the carbon@SnO2@MoO2 nanocomposites with varied MoO2 
contents and carbon–23%/MoO2 hybrid cycled at a current rate 
of 100  mA  g−1, as well as Coulombic efficiency of the car-
bon − 10%/SnO2 − 20%/MoO2 composite; d rate capabilities of 
the corresponding materials from the second cycle at different 
current densities
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carbon−10%/SnO2−20%/MoO2 composite, and the 
initial discharge/charge capacities are 1111.3/652.1 
and 1016.6/565.5 mAh g−1, respectively. Further-
more, the discharge capacities of these two samples 
slowly decreased in the following cycles and reached 
560.8 and 485.2 mAh g−1 at the 50th cycle. For the 
control carbon−23%/MoO2 composite (Fig.  S7c), 
both the discharge and charge voltage plateaus are 
compliant with the lithiation/delithiation features of 
MoO2 and carbon species derived from the carboniza-
tion of cellulose. The first cycle discharge capacity is 
1038.9 mAh g−1 with the corresponding Coulombic 
efficiency of 45.8 %, and the specific capacity faded 
quickly in the initial ten cycles and gradually down to 
401.5 mAh g−1 after 50 discharge/charge cycles.

Figure  4c  depicts the galvanostatic discharge 
cycling performances of the cellulose substance 
derived carbon@SnO2@MoO2 and carbon−23%/
MoO2 composites measured at a current density of 
100 mA g−1 over the potential window of 0.01−3.0 V. 
For the nanofibrous carbon−10%/SnO2−20%/MoO2 
anode, the specific capacity of it decayed quickly in 
the first ten cycles from 1170.3 to 656.9 mAh g−1, and 
then maintained a relatively stable state with a Cou-
lombic efficiency higher than 98.5%. After 100 dis-
charge/charge processes, the reversible capacity of the 
composite was restored to 608.1 mAh g−1; this value 
is readily acceptant for this carbon−10%/SnO2−20%/
MoO2 composite with relatively low contents of SnO2 
(10%) and MoO2 (20%). The capacity delivered by 
the present composite is calculated as follows:

Since the theoretical reversible capacities of car-
bon, MoO2, and SnO2 are 372, 838, and 782 mAh g−1, 
respectively [34, 53], and the corresponding mass frac-
tion of each component is 70, 20, and 10 wt.%, respec-
tively, the theoretical reversible capacity of this compos-
ite was calculated to be 506.2 mAh g−1, which is lower 
than the experimental value of 608.1 mAh g−1. This is 
ascribed to the hierarchical three-dimensional net-work 
structures as well as the synergistic effect between car-
bon, SnO2, and MoO2 components possessed by the 
composite. The unique multi-level nanostructure of the 
composite facilitates high Li-ion flux across the inter-
face, shortens the transmission path for both Li ions and 
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electrons, and provides abundant active sites for lithium 
accommodation. The main active components of SnO2 
and MoO2 predominately contribute to the high lithium 
storage capacity, and the filter paper-derived carbon 
nanofibers not only improve the electro-conductivity of 
the composite but also act as buffer matrix, relaxing the 
serious volume variation and preventing the agglomera-
tion of the SnO2 and MoO2 nanoparticles upon repeated 
lithiation/delithiation processes. Besides, the metallic 
Mo and Sn formed in the discharge process serve as 
the physical adsorption sites for Li ions and participate 
in the lithiation reaction, thus contributing to the addi-
tional capacity [73]. Moreover, the Li2O phase formed 
also works as a buffer matrix for Mo and Sn to relax 
the volume change to some extent, thus giving a high 
practical capacity.

As compared with some preceding reports on 
MoO2/C and SnO2/C anodic materials, the current 
nanofibrous carbon − 10%/SnO2 − 20%/MoO2 compos-
ite possesses a superior lithium storage performance. 
For instance, the carbon-coated MoO2 nanofibers pre-
pared by an electrospinning method combined with 
controlled air-stabilization and reduction-carbonization 
released a specific capacity of 582.7 mAh g−1 after 50 
discharge/charge cycles at a current rate of 100 mA g−1 
[74], and the MoO2/C hybrid with ultrafine MoO2 nano-
particles homogeneously distributed in a carbon matrix 
fabricated by the impregnation-reduction-carbonization 
route gave a capacity of ca. 550 mAh g−1 after 50 cycles 
at the same current rate [75]. Furthermore, the discharge 
capacity of the carbon − 10%/SnO2 − 20%/MoO2 com-
posite was 475.3 mAh g−1 cycled at a higher current 
density of 500 mA g−1 (as displayed below), which was 
higher than that of the cotton/rGO/carbon-coated SnO2 
nanoparticle-composites prepared by an impregnation-
hydrothermal route combined with carbonization treat-
ment (361.1 mAh g−1 at 400 mA g−1) [76]. It is obvious 
that the current nanofibrous carbon − 10%/SnO2 − 20%/
MoO2 composite displays excellent lithium storage 
behavior.

As for the carbon − 13%/SnO2 − 4%/MoO2 and car-
bon − 13%/SnO2 − 12%/MoO2 nanocomposites, similar 
stable discharge cycling capabilities were obtained, and 
the discharge capacities after 100 cycles remained at 
572.2 and 521.8 mAh g−1, respectively, which are lower 
than those of the carbon − 10%/SnO2 − 20%/MoO2 hybrid 
due to the lower MoO2 contents contained therein, reveal-
ing that higher MoO2 content in the composite would 
contribute to the better electrochemical performance.
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For the control sample carbon − 23%/MoO2, dra-
matic capacity decaying occurred in the initial ten 
cycles, where the corresponding discharge capac-
ity declined to 411.8 mAh g−1 at the 100th cycle, 
which is still higher than the theoretical capacity of 
the graphite-based anode. Compared with the car-
bon − 23%/MoO2, the enhanced cycling stability 
of the carbon@SnO2@MoO2 hybrid benefits from 
its unique hierarchically multi-level nanostructure, 
which offers a high surface area for facilitating the 
electrode–electrolyte contact. Moreover, the nanofi-
brous carbon core uniformly coated with SnO2 and 
MoO2 layer works as a buffer matrix to effectively 
accommodate the drastic volume change and restrain 
the agglomeration of the active components during 

the cycling, thus maintaining the structural integrity 
of the anodic material upon cycling and resulting in 
improved cycling performance.

Figure 4d  shows the rate capabilities of the nanofi-
brous carbon@SnO2@MoO2 and carbon − 23%/MoO2 
composites under various current densities. It is seen 
that the carbon − 10%/SnO2 − 20%/MoO2 composite 
presented the best rate performance, and the discharge 
capacities of which were retained at 670.7, 585.8, 475.3, 
375.6, and 261.5 mAh g−1 at the current rates of 100, 
200, 500, 1000, and 2000 mA  g−1, respectively. Once 
the current was switched back to 100 mA g−1, the spe-
cific capacity recovered to 614.7 mAh g−1, and kept 
stable in the following cycles. The capacity retention 
is 85.1% based on the 2nd capacity value. The good 

Fig. 5   Electron micro-
graphs of the carbon − 10%/
SnO2 − 20%/MoO2 com-
posite utilized as anodic 
material for LIBs after 100 
discharge/charge cycles. 
a,b FE-SEM images of 
the sample, revealing the 
structural integrity of 
the composite; c TEM 
micrograph of an indi-
vidual composite nanofiber 
isolated from the sample; 
d,e HR-TEM images and 
relevant f SAED pattern 
of the composite nanofiber 
surface, demonstrating the 
crystalline nature of molyb-
denum dioxide and tin 
oxide species have partially 
remained
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capacity recovery capability is profited from the unique 
hierarchical nanostructure of the composite as well as 
the effective synergistic effect between each component 
contained therein. As for the carbon − 13%/SnO2 − 4%/
MoO2 and carbon − 13%/SnO2 − 12%/MoO2 compos-
ites, the corresponding capacities were lower than that of 
the carbon − 10%/SnO2 − 20%/MoO2 sample, revealing 
the higher MoO2 content in the carbon@SnO2@MoO2 
composites contribute to the good rate performance and 
improved specific capacity. While for the control sample 
carbon − 23%/MoO2, the specific capacity faded sharply 
in the first ten cycles, and declined to 134.3 mAh g−1 
when the current rate increased to 2000 mA g−1. In addi-
tion, it is noteworthy that although the capacities of all 
the samples gradually declined along with the increment 
of the current density, the cycling stabilities even under 
high currents were still satisfactory due to the presence 
of the carbon nanofibers to maintain the structural integ-
rity of composite electrode upon the repeated discharge/
charge cycling processes. And the structural integrity of 
the nanofibrous carbon − 10%/SnO2 − 20%/MoO2 com-
posite after 100 cycling processes was further exam-
ined by the electron microscope measurements. The 
FE-SEM micrograph of this nanocomposite reveals the 
original hierarchically nanofibrous structure was still 
maintained and no obvious crack/fracture was observed 
(Fig. 5a). TEM image of the sample also confirms the 
integrity of the initial core–shell structure in the com-
posite. Moreover, it is clearly seen that the excessive SEI 
films are coated on the active species surface due to the 
long-term discharge/charge cycles (Fig. 5b). The poly-
crystalline nature of the MoO2 and SnO2 were partially 
retained, as demonstrated by HR-TEM examinations 
(Figs. 5c − e). The good structural stability of the sample 
is attributed to the cellulose substance derived carbon 
nanofibers, which effectively relax the drastic volume 
change of the MoO2 and SnO2 nanoparticles upon the 
repeated lithiation/delithiation processes, resulting in 
the good capacity maintainability of the carbon − 10%/
SnO2 − 20%/MoO2 anode.

Conclusion

In summary, a new hierarchically nanofibrous car-
bon@SnO2@MoO2 composite was synthesized by 
the LbL self-assembly of POM/PDDA  double lay-
ers on the SnO2-gel precoated cellulose nanofibers 
of bulk cellulose substance (ordinary filter paper), 

followed by carbonization treatment. The resultant 
composite duplicated the sophisticated three-dimen-
sional network morphologies and the macro-to-nano 
structural characters of the original cellulose sub-
stance. It was composed of SnO2 thin layer coated 
carbon nanofibers with MoO2 nanoparticles immo-
bilized as the outer coating layer on the outmost sur-
faces. When utilized as an anodic material for LIBs, 
the composite exhibited enhanced lithium storage 
properties in terms of high specific capacity, excel-
lent cycling stability, and good rate performance. 
This is attributed to the attractive structural advan-
tages of the composite and the effective synergis-
tic interaction between MoO2, SnO2, and carbon 
nanofiber contained therein, which promote the elec-
trolyte/active species contact, facilitate the Li-ions 
and electrons transfer, as well as buffer the severe 
volume change of MoO2 and SnO2 components 
upon the repeated lithiation/delithiation processes. 
Biomimetic synthesis combined with the LbL self-
assemble technique shed new light on the design and 
development of novel nanoarchitectonics for energy-
related purposes, especially for high-performance 
electrode materials with fascinating structures inher-
ited from the natural substances and the specific 
functionalities of the guest species.
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