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a b s t r a c t

Anode SnO2 in lithium-ion batteries suffers from volume expansion and agglomeration. Here, the SnO2

nanoparticles are hybrided with ZrO2 particles by the support of carbon nanotube networks. The ob-

tained SnO2/C/ZrO2 composite shows improved electrochemical performances. Investigations reveal that

the carbon nanotubes shorten the transmission path of electrons and Li+ ions. Ball milling with ZrO2 pro-

motes the formation of nanosized SnO2 to weaken the internal strain change, being beneficial to buffering

volume change during electrochemical cycling afterwards. High-resolution 6,7Li NMR investigations indi-

cate that conversion and alloying reactions are stepwise involved for SnO2/C/ZrO2 anode. The strategy of

designing SnO2/C/ZrO2 composite from the morphology-controlled metal-organic frameworks for energy

storage widens the possibility to fabricate promising materials with enhanced performances.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have been widely employed as

large-scale energy storage and rechargeable electrical devices with

merits of lightweight, high energy density, large operating volt-

age window, and long-term cycling [1]. Among all anode materials,

graphite is primarily used as an anode in commercial LIBs because

of its long-term cycling durability and low cost. However, it is still

suffered from the low theoretical specific capacity (372 mAh/g) and

inferior rate capability [2,3]. Tremendous efforts have been devoted

to developing suitable anode materials with satisfied electrochemi-

cal performances. Tin(Sn)-based oxide materials have been demon-

strated as potential anodes to substitute for graphite due to their

appealing features, such as low cost and large theoretical specific

capacity (993 mAh/g) [4,5]. The direct use of SnO2 as anode mate-

rial in the process of dis-/charge for LIBs suffers from volume ex-

pansion and poor electronic conductivity [6,7]. A reliable method is

reducing material size to nanoscale, which can reduce mechanical

stress of each particle and inhibit the tendency of cracks. Recently,
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metal-organic frameworks (MOFs) could be a promising template

to fabricate nanomaterials for LIBs [8,9], and Sn-based oxide ma-

terials (e.g., SnO2) derived from MOFs exhibit tangible reversible

capacities and rate capabilities [10,11]. Even then, many issues of

such materials are still unsolved: (1) The capacity decays quickly

because of agglomeration during the process of dis-/charge; (2)

The poor electron and ion migration kinetics caused by the at-

tribute of oxide. To address the above problems, compositing the

electrode material with carbon is a typical method to buffer vol-

ume variation and prevent agglomeration of the SnO2 [12,13]. At

the same time, carbon or carbon nanotubes (CNTs) can also work

as conductive channels between the SnO2 and the fluid collector,

resulting in stabilized structure and increased electronic conduc-

tivity. Li et al. anchored SnO2 to CNTs to deliver high reversible

capacity for LIBs. However, the CNTs tend to stack on each other

during electrochemical cycling [14,15]. Of all metal oxides, ZrO2

is a widely investigated material in energy field due to its excel-

lent mechanical strength and stability at a variety of temperatures.

But it is prohibited from large-scale use due to poor electronic

conductivity alone [16]. Therefore, an effective and feasible strat-

egy is to carefully combine merits of each part to work together

[17,18].
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Herein, we demonstrate an anode with a hybrid structure,

in which ultrasmall SnO2 and ZrO2 nanoparticles are uniformly

anchored onto carbon nanotubes (denoted as SnO2/C/ZrO2). The

nanosized SnO2 structures with large surface areas derived from

MOFs can not only relax the volume change for electrodes but also

provide abundant sites to store lithium and sufficient electrode-

electrolyte contact area for electrochemical reactions. At the same

time, it could shorten the diffusion length of Li ions/electrons to

accelerate electrochemical kinetics. ZrO2 nanoparticles are suitable

for ion circulation, electron transport improvement, and auxiliary

agents. Moreover, the interaction of the two materials and CNTs

inhibits the agglomeration and fragmentation of SnO2, thereby

slowing the volume expansion during cycling. The SnO2 and ZrO2

nanoparticles inhibit the accumulation of CNTs. Thus, the compos-

ite material exhibits excellent electrochemical performance.

Figs. S1 and S2 (Supporting information) show the structural

characterization of the material. After the subsequent annealing of

Sn-MOF, the pure SnO2 (PDF #77-0447) is successfully obtained

with decreased particle size deduced from the wider diffraction

peak (Fig. S1a) [16]. Then after ball milling, the final product

contains SnO2 and ZrO2 (PDF #72-1669). The diffraction peak is

broader than that of pure SnO2. Three characteristic XRD peaks at

26.6°, 33.9° and 51.7° could be well assigned to (110), (101) and

(211) planes of SnO2, the residual peaks at 28.17°, 40.71°, 44.85°,
50.14° and 31.42° reign from the (1̄11), (2̄11), (112), (220) and (111)

planes of ZrO2, respectively [19,20]. XRD pattern (Fig. S1) indicates

that the high purity of the product and the particle size of the

SnO2 became smaller after ball milling with ZrO2. In addition, all

the diffraction peaks of Sn-MOF match well with the standard pat-

terns from previously reported literature (Fig. S2) [21,22].

X-ray photoelectron spectroscopy (XPS) reveals the elemental

composition and surface chemical state. The XPS survey spectrum

(Fig. S2) confirms the coexistence of Sn, C, Zr and O elements in

SnO2/C/ZrO2 composite. As shown in Fig. S1b, the two intensive

peaks at 495.5 and 486.4 eV associated with Sn4+ of SnO2 are

assigned to Sn 3d3/2 and Sn 3d5/2, respectively [23,24]. For C 1s

spectrum (Fig. S1c), the peak at 284.8 eV is corresponding to sp2-

hydridized C-C/C=C, other two peaks at 285.7 and 290.3 eV are

attributed to C-O and O-C=O, respectively [9,25]. The C-C bond is

attributed to CNTs. The Zr 3d spectrum (Fig. S1d) shows two strong

peaks with binding energy values of 182.98 and 185.31 eV, which

are attributed to Zr 3d5/2 and Zr 3d3/2 of Zr4+ in composite [16,26].

According to Fig. S1e, the O 1s XPS spectrum shows two peaks, lo-

cated at 530.8 and 532.4 eV, indicating the existence of O-M (M is

metal) and C-O bond.

Thermogravimetric (TG) analysis under air is performed to

check the stability and to determine the weight ratio of CNTs in

SnO2/C/ZrO2. As the temperature increases to 400 °C, the mass

of the composite begins to decrease (Fig. S1f) and keeps constant

when the temperature reaches 670 °C or even higher, yielding

about 15 wt% of CNTs in SnO2/C/ZrO2 [27]. This result agrees well

with the ratio of the precursor mixture. TG under air is also con-

ducted to ascertain the weight ratio of SnO2, which is obtained by

annealing Sn-MOF under air. As shown in Fig. S2, the slight de-

crease in weight is probably due to the moisture absorbed on the

surface and a small amount of C layer from the Sn-MOF. Further-

more, the C in the composite was tested by using Raman spec-

troscopy. As displayed in Fig. S2, the characteristic carbon peak at

1340.22 cm−1 is indexed as D band from sp2 carbons with defects,

and 1573.93 cm−1 of G band corresponds to the vibration of planar

sp2 configured carbon atoms. The signal intensity ratio (ID/IG) was

found to be 0.85 for the SnO2/C/ZrO2 composite, which is higher

than that for the SnO2/C composite (ID/IG ≈ 0.60). This difference

in ID/IG is attributed to the presence of the defects induced by ball

milling with ZrO2 and C, accompanied by the electronic interaction

between nanoparticles and CNTs [14].

Fig. 1. (a–c) TEM images of SnO2/C/ZrO2. (d, e) High-resolution TEM images of

SnO2/C/ZrO2. (f) SEM images, (g) SEM images and element mapping images of

SnO2/C/ZrO2.

High-resolution transmission electron microscopy (HRTEM) im-

ages confirm the well-defined nanostructure of the SnO2/C/ZrO2.

Figs. 1a–c reveal that SnO2 shows circular morphology with nar-

row distribution for particle size. The morphology of ZrO2 is rel-

atively irregular and uniformly distributed on the surface of car-

bon nanotubes without agglomeration. The magnified TEM images

(Figs. 1b and c) further clearly show that SnO2 and ZrO2 are ran-

domly anchored on the CNTs. More detail can be referred to in Fig.

S3 (Supporting information), from which the size of SnO2 in the

SnO2/C composite is much larger than that of SnO2/C/ZrO2. This is

possibly attributed to two reasons: (1) The nanosized ZrO2 could

improve the refinement of SnO2 particles for smaller size during

ball milling; (2) The carbon nanotube, ZrO2 and SnO2 nanoparti-

cles are mixed uniformly to prevent SnO2 from agglomeration. In

addition, the introduction of ZrO2 also keeps the C nanotube from

the stack for structural stability. HRTEM images of SnO2/C/ZrO2 ex-

hibit visible lattice fringes with the distinct d-spacing of 0.364 nm

identified as (110) planes of SnO2, and 0.103 nm indexed to the

(2̄42) plane of ZrO2 (Figs. 1d and e) [16,28]. The results here are

consistent with the XRD results, and corresponding to the cause of

diffraction peak width. Sn-MOF, which was synthesised at 50 °C,
followed by annealing to obtain the product SnO2. Their morpholo-

gies and structures are tracked by XRD (Figs. S2a and b) and SEM

(Figs. S4a–d in Supporting information). SnO2 precursor exhibits

uniform cubic morphology and smooth surface. SnO2 presents a

cube made of a frame of coarse particles structure with an aver-

age size of ∼100 nm, Energy-dispersive X-ray spectroscopy (EDS)

shows that SnO2 contains elements of Sn, O (Figs. S4e–h in Sup-

porting information). After the ball milling with ZrO2 and CNTs,

field emission scanning electron microscopy (FESEM) images (Figs.

1f and g) display that SnO2/C/ZrO2 exhibits irregular morphol-

ogy with a size of ∼1 μm. EDS elemental mapping images of

SnO2/C/ZrO2 show the distribution of Sn, O, C and Zr elements.

As shown in Fig. 2a, typical cycle voltammetry (CV) curves at

a scan rate of 0.1 mV/s show the lithium storage behavior of the

SnO2/C/ZrO2 electrode. In the first cathodic cycling, a small reduc-

tion peak at around 1.08 V is assigned to the conversion of SnO2 to

Sn and Li2O (reaction 1) [29,30], the subsequent small peak at 0.24

V corresponds to the alloying reaction between Li and Sn (reaction

2) [31]. An irreversible peak at 0.74 V is ascribed to the formation

of a solid electrolyte interface (SEI) layer on the active material sur-

face [32], and the peak at 0.01 V is assigned to the intercalation

of Li+ into CNTs [33–35]. During the anodic scan, a set of peaks
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Fig. 2. Electrochemical performance of SnO2/C/ZrO2 electrode for lithium storage. (a) CV curves at a scan rate of 0.1 mV/s. (b) Dis-/charge in the voltage range of 0.01-

3.0 V at a current density of 0.1 A/g. (c) Cycling performance of SnO2/C/ZrO2, SnO2/C and SnO2 electrodes at the current density of 0.1 A/g. (d) Rate capacity at various

current densities. (e) Initial dis-/charge cycle at 0.1, 0.2, 0.5, 1 and 2 A/g, respectively. (f) Long-term cycling performance at a current density of 1 A/g and the corresponding

Coulombic efficiency of SnO2/C/ZrO2 electrode. (g) CV curves at different scan rates. (h) The corresponding plots log(i) versus log(ν) at each redox peak. (i) Contribution ratio

of capacitive at various scan rates.

around 0.14 V related to the deintercalation process of Li+ from C,

an oxidation peak at 0.56 V is deemed to de-alloy from LixSn to

Sn, and the other broad oxidation peaks at 1.29 and 1.82 V con-

firm the reverse evolution of Sn into SnO2 [29]. The above results

are similar to the mechanism of SnO2/C and SnO2 electrodes (Fig.

S5 in Supporting information). From the second and third cathodic

scans onward, two peaks at around 1.2 and 0.26 V are detected,

which are assigned to the formation of Li2O and LixSn, respectively.

Two small peaks at 0.76 and 0.57 V correspond to the formation

of Sn. The following oxidation peak at 0.54 V is supposed to de-

alloy reaction, and the broad oxidation peaks at 1.31 and 1.82 V

are attributed to the oxidation of Sn to SnO2 [36,37]. Meanwhile,

the second and the third CV curves nearly overlap with each other,

which indicate a good electrochemical reaction during repeated Li+

insertion-extraction. The related reactions can be described as fol-

lows:

SnO2 + 4Li+ + 4e− → Sn + 2Li2O (1)

Sn + xLi+ + xe− ↔ LixSn(0 ≤ x ≤ 4.4) (2)

Fig. 2b shows the representative dis-/charge profiles of the

SnO2/C/ZrO2 electrode at a current density of 0.1 A/g. The

SnO2/C/ZrO2 electrode delivers initial discharge and charge capac-

ities of 1416.3 and 901.6 mAh/g, respectively, yielding an initial

Coulombic efficiency (CE) of 63.65%. The relatively low initial CE

is mainly due to the decomposition of electrolytes and the forma-

tion of SEI film [27,31]. Fig. 2c further investigates the cycling sta-

bility of the composites electrodes at a current density of 0.1 A/g

with a voltage range of 0.01-3.0 V. A high specific capacity of

901.1 mAh/g of SnO2/C/ZrO2 is obtained over 150 cycles without

obvious capacity fading, in the meantime, the composites demon-

strate high Coulombic efficiency (>99%) after the initial cycles.

With the cycle continues, the slight rise of capacity may be at-

tributed to the activation process of electrodes and the better con-

tact between electrolyte and electrode [3,27]. For comparison, the

SnO2/C and SnO2 electrodes were electrochemically cycled as well,

smaller capacities are obtained for SnO2/C (412.8 mAh/g) and un-

confined SnO2 nanoparticles (311.1 mAh/g) after 150 cycles, man-

ifesting poor performance with substantial capacity attenuation.

Electrochemical impedance spectra (EIS) indicate that the charge-

transfer resistance of the SnO2/C/ZrO2 is much smaller than that of

the SnO2/C and SnO2 electrode (Fig. S6 in Supporting information).

Turns to SnO2/C/ZrO2 (Fig. 2d), capacities of 1450.7, 690, 535.5,

407.6, 313.6 and 260.5 mAh/g are obtained under cycling current

densities of 0.1, 0.2, 0.5, 1 and 2 A/g, respectively. Notably, the

performance of the SnO2/C/ZrO2 electrode is distinctly better than

those of the SnO2/C and SnO2 electrodes. Importantly, when the

current density recalls to the initial value of 0.1 A/g, a capacity of

558.8 mAh/g is recovered. The initial dis-/charge diagrams of dif-

ferent currents are shown in Fig. 2e. The TEM images of the cycled

SnO2/C/ZrO2 electrode show no serious agglomeration, and the lat-

tice of SnO2 became disordered due to the insertion and ejection

of Li+ (Fig. S3). As presented in Fig. 2f, the SnO2/C/ZrO2 electrode

delivers a capacity of 371.1 mAh/g over 600 cycles at a current

density of 1 A/g. For comparison, the capacities of the SnO2/C and

SnO2 electrodes drop rapidly upon deep cycling (Fig. 2f).

To further reveal the electrochemical reaction kinetics of the

SnO2/C/ZrO2 electrode, CV curves were performed by varied scan

rates from 0.2 mV/s to 1 mV/s. From Fig. 2g, multiple peaks are

detected in the CV curves, and the peak current acts as the indi-

cator of the electrochemical behavior, indicating smaller polariza-

tion and better electrochemical reaction kinetics. In addition, the

kinetic analysis of SnO2/C and SnO2 electrodes with lithium stor-

age were also carried out in Fig. S5. As known from Dunn, the ef-

fect of pseudo-capacitance could be calculated by confirming the
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relationship of peak current (i) and scan rate (ν) on the basis of

the following Eqs. 3 and 4:

i = aνb (3)

log
(
i
)

= b × log(ν) + log(a) (4)

In the above equations, a is constant, and b value is determined

by log(i) and log(ν). Generally, when b value is close to 1, the ca-

pacitive behavior is the charge storage process, whereas as it ap-

proaches 0.5, the diffusion-controlled process plays the key role.

Herein, the b values are 0.75, 0.86, 0.79 and 0.60, respectively, in-

dicating both diffusion-controlled and capacitive behaviors are in-

volved. The proportion of pseudo-capacitance and diffusion mech-

anisms can be further quantified according to the following equa-

tions:

i(ν) = k1ν + k2ν
1/2 (5)

i/ν1/2 = k1ν
1/2 + k2 (6)

where k1 and k2 are constants at a given potential. In Eq. 5, k1ν
represents the capacitive contribution and k2ν

1/2 is controlled by

diffusion. Eq. 6 is derived from Eq. 5, and k1 the value corresponds

to the slope of and i/ν1/2 and ν1/2, k2 represents the intercept.

Fig. 2i shows pseudocapacitive contributions at different scan rates,

the contributions are 32.6%, 39.6%, 40.8%, 43.2% and 45.6% at the

scan rates of 0.2, 0.4, 0.6, 0.8 and 1.0 mV/s, respectively [38]. Thus,

the diffusion-controlled process contributes major capacity at low

current density, and with the increase in the scan rates, the pro-

portions of pseudo-capacitance increase. The pseudo-capacitance

contribution for SnO2/C and SnO2 electrodes at various scan rates

were shown in Fig. S5. The results turn out that the capacity

contribution offers the primary reversible capacity. Subsequently,

the pseudocapacitive fractions at the rate of 0.2, 0.4, 0.6, 0.8 and

1.0 mV/s (Fig. S5), which are consistent with the b values. The

result is an analogy to the behavior of metal oxides and metal

chalcogenides.

All the above results demonstrate that the rational structural

and compositional design can effectively improve lithium storage

properties. More specifically, uniformly anchored nanostructures

possess a large specific surface area, which efficiently facilitates

the diffusion of electrons and Li+ ions and electrochemical activ-

ity. Both nanostructures and CNTs could effectively accommodate

the enormous volume change during the insertion and extraction

of Li+ ions hence improving the stability of the electron mate-

rial. CNTs not only effectively improve the electronic conductivity

and observably accelerate the ion/charge transfer process of the

SnO2/C/ZrO2 composite but also conveniently restrict the growth

of the SEI layer [25]. ZrO2 prevents the aggregation and stacking of

the other two nanomaterials during the cycle to improve cycling

performance.

Nuclear magnetic resonance (NMR) spectroscopy is proven a

suitable approach to detect local structures and chemical environ-

ments [39]. 6Li and 7Li NMR experiments clearly show the elec-

trochemistry mechanism upon the first cycling of the SnO2/C/ZrO2

electrode. As shown in Fig. 3a, solid-state 7Li NMR spectra of

various cycled SnO2/C/ZrO2 electrodes show multiple spinning

sidebands (SSBs) with low resolution. All signals cover up to

∼800 ppm due to intensive anisotropy in the hybrid solids. To get

better spectral resolution, a detailed analysis is made for 6Li NMR

spectra with small quadropolar interaction as plotted in Fig. 3b,

with all SnO2/C/ZrO2 electrodes showing an isotropic signal cen-

tered at 0 ppm. When the electrode is discharged to 1 V, two

peaks are analyzed at 0.2 ppm and 3.5 ppm [40]. The one located

at 0.2 ppm is attributed to irreversible Li and SEI components, such

as LiF and Li2CO3 [27,41,42]. Another peak at 3.5 ppm is related to

Fig. 3. Solid-state (a) 7Li NMR and (b) 6Li NMR spectra for SnO2/C/ZrO2 electrodes

at various electrochemical cycling states. Spinning sidebands (SSBs) are noted as

asterisks. The cycling curve is plotted to the right.

Fig. 4. Ex-situ XPS of SnO2/C/ZrO2 electrode during the 1st de/lithiation process.

Spectral evolution of (a) O 1s and (b) Sn 3d, the maximum of the peak marked

within the violet rectangle are shown to the right.

the formation of Li2O. When the electrode is discharged to 0.6 V,

the peak at 0.2 ppm grows, reflecting successive generations of

SEI. When the electrode is further discharged to 0.01 V, two ex-

tra peaks at 8.5 ppm and 12.5 ppm are present, corresponding to

the formation of LixSn [41].

During the subsequent charge process, the peaks of LixSn reside

till 0.4 V and disappear completely in high voltage range. LiF and

Li2CO3 are observed in the end due to the incomplete reversibil-

ity, being consist with electrochemical curves [43]. The NMR re-

sults provided coincide with the mechanism reflected by the afore-

mentioned CV analysis (Fig. 2a). In addition, 119Sn spectra (Fig.

S7 in Supporting information) prove that the introduction of ZrO2

does not change the structure of SnO2. Furthermore, XRD measure-

ments on the electrodes at different states of charge (Fig. S8 in

Supporting information), the electrode exhibits Sn peak when dis-

charged to 1 V and recovery of SnO2 diffraction peak upon charge

to 3 V [44].

Furthermore, the O 1s from ex-situ XPS (Fig. 4a) indicates that

C-O, C=O, CO3
2− and O-M appeared in the electrode upon dis-

charge to 1 V [39]. The peak at ∼531.6 eV is possibly from oxygen

vacancy. The peak of O 1s with binding energy decreases slightly

during the discharge process [45]. This phenomenon is possibly at-

tributed to the outer electrons having a shielding effect on the in-

ner electrons, when the density of the outer electrons increases,

the shielding effect is enhanced, resulting in a decrease in the

binding energy. Reverse evolution of peak is observed in the subse-

quent charge process. The presence of oxygen vacancies could pro-

mote ion diffusion kinetics, improve electronic conductivity, and
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provide additional active sites involved in Li+ storage [46]. XPS of

Sn 3d is plotted in Fig. 4b for the cycled anodes. The detailed infor-

mation of Sn in pristine SnO2/C/ZrO2 could refer to Fig. S1. When

the anode is discharged to 1 V, the binding energy of Sn slightly

moves to a lower value, which means a small number of Sn ion

is reduced due to the injection of electrons from the outer cir-

cuit. The binding energy of Sn shows a much more obvious shift

upon further discharge from 1 V to 0.01 V. Nevertheless, metal Sn0

(∼485.8 eV) is observed upon charge to 0.4 V [47], revealing the

formation of alloying. When the anode is further charged to 3.0 V,

intense oxidation occurs to form more Sn4+ [48].

EPR is preliminarily carried out on these materials. Fig. S9a

(Supporting information) shows that SnO2 and ZrO2 are EPR silent,

and CNTs show a broad signal at g ≈ 1.999 due to the delocalized

electrons. Meanwhile, the pristine SnO2/C/ZrO2 powder displays a

very weak narrow symmetric signal at g ≈ 1.999, which could be

attributed to the oxygen vacancy [49,50]. This may be due to the

mechanical shear forces and pressures exerted on the powder dur-

ing ball milling, resulting in lattice distortion and introducing oxy-

gen vacancies. Compared with the pristine sample, the EPR signal

changes (Fig. S9b in Supporting information) during cycling, which

may be due to fine particles of Sn or LixSn alloys [51,52]. For the

electrodes at 0.01, 0.4 and 1 V, there is an additional weak broad

peak formation, estimated for large particles of the alloy. Detailed

investigation will be conducted in the coming work.

In this work, an effective synthetic strategy, using nanosized

ZrO2 and C nanotubes as a stabilizer and conductive layer, is

proposed to hybrid with SnO2 nanoparticles by calcinating Sn-

MOF. Meanwhile, the ultrasmall and high-content ZrO2 were ho-

mogeneously dispersed into CNTs, avoiding the agglomeration of

SnO2 and CNTs during de/lithiation. As a result, the optimized

SnO2/C/ZrO2 composite displays satisfactory lithium-storage prop-

erties. High-resolution 6,7Li NMR analysis clarifies conversion and

LixSn alloying mechanisms for SnO2/C/ZrO2 composites. This con-

trollability of the structure and lithium storage performance en-

titled by the hybrid engineering technique could be extended to

other conversation and alloying-type materials that suffered from

a dramatic volume change during operation.
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