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a b s t r a c t 

Conversion electrodes typically have high theoretical specific capacity, but mostly suffer large structural 

changes during charge/discharge and result in poor cycling stability. The optimization of the polycrys- 

talline materials is the mostly used strategy, however, these polycrystalline materials are intrinsically 

vulnerable to grain-boundary (intergranular) fracture caused by the anisotropic volume change during 

sodiation/desodiation, resulting in rapid impedance growth and capacity decay. Herein, we propose an 

alternative pathway to design single-crystal materials as potential conversion anodes. As an example, 

SnO2 with different crystallinities is successfully synthesized via solvothermal methods and compared to 

determine the implications of different crystallinity for the electrochemical properties of conversion an- 

odes. It is demonstrated that the single-crystal SnO2 not only has faster Na+ diffusion dynamics but also 

maintains structural stability via topotactic reaction. Further optimization of the electron conduction and 

structural robustness is realized by uniformly covering a graphitic carbon shell on the surface of single- 

crystal SnO2 nanosheets. The modified single-crystal SnO2 exhibits a high reversible capacity of 436.2 mA 

h g–1 and maintains a high capacity of 257.1 mA h g−1 and remarkable capacity retention of about 98.9 

% after 90 0 0 cycles at 50 0 0 mA g−1 . The deep understandings of the topotactic reaction in single crystal 

conversion anode in this work provide a theoretical foundation and new direction for further developing 

electrode materials with excellent electrochemical performance, especially high rate capabilities, and long 

cyclability. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Conversion-based compounds Ma Xb ( M = Fe, Co, Ni, Cu, Sn, Ge; 

 = O , S, F, P, N), particularly oxides (e.g., SnO2 , CoO, NiO), have

eceived great interest due to their much higher capacity than the 

ntercalation-based electrodes for use in sodium-in batteries (NIBs) 

 1-6 ]. In contrast to the topotactic transformation mechanism of 

he intercalation type electrodes [ 7 ], the conversion type electrodes 

ave a more complex reaction mechanism, involving sodium ion 

ransport and M or A ions migration/rearrangement [ 6 , 8-10 ]. In 

olycrystalline materials, the M or A ions migration/rearrangement 

auses the spatial distribution and decoupling of the converted 

roducts from the host, resulting in nonuniform phases [ 11 , 12 ].

oreover, sodium ion transport in polycrystals leads to large vol- 

me expansion, which causes the pulverization of the electrodes 
∗ Corresponding author. 
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nd the irreversible reaction [ 6 ]. Both of these factors are the rea-

on for the poor cycling of conversion electrodes, which is the ma- 

or obstacle to their commercialization [ 11-16 ]. 

With the aim of enhancing their performance, much effort has 

een focused on nanostructuring materials to promote the effi- 

ient reaction with Na [ 17-20 ]. In this respect, metal oxides, par- 

icularly SnO2 , have been studied frequently as conversion com- 

ounds due to their low cost and straightforward synthesis [ 21 ]. It 

as been demonstrated that synthesizing metal oxides with nanos- 

ructures, such as hollow or porous structures, one-dimensional 

anorods/nanowires/nanotubes, and two-dimensional nanosheets, 

s effective in sustaining the volume variation [ 17-21 ]. These engi- 

eered oxides have shown enhanced rate capability and cyclability, 

owever, long-term stability still remains a challenge for nanos- 

ructured conversion compounds [ 22 ]. 

As an alternative to nanostructures, recent studies have shown 

hat the formation of amorphous structures is an efficient route 

o improve the electrochemical performance of electrode materials 

 23-27 ]. For example, amorphous Fe2 O3 nanoshells deposited on 

arbonized bacterial cellulose nanofibers (A-Fe O @CBC) delivered 
2 3 
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 high specific capacity of 1135 mA h g–1 over 200 cycles, remark- 

bly exceeding the capacities of crystalline counterpart [ 28 ]. The 

ntrinsically isotropic amorphous structure not only provides rich 

on diffusion pathways but also buffer volume expansion resulting 

rom sodium insertion [ 25 ]. However, amorphous materials need 

ybridization with a large amount of conductive materials to sup- 

ress their agglomeration resulting from their intrinsic instability 

nd enhance their electrical conductivity, which ultimately leads 

o low energy density [ 29 ]. 

Recently, it has been demonstrated that a single crystal can 

liminate the internal grain boundaries and inter-granular fracture, 

hus improving the intrinsic ion intercalation and cycling stabil- 

ty of the intercalation compounds [ 30–36 ]. For instance, Dahn’s 

roup [ 32 , 33 ] has confirmed that single-crystal cathode materials 

ave superior long-term charge-discharge cycle lifetime compared 

o conventional polycrystalline. Li’s group [ 36 ] has reported that 

ingle-crystal H-type Nb2 O5 has fast Li-(de)intercalation kinetics 

nd excellent cycling stability by homogenizing the conductivity of 

he surrounding electrons and lithium ions. These results suggest 

hat a single crystal may also possess outstanding intrinsic fast ki- 

etics, high specific capacity, and excellent cycling stability for the 

onversion electrodes. 

This work employs SnO2 as a model material to determine 

he implications of different crystallinity for the electrochemical 

roperties. Single crystalline (s-SnO ) nanosheets, polycrystalline 
2 

Fig. 1. Schematic illustration for the formation of (a) single crystal SnO2 nano

200
p-SnO2 ) nanosheets, and amorphous clusters (a-SnO2 ) of SnO2 are 

ynthesized via a solvothermal method. Among the three crys- 

allinities, s-SnO2 shows the best performance in enhancing the 

lectrical/ion conductivity and maintaining structural stability via 

opotactic reaction. Further optimization of the electron conduc- 

ion and structural robustness was realized by uniformly cover- 

ng a graphitic carbon shell on the surface of s-SnO2 nanosheets. 

he deep understandings of the topotactic reaction in single crys- 

al conversion anode in this work provide a theoretical foundation 

nd new direction for further developing electrode materials with 

xcellent electrochemical performance, especially high rate capa- 

ilities, and long cyclability. 

. Results 

Fig. 1 shows the schematic illustration for the formation of 

nO2 with different crystallinity. During the synthesis of s-SnO2 

nd p-SnO2 nanosheets (as shown in Fig. 1 (a, b)), the tin cation 

ons electrostatically interacted with ethanolamine anionic ions, 

esulting in the formation of Sn-ethanolamine complexes. The 

thanolamine anionic ions tended to preferentially adsorb on the 

ighly reactive facets, which was demonstrated by previous stud- 

es [ 37 , 38 ] when these complexes then underwent atomic as- 

embly to form thin two-dimensional structures at a tempera- 

ure of 180 °C through solvothermal reaction. Without stirring, the 
sheet, (b) polycrystal SnO2 nanosheet, and (c) amorphous SnO2 clusters. 
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mall thin two-dimensional structures slowly grew into larger s- 

nO2 nanosheets with numerous pits on their surfaces ( Fig. 1 (a)), 

hile with stirring, the small thin two-dimensional structures 

rew into larger p-SnO2 nanosheets due to their disorder in direc- 

ions ( Fig. 1 (b)). For the a-SnO2 clusters, SnO2 initially nucleated at 

20 °C and then quickly grew into clusters ( Fig. 1 (c)). Afterwards, 

 carbon layer was uniformly applied onto the s-SnO2 nanosheet 

hrough in situ polymerization of dopamine at room temperature. 

ubsequently, the resulting s-SnO2 @C nanosheets were subjected 

o post-calcination at 450 °C under an argon atmosphere. 

The morphologies and crystallinity of s-SnO2 , p-SnO2 , and a- 

nO2 nanomaterials are confirmed by field-emission scanning elec- 

ron microscope (SEM) and TEM images, as shown in Fig. 2 . The 

esultant s-SnO2 nanosheets are monodisperse with the size of 

0 0–80 0 nm and thickness of 5–10 nm, and present smooth sur- 

aces ( Figs. 2 (a, b) and S1(a–c) in Supplementary materials). The 

EM images and corresponding selected area electron diffraction 

SAED) pattern provide evidence that each individual nanosheet 

xhibits characteristics of a single crystal structure ( Fig. 2 (b, in- 

et)). The SAED patterns can be matched to the diffraction spots 

f the [001] zone (Fig. S2) [ 39 ]. Furthermore, a high-resolution 

EM image reveals the presence of atomic planes such as (110), 

200), and (101) with lattice spacings measuring 0.334, 0.244, and 

.274 nm, respectively. Notably, numerous pits are observable on 
ig. 2. (a) SEM, (b) TEM (insets: the corresponding electron-diffraction pattern) and (c)

insets: the corresponding electron-diffraction pattern), and (f) HRTEM (insets: enlarged

nlarged HRTEM) images of a-SnO2 clusters. 

201
he surface of the nanosheet ( Fig. 2 (c)). According to the crystallo- 

raphic symmetries of tetragonal SnO2 , the flat surfaces of s-SnO2 

xhibit facets dominated by the {110} planes. Elemental mapping 

ndicates a homogeous distribution of Sn and O with a stoichio- 

etric ratio as designed (Fig. S3). For comparison, p-SnO2 is found 

o contain many internal pores ( Figs. 2 (d, e) and S4) and intergran-

lar boundaries (GB) ( Fig. 2 (f, inset)) with similar morphologies as 

-SnO2 nanosheets. The inserted SAED pattern illustrates a well- 

esolved set of concentric rings (inset in Fig. 2 (e)), which can be 

ndexed as (110), (101), (200), (211), and (301) (Fig. S5), further 

onfirming the polycrystallinity of p-SnO2 . For the a-SnO2 clusters, 

arge agglomerates are observed in the SEM images as shown in 

igs. 2 (g) and S6, and indistinct subnanoclusters are observed in 

he TEM images as shown in Fig. 2 (h). The HRTEM image of a- 

nO2 indicated the presence of multiple subnanoclusters composed 

f SnO2 atoms, which lacked distinct lattice fringes ( Fig. 2 (i)). This 

bservation suggests that the clusters of a-SnO2 possess an amor- 

hous structure. 

The structural characteristics of the as-prepared products were 

ssessed using X-ray diffraction (XRD) and Raman spectroscopy 

 Figs. 3 (a) and S7(a)). Four apparent peaks in the XRD patterns 

 Fig. 3 (a)) were assigned to diffraction from {110}, {101}, {200}, and 

211} planes of tetragonal structure SnO2 (cassiterite, JCPDS No. 

8-0287), respectively. No other phases can be detected by XRD, 
 HRTEM (insets: enlarged HRTEM) images of s-SnO2 nanosheet; (d) SEM, (e) TEM 

 HRTEM) images of p-SnO2 nanosheet; (g) SEM, (h) TEM, and (i) HRTEM (insets: 
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uggesting that the pure SnO2 with a tetragonal structure is ob- 

ained. For s-SnO2 , the XRD peaks of {101}, {200} diffraction 

hifted to the left, indicating that the interplanar spacing of {101}, 

200} planes became larger, which is consistent with the results of 

RTEM and SAED (inset of Figs. 2 (c), S1(d), and S2). By sharp con-

rast, no diffraction peaks of a-SnO2 are detected, confirming the 

uccessful formation of amorphous SnO2 . Raman spectra were fur- 

her used to verify the successful preparation of only one f s-SnO2 , 

-SnO2 , a-SnO2 (Fig. S7(a)). Both the Raman spectra of s-SnO2 and 

-SnO2 have only a single scattering peak at 587 cm–1 . This occur- 

ence can be attributed to the presence of small granule size, re- 

ulting in vacant lattice sites and localized lattice disorder such as 

ndividual oxygen vacancies and their complexes within the prod- 

ct. 

Hence, the identification of prominent Raman-scattering peaks 

n the spectra provides evidence for the high crystallinity of the 

ynthesized samples. Compared to s-SnO2 and p-SnO2 , the peak 

ntensity of a-SnO2 exhibits a significant reduction owing to the 

resence of extensive long-range correlated structural disorder. The 

-ray photoelectron spectroscopy (XPS) technique was employed to 

nvestigate the chemical state of SnO2 with different crystallinities. 

he presence of distinct peaks corresponding to Sn 3d 3/2 and Sn 

d 5/2 in the refined spectrum of Sn 3d provides evidence that 

he Sn atoms exist in the form of SnO2 (Fig. S7(b, c)). The carbon- 

oated s-SnO2 nanosheets show similar XRD patterns ( Fig. 3 (b)) 
ig. 3. (a) XRD patterns of s-SnO2 nanosheets, p-SnO2 nanosheets, and a-SnO2 clusters. 

lectron-diffraction pattern), and (h, i) HRTEM images of s-SnO2 @C nanosheets. 

202
nd nanosheets morphology of single crystal structure with s-SnO2 

 Fig. 3 (b, d–g)), besides the uniform and highly graphitized carbon 

ayer around the s-SnO2 nanosheets, which was demonstrated by 

he HRTEM, Raman spectrum and XPS results ( Figs. 3 (c, h, i) and

8). 

Electrochemical measurements were carried out to compare the 

odium storage properties of these SnO2 materials with different 

rystallinity. Fig. 4 (a) shows the first voltage profiles of a-SnO2 , 

-SnO2 , and s-SnO2 at a current density of 100 mA g–1 . The dis- 

harge capacity of a-SnO2 is 2544 mA h g–1 , but the charge ca- 

acity is only 142 mA h g–1 . In simpler terms, the initial loss of 

apacity that cannot be reversed is approximately 2402 mA h g–1 , 

esulting in a low initial efficiency of only 5.6 % during charg- 

ng. This suggests that a-SnO2 exhibits limited electrochemical ac- 

ivity as anodes for NIB due to its insulating electronic proper- 

ies and leads to significant decomposition of the electrolyte ow- 

ng to its extensive surface area ( Fig. 2 (h, i)) [ 27 ]. Meanwhile,

he p-SnO2 anode delivers a slightly improved charge capacity of 

62 mA h g–1 with an improved initial Coulomb efficiency of 19.6 

, while the charge capacity and initial Coulomb efficiency of s- 

nO2 were significantly enhanced, reaching 320 mA h g–1 and 42.5 

, respectively. After conformally coating carbon layers, the homo- 

eneity of electron and ion conductivity surrounding the s-SnO2 

anosheets was optimized, giving the s-SnO2 @C with high charge 

apacity and initial Coulomb efficiency of 436.2 mA h g–1 and 50 %, 
(b) XRD pattern, (c) Raman spectra, (d–f) SEM, (g) TEM (insets: the corresponding 
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Fig. 4. Electrochemical performances of the as-prepared electrodes in terms of Na+ storage. (a) The first cycle charge-discharge profiles, (b) cycling performances, and (c) rate 

capability of s-SnO2 @C nanosheet, s-SnO2 nanosheet, p-SnO2 nanosheet, and a-SnO2 clusters at 100 mA g–1 . (d) Capacity versus current density plot of s-SnO2 @C nanosheet 

with previously reported SnO2 anode materials for NIBs. (e) Cycling performances of s-SnO2 @C nanosheet, s-SnO2 nanosheet, p-SnO2 nanosheet, and a-SnO2 clusters at 

10 0 0 mA g–1 . (f) Cycling performances of s-SnO2 @C nanosheet at 50 0 0 mA g–1 . 
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espectively. Furthermore, the s-SnO2 not only exhibits high initial 

pecific capacity but also presents superior cycling stability com- 

ared to p-SnO2 and a-SnO2 as shown in Fig. 4 (b). As seen clearly, 

he s-SnO2 exhibits a slight capacity increase from the 1st cycle 

o the 35th cycle and a higher specific capacity of 230 mA h g-1 

n the 400th cycle with a capacity retention of 65.7 % (Fig. S9(b)), 

hile the p-SnO2 and a-SnO2 show poor performance with high 

apacity fade after 400 cycles (Fig. S9(c, d)). The slight capacity in- 

rease represented an activation process upon cycling. Finally, the 

onformally carbon-coated s-SnO2 nanosheets maintained a higher 

apacity of 306.2 mA h g-1 with a retention of 69.6 % after 400 

ycles ( Figs. 4 (b) and S9(a)), due to the reinforced structural ro- 

ustness of the uniform carbon layers. 

The rate capabilities of single crystalline, polycrystalline, and 

morphous structures were further studied to confirm the impor- 

ance of crystallinity, as shown in Figs. 4 (c) and S10. The s-SnO2 

anosheets display an excellent rate capability. It is capable of de- 

ivering substantial capacities of 457.9, 428.3, 368.3, 320, 252.9, 

nd 204.6 mA h g–1 at current densities of 10 0, 20 0, 50 0, 10 0 0,

0 0 0, and 50 0 0 mA g–1 , respectively. More strikingly, when the

urrent density is reversed back to 100 mA g–1 after 100 cycles, a 

pecific discharge capacity of 401.7 mA h g–1 is obtained, which is 

uch higher than that of p-SnO2 nanosheets and a-SnO2 clusters. 

or the conformally carbon-coated s-SnO2 nanosheets, the rate ca- 

ability was slightly improved compared with s-SnO2 nanosheets, 

isplaying higher specific capacities of 471.4, 435.7, 387, 337, 275.3, 
203
nd 235.7 mA h g–1 at current densities of 10 0, 20 0, 50 0, 10 0 0,

0 0 0, and 50 0 0 mA g–1 , respectively. As shown in the capac-

ty versus current density plot in Fig. 4 (d), s-SnO2 @C nanosheets 

xhibited much higher capacities than most reported SnO2 -based 

omposite materials in NIBs at various current densities [ 23 , 40- 

0 ]. Fig. 4 (e) compares the cycle performances of the four SnO2 - 

ased electrodes at the high current density of 10 0 0 mA g–1 . Both

he p-SnO2 and a-SnO2 electrodes exhibit very low capacities of 

9.2 and 20.8 mA h g–1 after 300 cycles, respectively. The s-SnO2 

lectrode shows a higher capacity of 237.7 mA h g–1 , which in- 

reased to 308.8 mA h g–1 in the first 80 cycles and then de- 

reased to 82.5 mA h g–1 after 800 cycles. With the conformal car- 

on coating on the s-SnO2 nanosheets, a specific reversible capac- 

ty of 268.9 mA h g–1 after 1600 cycles was retained with a capac- 

ty retention of 72.4 %, demonstrating its superior cycling stability, 

hich was also greatly impacted by the electrolyte [ 40 , 41 ]. More-

ver, the s-SnO2 @C unveiled an ultralong lifespan, maintaining the 

igh capacity of 257.1 mA h g–1 and remarkable capacity retention 

f about 98.9% after 90 0 0 cycles at 50 0 0 mA g–1 ( Fig. 4 (f)), out-

erforming most reported NIBs anodes (Table S1) based on SnO2 

 23 , 42-55 ]. 

To figure out the reaction and diffusion kinetics of SnO2 with 

ifferent crystallinity, cyclic voltammetry (CV) profiles were ana- 

yzed using the equation I = k1 v + k2 v
1/2 . This equation separates 

he capacitive contribution ( k1 v ) from the diffusion-controlled 

aradaic intercalation contribution ( k2 v
1/2 ), allowing for a more 



W. Liu, T. Xu, S. Wang et al. Journal of Materials Science & Technology 220 (2025) 199–209

d

u  

S

n  

r

m

d

o

e

A  

c

t

a

k

N  

S

a

c

v

F

a

i

F

r

N

p

N

(

r

etailed understanding of the system. Different scan rates were 

sed to obtain these CV profiles. As shown in Figs. 5 (a, b) and

11(b–d), all the capacitive contributions of the three samples were 

o more than 60 % of the total stored charge even at a high scan

ate of 6.4 mV s–1 , indicating that the electrochemical process is 

ainly controlled by the intercalation reactions. Therefore, in or- 

er to gain a better understanding of the impact of crystallinity 

n sodium storage performance, we compared the diffusion prop- 

rties of these SnO2 materials with varying degrees of crystallinity. 

s shown in Figs. 5 (a) and S11(b, c), it can be observed that in-

reasing the scan rate leads to a gradual shift of the anodic peaks 
ig. 5. (a) CV curves of s-SnO2 nanosheet at different scan rates. (b) Normalized capacitive

oot of the scan rates of s-SnO2 @C, s-SnO2 , p-SnO2 nanosheet, and a-SnO2 clusters from 

a+ /Na) plots of s-SnO2 @C, s-SnO2 , p-SnO2 nanosheet, and a-SnO2 clusters. (e) EIS of s-Sn

lots of the real part of impedance (Z′ ) as a function of the inverse square root of the ang

a ion in (g) SnO2 single crystal, (i) SnO2 polycrystal. (h, j) Energy barriers of Na ion diff

i), respectively. (k) PDF patterns calculated using the s-SnO2 and a-SnO2 models. (l) The c

espectively. 

204
owards higher potential and an increase in peak height. Addition- 

lly, the linear correlation between Ip and v1/2 suggests that the 

inetics of the reaction are governed by the diffusion process of 

a+ ions ( Fig. 5 (c)) [ 23 ]. The Na+ diffusion coefficients of s-SnO2 , p-

nO2 , and a-SnO2 are estimated as to be 7.16 × 10–14 , 1.99 × 10–14 , 

nd 1.99 × 10–15 cm2 s–1 , respectively. In addition, the chemi- 

al diffusion coefficients of Na+ ( DNa 
+ ) were assessed through gal- 

anostatic intermittent titration technique (GITT) measurements. 

igs. S12, S13, and 5(d) display the GITT curves of s-SnO2 , p-SnO2 , 

nd a-SnO2 anode during the 1st cycles as a function of capac- 

ty in the voltage range of 0.01–2.0 V and the calculated values 
 and diffusion-controlled contribution ratios, (c) Anodic peak current versus square 

0.1 to 6.4 mV s–1 . (d) The chemical diffusion coefficients DNa + versus potential (vs 

O2 @C, s-SnO2 , p-SnO2 nanosheet, and a-SnO2 clusters anodes. (f) The corresponding 

ular frequency ( ω–1/2 ) in the Warburg region. Schematic illustration of transport of 

usion along the direction [110] computed using the structure models in (g) and in 

alculated densities of states for the s-SnO2 , p-SnO2 nanosheet, and a-SnO2 clusters, 
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f DNa 
+ as a function of potential. As for s-SnO2 , the DNa 

+ val- 

es lie in the range of 1.57 × 10–15 to 4.55 × 10–13 cm–2 s–1 at 

odiation state (discharge process) and vary from 3.01 × 10–13 to 

.25 × 10–12 cm–2 s–1 at desodiation state (charge process). Dur- 

ng most of the potential range, the values of DNa 
+ exhibit only a 

ittle variation (10–14 –10–13 cm–2 s–1 ). The p-SnO2 and a-SnO2 an- 

des have smaller values of DNa 
+ , which are varying from 10–15 

o 10–13 cm–2 s–1 [ 44 , 56 ]. Both the calculated results of CV and 

ITT describe that s-SnO2 performs a faster sodium ion diffusion 

ate than that of p-SnO2 and a-SnO2 , demonstrating that the single 

rystal structure can effectively improve the Na+ diffusion kinetic. 

ased on the calculated results of CV and GITT for s-SnO2 @C, the 

iffusion kinetics is slightly improved with the assistance of the 

niform graphitic carbon shell ( Figs. 5 (c, d) and S11(a)). To gain a

ore comprehensive understanding of the distinct electrochemical 

ehaviors, we conducted electrochemical impedance spectroscopy 

EIS) at a charged state of 2.0 V, as depicted in Fig. 5 (e). It is evi-

ent that s-SnO2 exhibits lower impedance values compared to p- 

nO2 and a-SnO2 . As a result of the enhancement in electron con- 

uction and ion transfer at the interface between electrolyte and 

-SnO2 nanosheets, achieved by incorporating a graphitic carbon 

hell on the surface of s-SnO2 , the impedance values exhibited by 

-SnO2 @C are comparatively lower than those observed for s-SnO2 . 

he EIS curves were fitted by an equivalent circuit and the RSEI 

alues of s-SnO2 @C (302 �) and s-SnO2 (453 �) are much lower 

han that of p-SnO2 (720 �) and a-SnO2 (997 �) (Fig. S14 and Ta- 

le S2). After activation during the initial five cycles, the RSEI val- 

es of s-SnO2 in the 5th, 10th, 50th, and 100th cycles are 483, 405, 

60, and 423 �, respectively (Fig. S15 and Table S3), demonstrat- 

ng its stable surface and solid electrolyte interphase (SEI) film dur- 

ng cycling. The Warburg factor ( σ ) of s-SnO2 @C and s-SnO2 anode 

as calculated to be 589.2 and 699.7, which were smaller than 

he values of p-SnO2 (845.5) and a-SnO2 (4285.2) anodes, high- 

ighting the ultrafast Na+ diffusion in the s-SnO2 @C and s-SnO2 

aterial ( Fig. 5 (f) and Table S2). The fastest Na+ diffusion of s- 

nO2 nanosheets is ascribed to its continuous Na+ diffusion chan- 

els, while the Na+ in the p-SnO2 nanosheets need to transport 

cross abundant grain boundaries, at which the high Na-transfer 

esistance hinders the diffusion of Na+ ( Figs. 5 (g, i) and S16) [ 57 ]. 

This was further confirmed by conducting DFT calculations to 

xplore the energy barriers for localized migration and potential 

iffusion pathways during discharge/charge processes [ 54 ]. As de- 

icted in Fig. 5 (h, j), the diffusion energy barrier within s-SnO2 

easures only 1.56 eV, significantly lower compared to p-SnO2 

here it reaches 1.95 eV. The a-SnO2 clusters lack grain bound- 

ries and have fast Na+ diffusion, however, the large number of 

efects and large agglomerates make the electron transport hin- 

ered, which leads to the very low electrochemical activity of a- 

nO2 clusters [ 27 ]. As shown in Fig. 5 (k, l), there are no states near

ermi energy for a-SnO2 , while the states near Fermi energy for s- 

nO2 are high, demonstrating the low transportation of electrons 

or a-SnO2 . 

In order to deeply understand the sodiation/desodiation mecha- 

ism and reversibility of s-SnO2 electrodes, CV measurements, and 

x-situ XRD \ in-situ XRD were used to study the SnO2 electrodes 

or NIBs. Fig. S17 shows the CV curves of the initial four cycles of 

-SnO2 @C, s-SnO2 , p-SnO2 , and a-SnO2 electrodes. For the s-SnO2 

lectrode (Fig. S17(b)), the initial cathodic process exhibits a broad 

eak within the range of 1.0–1.3 V, which can be attributed to the 

rreversible formation of solid electrolyte interphase (SEI) film due 

o electrolyte decomposition on the active material’s surface. Addi- 

ionally, a significant reduction peak between 0.16 and 1.0 V is ob- 

erved, indicating conversion reactions involving SnO2 → Sn as well 

s alloying reactions between Na and Sn resulting in Nax Sn forma- 

ion within the Na2 O matrix [ 58–60 ]. During the subsequent an- 

dic process, two distinct peaks at 0.25 and 1.0 V are detected, 
205
orresponding to a reversible dealloying reaction of Nax Sn, and ox- 

dation of Sn to SnO2 [ 61 ]. As the discharge-charge process pro- 

resses, the cathodic and anodic peaks gradually approach each 

ther and achieve a significantly enhanced reversible electrochem- 

cal reaction. Nevertheless, during discharging/charging processes, 

oth p-SnO2 and a-SnO2 electrodes exhibit broad peaks, along with 

ubstantial irreversible peak areas observed specifically in the ini- 

ial discharge cycles (Fig. S17(c, d)). For the p-SnO2 electrode, the 

nodic peaks shift to higher potentials during the subsequent cy- 

les, resulting in greater polarization and poor reversibility. While 

he initial cycle of the a-SnO2 electrode shows reversible conver- 

ion and alloying reactions, there is a consistent decrease in the 

ntensity of both cathodic and anodic peaks. This suggests that the 

odiation/desodiation processes are not effectively taking place in 

he a-SnO2 electrode. Correspondingly, Fig. 6 (a, b) summarizes the 

x-situ XRD patterns of the s-SnO2 electrode at various voltages 

uring the first cycle. Clearly, there exist three main characteris- 

ic peaks, that is, (110), (101), and (200) at 26.6 °, 33.9 °, and 37.9 °,
espectively, for the fresh electrode. As the discharge process ad- 

ances, the peak intensities corresponding to s-SnO2 decrease. Af- 

er the electrode is discharged to 0.01 V, the characteristic peaks of 

n phase are detected. The Nax Sn peaks and another product Na2 O 

re not observed, which may be due to the amorphous phase lack 

f associated Bragg peaks. It is worth noting that the peak inten- 

ities corresponding to Sn decrease after being charged to 1.5 V, 

hich is replaced by SnO2 phase. After being charged to 2.0 V, the 

eaks of Sn disappear, suggesting that the Sn is oxidized and much 

f the emerging oxide is amorphous [ 43 ]. In addition, The in-situ 

RD patterns of the s-SnO2 electrode were collected at different 

otentials in first cycle and second discharge (Fig. S18). During dis- 

harge processes, the peaks of SnO2 shifted to the left, accompa- 

ied by the appearance and enhancement of the Sn peak, indicat- 

ng that the interplanar spacing of SnO2 became larger with the 

nsertion of sodium ion and the Sn extrated from the oxide host 

ased on the topotactic reaction. During the charge process, the 

eaks of SnO2 were back to the right, accompanied by the weak- 

ning and disappearance of the Sn peak, demonstrating that the 

nterplanar spacing of SnO2 became smaller with the extration of 

odium ion and the Sn returned back to the oxide host based on 

he topotactic reaction. 

The evolutions of structures and phases during the conver- 

ion reactions were investigated in details using ex-situ HRTEM 

o understand the electrochemical behaviors and associated reac- 

ion kinetics. Metal oxides usually have small particle size and 

arge surface areas. Despite their significant importance, reactions 

pecific to the large surface are generally easily overlooked when 

nvestigating metal oxides. A unique conversion reaction is pro- 

uced on the surface of the s-SnO2 nanosheet and plays a cru- 

ial role in the reaction in their bulk material. This reaction ini- 

iates at 2.0 V compared to Na+ /Na ( Fig. 6 (a(0))). A minor capac-

ty ( < 5 %) is produced when reaching the activation overpotential 

 Fig. 6 (a(1))). This corresponds to the formation of an unordered 

ayer on the surface consisting of finely divided reaction products 

 Fig. 6 (c, d(1))). This layer can be different from SEI film due its

hort-range lattice fringes measuring less than 2 nm. The structure 

f this layer resembles what was previously predicted using molec- 

lar dynamics simulations [ 62 ]. The mechanism of the unordered 

ayer formation may be that sodium ions insert into the first few 

tomic layers, leading to lattice disordering and rapid formation of 

xtremely small Sn clusters. The confirmation of anisotropic be- 

avior in various crystallographic orientations has also been ob- 

erved [ 62 ]. A diffuse interface is observed between unordered 

ayer and lattice fringes of single crystal along [110] direction, indi- 

ating quick short-range insertion followed by conversion ( Fig. 6 (c, 

(1))). However, this direct conversion process is limited only to 

he initial few nanometers as it requires uninterrupted supply of 
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Fig. 6. (a) The galvanostatic profile for the first discharge/charge cycle. (b) Ex-situ XRD. (c) Schematic of the full discharge/charge mechanism representing the ex-situ data 

points (0–8). (d) Ex-situ HRTEM micrographs and corresponding FFT patterns for samples 1–8. Images for each sample are captured along the < 001 >SnO2 zone axis; the 

common [110] direction is indicated in the top right of each panel. Diffraction spots are selectively coloured using white pixel intensity according to the legend displayed in 

the top bar. Dashed white boxes denote the areas over which the FFT has been taken; All FFT patterns are set to the same scale. Scale bars, 20 nm. (0) Discharge 2.0 V, (1) 

discharge 1.5 V, (2) discharge 0.5 V, (3) discharge 0.25 V, (4) discharge 0.01 V, (5) charge 0.1 V, (6) charge 0.5 V, (7) charge 1.5 V, and (8) charge 2.0 V. 
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lectrons towards reaction front according to our proposed model 

 62 ]. However, this assumption becomes invalid once away from 

he Super-P surface by a small distance. Additionally, sodium diffu- 

ion kinetics significantly decrease when the thickness of the con- 

erted layer reaches a few nanometres [ 62 ]. This can be observed 

n the rapid decline in cell potential shown in Figs. 6 (a(0,1)) and 

 (d) [ 63 ]. Finally, a distinct reaction mechanism within the bulk 

ecomes necessary due to the limited electron transport occur- 

ing beyond the surface. Nonetheless, the development and ex- 

ansion of this surface layer govern sodium diffusion within the 

ulk. The kinetics of sodium diffusion also decrease significantly 

hen the thickness of the converted layer reaches a few nanome- 

res ( Fig. 6 (c, d(2))). At stage 3, an epitaxial double-layered shell 

orms around the particle core, consisting of a light Na2 O layer 

ncapsulated by a dark metallic Sn layer ( Fig. 6 (c, d(3))). The in-

erface between Na2 O and SnO2 is fully coherent, minimizing in- 

erfacial free energy through layers arrangement (Sn | Na2 O | SnO2 ). 

nserting Na+ into crystalline Na2 O or Sn surfaces is not energeti- 

ally or mechanistically feasible [ 64 ]. As this double-layered shell 

rimarily forms on {110} SnO2 facets, it renders the sides imper- 

eable to sodium early on in the reaction process. Combined with 

 low energy barrier for diffusion along < 001 > SnO2 direction, so- 

iation proceeds unidirectionally perpendicular to the nanosheet 

lane ( Fig. 6 (c, d(4))) [ 62 ]. The Sn | Na2 O double-layered shell un-

ergoes minimal changes during discharge. The desodiation pro- 

ess involves the diffusion of sodium out of the nanosheet and the 

imultaneous insertion of Sn into the Na2 O structure. However, due 

o its semicoherent interface with Na2 O, sodium inside the shell of 

he double layer is unable to diffuse outward through Sn, and Sn 

aces difficulty migrating across this interface ( Fig. 6 (c, d(5))) [ 65 ].

t is only when the battery reaches an almost full charge condition 

hat the shell of the double layer disappears ( Fig. 6 (c, d(6))). In-

erestingly, coinciding with its disappearance, the shell converts to 

 disordered state once again, thereby dispelling the semicoherent 

a2 O | Sn interface. Nevertheless, achieving this amorphization re- 

uires a significant overpotential and it does not occur until reach- 

ng 1.5 V versus Na+ /Na ( Fig. 6 (c, d(5))) [ 66 ]. 

The SnO2 → rutile→ rocksalt→ Na2 O transformation is a fully 

opotactic process that involves the insertion and diffusion of 

ations inside a stable oxide host [ 37 , 67–69 ]. This transforma- 

ion occurs when charging, with the same orientation relation- 

hip observed during the reverse topotactic transformation. How- 

ver, desodiation necessitates the relocation of the oxide inter- 

ace to sectors containing Sn and amorphous material. Occasion- 

lly, this results in rotated SnO2 grains due to the formation of 

ew oxide material ( Fig. 6 (c, d(5–7))). In the full recharge condi- 

ion, the crystallographic structure and lattice orientation of the 

nitial nanosheet undergoes a near-complete restoration, leading 

o the re-establishment of a pseudo-single-crystalline nanosheet 

orphology ( Fig. 6 (c, d(7))) [ 39 ]. This remarkable demonstration 

f reversibility is further exemplified by the sustained preserva- 

ion of the nanosheet morphology throughout more than 50 dis- 

harge/charge cycles (Fig. S19). The conformal carbon coating on 

he s-SnO2 nanosheets can further maintain the single crystalline 

anosheet morphology and improve cycle stability. 

. Conclusions 

In summary, single-crystal materials have been proposed as an 

lternative path towards designing advanced conversion anodes, 

xploring innovative approaches and tactics that go beyond con- 

entional methods aimed at maximizing the efficiency of polycrys- 

alline materials. As an example, SnO2 with different crystallinities 

as been successfully synthesized via solvothermal methods and 

ompared to determine the implications of different crystallinity 

or the electrochemical properties of conversion anodes. The ex- 
207
erimental investigations and theoretical studies on SnO2 with dif- 

erent crystallinities demonstrated that the single-crystal not only 

hows faster Na+ diffusion dynamics but also maintains structural 

tability via topotactic reaction. Further optimization of the elec- 

ron conduction and structural robustness was realized by uni- 

ormly covering a graphitic carbon layer on the surface of s-SnO2 

anosheets. Thorough investigations utilizing operando techniques 

uch as ex-situ XRD and TEM have been conducted to gain a deep 

nderstanding of the topotactic reaction in a single crystal con- 

ersion anode. The aim is to pave the way for the advancement 

f electrode materials that exhibit exceptional cycling stability and 

ate performance. 

. Experimental section 

.1. Synthesis of s-SnO2 nanosheets and s-SnO2 @C nanosheets 

In a typical procedure, 5 mmol of SnCl2 ·2H2 O was initially in- 

roduced into 40 mL of ethanolamine. After vigorous agitation for 

0 min, the SnCl2 ·2H2 O dissolved in ethanolamine to form a trans- 

arent solution, which was then transferred into a Teflon-lined au- 

oclave with a capacity of 50 mL. The autoclave was sealed and 

eated at a temperature of 180 °C for a duration of 48 h. Subse- 

uently, the system was allowed to naturally cool down to room 

emperature before collecting the final product through centrifuga- 

ion. The collected mixture underwent multiple washes using dis- 

illed water and absolute ethanol, followed by overnight vacuum 

rying for further characterization. 

To obtain s-SnO2 @C nanosheets, we first dispersed 1.0 g 

f prepared s-SnO2 powders in an aqueous solution contain- 

ng tris(hydroxymethyl)aminomethane (Tris) with pH value set at 

.5 through stirring. Next, we dissolved 160 mg of dopamine in 

eionized water (10 mL). This dopamine solution was gradually 

dded dropwise into the aqueous dispersion containing s-SnO2 

anosheets while continuously stirring the mixture for polymer- 

zation over a period of 24 h. Following this step, polydopanine- 

oated s-SnO2 (s-SnO2 @PDA) powders were subjected to three 

ounds of washing using deionized water and separated via cen- 

rifugation before being dried under vacuum conditions at a 

emperature of 90 °C for approximately 12 h. The collected s- 

nO2 @PDA powders were subsequently calcined under argon at- 

osphere in a tube furnace at temperatures reaching up to 450 °C 

ver a span of two hours. Following calcination, the formation of 

-SnO@C was achieved. 

.2. Synthesis of p-SnO2 nanosheets 

In a typical procedure, 5 mmol of SnCl2 ·2H2 O was initially in- 

roduced into 40 mL of ethanolamine. After vigorous agitation for 

0 min, the SnCl2 ·2H2 O was completely dissolved in ethanolamine 

o yield a transparent solution. This solution was then transferred 

nto a Teflon-lined autoclave with a capacity of 50 mL, sealed 

ightly, and subjected to stirring and heating at a temperature of 

80 °C for a duration of 48 h. Subsequently, the system was al- 

owed to naturally cool down to room temperature before collect- 

ng the final product through centrifugation. The resulting mix- 

ure underwent multiple washes using distilled water and absolute 

thanol, followed by overnight vacuum drying for further charac- 

erization. 

.3. Synthesis of a-SnO2 clusters 

In a typical procedure, SnCl2 ·2H2 O (Alfa Aesar, 98 %) was 

ntroduced into a basic mixture comprising ethanol and water 

 V : Vwater = 1:1) to achieve a concentration of Sn(II) at 
ethanol 
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5.8 mM. The resulting suspension appeared as a white turbid so- 

ution and was subjected to magnetic stirring for one hour be- 

ore being transferred to an autoclave made of stainless steel with 

eflon lining. Subsequently, the mixture was heated at 120 °C for a 

uration of 30 min. Following centrifugation, a light yellow product 

as obtained and subsequently dried overnight at room tempera- 

ure (25 °C). 

.4. Materials characterizations 

The X-ray diffraction analysis of the powdery composite was 

onducted using a D8 Advance instrument from Bruker AXS, em- 

loying Cu K α radiation. Additionally, the phase structures were 

xamined using a Jobin Yvon Horiba Raman spectrometer model 

R800 equipped with a 10-mW helium/neon laser operating at an 

xcitation wavelength of 632.8 nm within the spectral range of 

0 0 to 20 0 0 cm–1 . The XPS peaks were analyzed by fitting them

ith a background similar to the “Shirley” model and Gaussian- 

orentzian peaks. The morphology of the samples was determined 

sing an FE-SEM instrument (JEOL 7500FA, Tokyo, Japan). To inves- 

igate the microstructure and perform elemental mapping, Energy- 

ltered TEM (JEOL 2011 F, Tokyo, Japan) was employed. Ex-situ 

amples representing different discharge and charge states were 

repared at a current density of 100 mA g–1 . After allowing the 

oin cells to rest post-cycling, they were opened in a glovebox 

lled with argon. The electrodes in use were taken out, dried off, 

nd kept in dimethyl carbonate for XRD analysis. The electrodes for 

RD analysis were then placed into anhydrous NMP to redistribute 

he electrode material for TEM measurements. 

.5. Electrochemical characterization 

The electrochemical tests were conducted using 2032 coin-type 

alf cells, where sodium metal was utilized as the counter elec- 

rode within an Argon-filled glove box. To prepare the compos- 

tes, slurries containing s-SnO2 and s-SnO2@C active materials (70 

t%), Super P acetylene black (20 wt%), and carboxymethyl cellu- 

ose (CMC, 10 wt%) were coated onto copper foil. The electrodes 

ad a mass loading of approximately 1.0–1.5 mg cm–2 . Electrodes 

ere produced using p-SnO2 and a-SnO2 as the active materials, 

ollowing the same procedure. For comparison purposes, we uti- 

ized an electrolyte composed of 1 mol L–1 NaClO4 in a mixture of 

thylene carbonate and diethyl carbonate (in a 1:1 vol ratio), along 

ith fluoroethylene carbonate (FEC) at a concentration of 5 wt%. 

alvanostatic charge/discharge and GITT tests were conducted on a 

and battery tester within the voltage range of 0.01 to 2.0 V versus 

a/Na+ . The current densities employed were determined based 

n the overall mass of composites. The electrochemical worksta- 

ion CHI 660D was utilized to conduct cyclic voltammetry (CV) in 

he voltage range of 0.01–2.0 V. Additionally, AC electrochemical 

mpedance spectroscopy (EIS) measurements were performed us- 

ng the same CHI 660D instrument. The AC signal amplitude ap- 

lied for EIS analysis was set at 5 mV, while the frequency range 

aried from 100 kHz to 0.01 Hz during measurement. 

.6. Computational method 

DFT calculations were performed using the Vienna ab initio 

imulation package (VASP) with the projector-augmented wave 

PAW) method [ 70–73 ] The Perdew-Burke-Ernzerhof (PBE) func- 

ional, which incorporates the generalized gradient approxima- 

ion (GGA), was utilized to describe the exchange-correlation in- 

eraction [ 74 ]. To account for dispersion interactions, we em- 

loyed the DFT-D3 van der Waals correction proposed by Grimme 

 75 ]. A plane wave energy cut-off of 550 eV was applied, and a 

amma-centered k-points mesh with a Kmesh-Resolved value of 
208
.03 2 π Å–1 was used for all calculations. Convergence criteria 

ere set at forces and total energy on all atoms below 0.05 eV Å–1 

nd 1 × 10–5 eV, respectively. Spin-polarization was considered in 

ll calculations as well. A pristine structure consisting of 16 Sn 

toms and 32 O atoms was constructed using a 2 × 1 × 4 su- 

ercell. To create a polycrystalline structure, the b -axis of the su- 

ercell was rotated by ± 33.8675 ° at its midpoint. The Climbing 

mage Nudged Elastic Band (CINEB) method was employed to sim- 

late the kinetic process, with six intermediate structures inserted 

etween the initial and final states as transition states [ 76 , 77 ]. 
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