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Electrochemistry of heterostructures plays a fundamental role in developing high-performance energy storage
and conversion devices. However, current superlattice heterostructures based on assembling 2D materials are
limited to a small number of alternating units with weak interfacial interaction and ambiguous function
mechanism. Herein, the high-order -Sn/TiO»/Sn/TiO»- (S/TO) superlattice heterojunctions with built-in electric
fields (BIEFs) are designed for sodium storage using a strain release method. The results show that the accom-
modated BIEFs and the spatial confinement effect in this periodic nanostructured electrode co-contribute to the
outstanding electrochemical performance. The nanosizing and pulverization of Sn are effectively space-limited in
between the TiO; slabs and the notorious catalytic reaction between electrolyte and TiO2 surface region is so-
phisticatedly mitigated by the electron accumulation in the TiO2 component, synergistically accelerating sodium
storage and transfer kinetics of S/TO superlattice electrodes. The covalent Sn-O-Ti interactions further enhance
the robustness to sustain repeated (de)sodiation processes. These findings provide a rewarding avenue towards

the development of high-performance electrodes by heterostructural electrochemistry.

1. Introduction

Electrochemical energy storage systems, including lithium-ion bat-
teries (LIBs) [1], sodium-ion batteries (SIBs) [2], supercapacitors [3],
have attracted continuous research interest as key components in
portable electronics and electric vehicles. In particular, SIBs with similar
working principle as LIBs exhibit substantial promise for use in sta-
tionary energy storage and even in electric vehicles due to the huge
abundance of Na in nature, the favorable specific capacity with respect
to LiFePOy-based LIBs and the manufacturing process compatible with
current existing LIBs manufacturing processes [4-6]. In present SIBs, the
electrode materials determine the performance of batteries to a great
extent while actually there are still many challenges to get an expected
electrochemical performance by improving the known positive/-
negative materials [7]. Taking the important anode materials as
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example, a variety of materials have been investigated for SIBs, such as
hard carbon [8], tin [9,10], transition metal phosphide [11], MXene
[12], oxides [13,14], and chalcogenides [8,15,16], each having its own
pros and cons that restrict it from achieving optimal performance. For
instance, tin-based materials exhibit a high specific capacity but their
cycle stability is unsatisfactory because of their severe volume changes
during discharge/charge. By comparison, titanium oxide (TiO) presents
a low specific capacity though its cycle stability is outstanding [17-19].

Recently, the design of heterojunctions composed of distinct com-
ponents has emerged as a highly effective strategy to fully leverage their
respective advantages and enhance electrochemical energy storage ca-
pabilities [20-22]. In particular, the fabrication of vertical superlattice
heterostructures based on 2D materials with sequential stacks allows
them to complement each other effectively and gives birth to new
physical and chemical properties, thus improving the sodium storage
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performance beyond what could be achieved independently [23,24]. In
this respect, Guo and coworkers stacked complementary 2D materials to
fabricate a phosphorene/MXene superlattice anode for stable and fast
sodium storage, not only alleviating the structural expansion of phos-
phorene, but also spurring the electron migration with superior cycling
performance (343 mAh g~! after 1000 cycles at 1 A g™1) [25]. Wang
et al. reported a superlattice comprised of alternatively restacked
defective Tip g702 and N-doped graphene nanosheets for sodium storage,
which exhibits a high specific capacity of ~490 mAh g~ at 0.1 Ag! and
a reversible Na™ intercalation process without phase and structural
change [26]. Of special interest is that adjustable BIEFs can be intro-
duced into the heterogeneous interfaces which play an important role in
optimizing the electrochemical performance of hybrid materials
[27-29]. We have ever created BIEFs within the superlattice hetero-
structures by electrostatic assembly of unilamellar TiNbOs and graphene
nanosheets as building blocks, enabling an excellent reversible sodium
storage capacity of 245 mAh g~! [14]. Theoretical analysis confirmed
that such BIEFs can enhance the electric conductivity and facilitate
electron transfer at the atomic interface.

Despite tremendous progress, there still exist limitations of current
superlattice materials for sodium storage. Regarding the synthesis stra-
tegies, the co-synthesis strategy rarely considers the static properties and
interface compatibility of the stacks. The weak interlayer interaction of
Van der Waal (vdW) force can not sustain the repeated (de) intercalation
processes. In terms of more established superlattice heterostructures (e.
g., 0D/2D, 1D/2D), they can not provide continuous and simultaneous
ionic/electronic diffusion pathways due to the presence of interstices
within the components. On the other hand, the 2D nanosheet super-
lattices prepared by electrostatic assembly are limited to a small number
of blocks because of the mismatched lateral sizes of different nanosheets
and the uncontrollable electrostatic attractions that tend to generate
disordered networks instead of the strictly face-to-face alternate
restacks. Worse still, the composites consist of disparate nanosheets with
approximate thickness and unaligned edges which usually makes it very
difficult to characterize the superlattice structure from the cross-section
view. In addition, the controversial functional mechanism of super-
lattices in energy storage deserves in-depth and comprehensive under-
standing [29]. In general, the dimensionality, composition and
interfaces of superlattice heterojunctions exert considerable influence
on charge separation, mass and electron transfer, consequently affecting
their electrochemical activity in SIBs. Therefore, it is of great scientific
importance to rationally design superlattice heterostructures and unveil
the functional mechanism of sodium ion storage to build better SIBs.

In this work, a facile strain-release approach is implemented to
fabricate -Sn/TiO2/Sn/TiO2- high-order thin film superlattice hetero-
structures, consisting of alternated units of metallic Sn and TiO4 layers
with the precisely engineered interfaces and modulated BIEFs. As one
type of two-dimensional materials, thin films offer attractive merits in
metallic ion storage, including well-controlled thicknesses, versatile
combination of chemical composition and excellent mechanical elas-
ticity, etc. [30-33]. The stacking hybridization of thin films not only
makes full use of the high specific capacity of Sn but also overcomes its
shortcoming in large volume change through spatial confinement by
TiO4 layers. More intriguingly, upon the formation of heterostructures,
the unbalanced surface charge densities of Sn and TiO induces BIEFs
across the heterointerface as confirmed by scanning Kelvin probe mi-
croscopy (SKPM). Density functional theory (DFT) calculations also
illustrate the electron transfer from Sn to TiO,, which results in the
positive and negative charged surface of Sn and TiO», respectively and
constructures BIEFs which effectively facilitated the electronic and ionic
transfer during Na' intercalation and deintercalation processes. In
addition, the cross-linking Sn-O-Ti covalent interactions endow the
heterointerface special robustness that cannot be obtained in vdW het-
erostructures, which enabled them to sustain repeated (de)sodiation,
thus helping to deliver a much higher specific capacity and stability.
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2. Results and discussion

2.1. Preparation and characterization of S/TO superlattice
heterojunctions

The S/TO heterojunctions were synthesized by physical evaporation
combined with the self-assembly of rolled-up thin films [34,35]. Briefly,
as schematically illustrated in Fig. 1a, the photoresist was first spin
coated onto the substrate (Al foil) as the sacrificial layer (SL), followed
by the alternate deposition of metallic Sn and TiO; thin films in a vac-
uum e-beam evaporator. Afterwards, the substrate coated with the
hybrid thin films was immersed into isopropanol to etch away the
photoresist layer. Owing to the built-in strain, the hybrid thin films roll
up into a tubular structure automatically and detach from the substrate
(Figure S1). These free-standing thin film tubes are then dried by a super
critical dryer to maintain their intact structures (Figure S2). As shown in
Fig. 1b, the 2D planar S/TO nanomembranes transform to 3D tubular
structures with compact multilayered walls characterized by scanning
electron microscopy (SEM). The energy-dispersive X-ray spectroscopy
(EDS) mapping verifies the homogeneous distribution of Sn, Ti and O in
the hybrid structure (Fig. 1¢). The phase composition was examined by
X-ray diffraction (XRD). The typical diffraction peaks at 30.7°, 32.0°,
43.9°, 62.7°, 64.7° and 64.9° correspond to (200), (101), (220), (211),
(112) and (321) planes of metallic Sn (PDF#04-0673) while those peaks
at 25.3°, 37.1°, 37.8°, 38.7°, 48.1°, 53.8° and 68.9° are precisely
indexed as the anatase TiOy (PDF#21-1272) (Fig. 1d). By calculating
the lattice mismatch between metallic Sn and anatase TiOs, there is a
value lower than 2.4 % to indicate the high degree of matching for
building the S/TO heterojunctions according to Tables S1-2. Further
Raman spectroscopy results reveal that although the metallic Sn thin
films exhibit no Raman signals, there are still five peaks with Raman
shifts of 150, 196, 396, 516 and 638 cm ™, corresponding to Eg, Eg, B1g,
Ajg and Eg modes of anatase TiO2 as shown in Figure S3 [36]. The S/TO
thin films resemble similar signals but with lower intensity, which could
be ascribed to the confinement effect of Sn on the surface of TiO,
surface.

The embedded S/TO heterojunctions present an ordered spatial
arrangement, where the hybrid S/TO thin films are composed of alter-
nate Sn and TiO; as inspected by SEM and transmission electron mi-
croscopy (TEM) in Fig. 2a and S4-6. The thicknesses of Sn and TiO; slabs
are measured to be ~ 30 and 15 nm, respectively. Of special interest is
that there exists abundant crosslinked structures and pores (labeled by
yellow loops and red lines) at the interfaces (ranging from 5 to 10 nm),
which suggests the newly constructed interfacial Sn-O-Ti bonds upon the
formation of heterostructures as shown in Fig. 2b. In the high-resolution
TEM images, d-spacings of 0.29 and 0.35 nm are detected, correspond-
ing to the Sn (200) and TiO» (101) planes as shown in Fig. 2¢, d. The
energy dispersive X-ray spectroscopy (EDS) and X-ray spectroscopy
(XPS) survey show the spatial distribution and chemical states of Pt, Ti,
O and Sn elements in the corresponding stacks in Fig. 2e-i and S7-8. For
Ti 2p XPS spectrum shown in Fig. 2j, the TiOy exhibits a peak at a
binding energy of 458.5 eV which blue-shifts to 458.8 eV in the S/TO
heterojunctions, which is highly correlated with the formation of Sn-O-
Ti interfacial bonds. The Sn-O-Ti bonds will weaken the shift of covalent
electrons towards O and lower the binding energy of O 1 s (529.9 to
529.6 eV) in the S/TO as shown in Fig. 2k. Such interfacial structures
and bonding state polarize partial electron transfer from O to Sn and
weakens the intrinsic Ti-O covalent bonds, on the contrary, form the Sn-
O bonds (486.6 eV), thus enhancing the binding energy of Ti 2p bonds
(485.5 to 458.8 eV) as shown in Fig. 2j-1. Moreover, in the Sn 3d spec-
trum of pure Sn thin film, the XPS peaks with binding energies of 484.5
and 486.6 eV are ascribed to the metallic Sn and SnO phases, respec-
tively, as revealed in Fig. 21 [37]. It can be seen that the surface of ul-
trathin Sn slabs tends to be oxidized although the Sn is protected by
TiO9, again demonstrating the formation of Sn-O-Ti interfacial bonds to
build the -Sn/TiO2/Sn/TiO2- heterojunctions.
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Fig. 1. Fabrication and characterization of S/TO heterojunctions. (a) Schematic illustration of the fabrication process; (b, ¢) SEM images and elemental mappings of

S/TO thin films; (d) XRD pattern of S/TO thin films.

fabrication process. The height difference (~ 18 nm) indicates the suc-
cessful deposition of Sn on the TiO; slab to construct the TiOy/Sn
stepped stacks as presented in Fig. 3a, ¢ and S10-11. Accordingly, the
measured potential difference between TiO5 and Sn is ~ 15 mV (Fig. 3b,
d). Consequently, the calculated BIEFs is ~10° V/m along the direction

Furthermore, a stepped TiO2/Sn heterojunction was built to examine
the BIEFs as shown in Fig. 3 and S9. SKPM is employed to analyze the
BIEFs by probing the potential difference on the TiO5/Sn heterojunction.
For the SKPM test, the TiO, thin film was first coated on the Si substrate
followed by depositing patterned Sn thin film arrays via a micro-nano
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Fig. 2. Morphology of S/TO heterojunctions. (a, b) TEM images where the interfacial pores and Sn-O-Ti bonds are labeled by yellow loops and red lines, respectively.
(c, d) HR-TEM images, where each slab is composed of abundant nanoparticles. (e-i) Elemental mappings of S/TO. (j-1) High-resolution Ti 2p, O 1 s and Sn 3d

XPS spectra.

from Sn to TiO; slabs across the heterojunctions, where the width of
interfacial region is ~10 nm as shown in Fig. 1b. Such potential reveals
the directed electron migration from Sn to TiO; slab upon the formation
of heterostructures, where, as a matter of fact, the elongation or
shrinkage of Ti-O bonds plays a key role in generating the electron
capturing or releasing centers [38,39]. It is interesting that the electric
conductivity of TiO5 slab is significantly enhanced upon the generation
of Sn-O-Ti interfacial bonds in the heterojunction region, which would
be beneficial for the sodium uptake and electrons shift and may signif-
icantly improve the electrochemical performance.

2.2. Electrochemical performance of S/TO thin films

The electrochemical performance of S/TO multi-heterojunctions, Sn
and TiO, thin films were investigated in sodium batteries. Fig. 4a and
S12 display the galvanostatic discharge-charge profiles of the three
different electrode materials acquired at 0.05 A g~'. The Sn and TiO,

thin films deliver specific discharge capacities of 1646 and 1307 mAh
g in the first cycle with low enough Coulombic efficiencies of 28.3 %
and 12.1 %, respectively. Such a lower Coulombic efficiency can be
firstly ascribed to the intrinsic open structure and extremely high spe-
cific surface areas which consume as much electrolyte and Na* ions as
possible to construct the electrode-electrolyte interphases (mainly the
SEI and the surface/interface defects). When it comes to the S/TO het-
erojunction electrode, it presents a higher specific capacity of 1750 mAh
g ! with a Coulombic efficiency of 22.7 %. There is a plateau at ~ 0.7 V
in the discharge curve, corresponding to the sodiation of TiOy [40]. The
following plateaus at ~ 0.5 and 0.3 V can be attributed the sequential
alloying steps of Sn with Na [41]. The following sodiation corresponds
to the surface-redox behaviors and formation of irreversible
electrode-electrolyte interphases. In the charge curve, the initial several
plateaus are ascribed to the de-alloying processes followed by the des-
odiation of TiO,. As shown in Figure S13, the battery delivers a specific
capacity of 1229 mAh g™! at 0.05 A g~ with a higher S/TO mass
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Fig. 3. Built-in electric fields in metal (Sn)/semiconductor (TiO) heterojunctions. (a, b) SKPM top view images, where the upper narrow layer is the metal Sn slab
and lower wide layer corresponds to the TiO, slab. (c¢) Corresponding height and (d) potential profiles of the Sn/TiO, heterojunctions.

loadings of 2.0 mg cm ™2 . The battery also experiences an active process
and achieves a specific capacity of 502 mAh g~! at the 50th cycle,
approaching that with a lower mass loading. To be specific, the S/TO
electrode experiences an activation process and eventually achieve a
much higher specific capacity of 513 mAh g~! than Sn (315 mAh g 1)
and TiO, (178 mAh g™ 1) after 50 cycles, which approaches the theo-
retical value (Table S3). Moreover, as shown in Figure S14, the Sn-TiOy
physical mixture delivers a specific capacity of 1437 mAh g and a
Coulombic efficiency of 31.1 %. Due to a higher exposure of TiOy, the
physical mixture exhibits more obvious intercalation process of TiO; at
~ 0.75 V than that of the S/TO while the capacity degrades severely
during cycling, illustrating the function of BIEFs in enhancing sodium
storage performance.

The following rate capability of S/TO electrode reveals specific ca-
pacities of 513, 409, 356, 312, 267 and 224 mAh g’1 at various current
densities from 50 to 100, 200, 300, 500 and 1000 mA g’1 as shown in
Fig. 4b and S15, obviously higher over the single-component Sn and
TiO4 electrodes. An apparent concerted effect can be conducted in the S/
TO electrode, where the generated Sn-O-Ti interface structure and the
introduced BIEFs functionalize the storage and transport of Na™ and also
stabilize the heterojunction structure to ensure the rate and long cycling
performance. From the galvanostatic intermittent titration technique
(GITT) measurement (Figure S16), the diffusion coefficient is measured
to be around 10712 em? 57! for Na* ion diffusion inside the S/TO multi-
heterojunctions, higher than that of Sn (~ 107°21071% em? s~ and
TiOs (~ 1071*-107 em? s71), further verifying the contribution of
BIEFs to accelerate the Na™ ion diffusion. The electrochemical imped-
ance spectroscopy (EIS) shows that the battery with S/TO hetero-
junctions exhibits a small Ohmic resistance (Figure S17). Fig. 4c presents

the long-term cycling stability of different thin film electrodes at a
higher current density of 1.0 A g1. The S/TO electrode perfectly inherits
the high specific capacity of Sn electrode and the cycling stability of
TiO, electrode, delivering a specific capacity of 229 mAh g~! even after
2000 cycles which is 3.1 and 6.0 times that of Sn and TiOy materials
(Fig. 4c and S18), which also greatly exceeds the Sn and TiO based
materials reported in the literatures (Table S4). Such a deliberate design
of S/TO heterostructures firstly employ the confinement effect of TiOy
on both sides of Sn to suppress the volume change and exfoliation of Sn
nanoparticles during the repeated sodiation/desodiation processes. In
turn, the coated Sn layers on both sides of TiO2 not only enhance the
conductivity but also effectively retard the catalytic activity of Ti ions to
the electrolyte to stabilize the storage and cycling performance. The
covalent interaction via Sn-O-Ti further enhances the robustness of
superlattices during the long-term cycling. The cycled Sn and S/TO thin
film electrodes were characterized by SEM to analyze their structural
changes. It can be seen that the pure Sn thin film presents debris and
crack morphology while most of the S/TO heterojunction sustains the
relative decent tubular structure (Figure S19), justifying that the TiOy
slabs could effectively prohibit the structural changes of Sn by space-
confinement effect. The sodium ion full cells have been assembled
with S/TO anode and NaVPO,4 (NVP) cathode, delivering the high
charge and discharge specific capacities of 112 and 97 mAh g~ at 0.05 A
g~} (Figure S20).

Next, a detailed analysis of the obtained specific capacity of the S/TO
electrode is conducted, where it generally includes two processes, viz.
the faradaic contribution controlled by ionic diffusion and charge
transfer-controlled faradaic contribution, and the nonfaradaic electro-
chemical double-layer effect [42]. The diffusion-capacitive kinetics
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Fig. 4. Electrochemistry of S/TO heterojunctions. (a) Cycling profiles at 0.05 A g, (b) rate capability, (c) long term cycling stability at 1.0 A g! of S/TO het-
erojunctions. (d) CV curves of S/TO at various scan rates, (e) diffusion- and capacitance-controlled contributions to the total capacity at 1 mV s’l, (f) normalized

contribution ratios at different scan rates of S/TO heterojunctions.

were studied by cyclic voltammetry (CV) test with scan rates from 0.1 to
5mV s~ L. The CV profiles exhibit a linear dependence of current density
versus the scan rates (Fig. 4d). There exists a relationship between the
current (i) and the scan rate (1) i = az/b, where a and b are indexed as the
fitting parameters [42]. The b values of 0.5 and 1.0 are refer to diffusion-
and surface-directed energy storage processes, respectively [42]. By
plotting logi v.s. logv, the b values at various potentials are determined to
be between 0.8 and 1.0 which means that the specific capacity of S/TO is
contributed by both diffusion- and surface-controlled processes
(Figures S21-22). Moreover, the ratio of capacitive contribution in-
creases as the scan rates increases. The green region shows a pseudo-
capacitive contribution of 36 % for the S/TO heterostructures at 1.0 mV
571 as shown in Fig. 4e,f. Such an obvious coexistence of storage and
surface adsorption of Na' ion makes the S/TO electrode capable of
balancing the energy and power densities in building better SIBs.

2.3. Sodium storage mechanism in the S/TO superlattice electrode

To study the sodium storage mechanism, in-situ XRD experiments are
firstly performed to examine the structural changes of the S/TO elec-
trode upon the sodiation/desodiation process (Fig. 5a and S$23-24).
From the XRD patterns, the (200), (101), (220) and (211) peaks of Sn
nanocrystals attenuate gradually as discharge proceeds, corresponding
to the pulverization of Sn electrode, the generation of Na,Sn alloys and

some other intermediates (e. g. NagO) upon sodiation of Sn with the
inserted Na and electrolyte. Then, most of these newly formed XRD
peaks grow gradually in the following charge process, to demonstrate
the progressive reaction of Na with the Sn component in the S/TO
electrode. Moreover, there exists an intense peak at 19.7° shifting
negatively to 19.1° in the late discharge process, which accounts for the
transformation of NagSnys to Naj;sSng by further sodiation [41]. In
contrast, these intermediate phases disappear at the end of charge and
the XRD peaks of Sn nanocrystals recover back again as shown in Fig. 5a.
This is a typical evidence for the Na-Sn alloying process. Then for the
TiO, component, no obvious XRD peak change of (200) plane is wit-
nessed to demonstrate the solid-solution reaction with very limited
volume variation upon Na exchange with TiO; nanocrystal electrode. As
a matter of fact, the repeated in-situ XRD results of S/TO electrode with
long cycling life span evidences strongly the spatial confinement effect
in this periodic nanostructured electrode for energy storage and con-
version applications, where the nanosizing and pulverization of Sn
particles is effectively space-limited in between the TiO, slabs and the
notorious catalytic reaction between electrolyte and TiO; surface region
is sophisticatedly saturated by the Sn-O-Ti interfacial connections as
well as the electron accumulation in TiO; as shown in Fig. 3, 4e and 5a,
synergistically elevating the Na storage and transport performance of
the S/TO electrode as exhibited in Fig. 4. This is also the fantastic aspect
to overcome the intrinsic disadvantages of single material using the
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tungsten probe and S/TO electrode contact with the zoom in observation. (f, g) TEM observation of the cycled S/TO electrode.

heterostructure electrochemistry to develop high-performance com-
posite electrodes at present.

What’s more, the in-situ TEM experiment is further performed to
inspect the structural and morphological changes of the S/TO electrode
as shown in Fig. 5b-g. The S/TO thin films and sodium foil are fixed on a
gold wedge and a tungsten probe as the working and the reference
electrodes, respectively (Fig. 5b, S25). Then negative and positive biases
are exerted to carry out sodiation and desodiation processes
(Figure S26). From TEM observations, the NagSn4 intermediate is
detected with a lattice d-spacing of 0.27 nm in the discharged S/TO
electrode, in consistence with the reported value (Fig. 5f) [43]. While in
the charged S/TO electrode (Fig. 5g), a lattice fringe value of 0.29 nm
can be identified to be Sn (200) plane [44], in line with above in-situ XRD
results and to verify the reversibility of the S/TO thin film electrode.

Fig. 6 presents the atomic-scale working process of the S/TO heter-
ojunctions. From the calculated charge density difference (CDD) at the
atomic interface of the S/TO heterostructures, Sn-O-Ti interfacial bonds

are generated upon the formation of heterojunctions and the charge
transfers from Sn to TiO», inducing the partial reduction of surficial TiO2
(Fig. 6a). Consequently, the TiO, and Sn become electron-rich domains
and electron-deficient domains, respectively (Fig. 6b), which creates
BIEFs pointing from Sn to TiO, in line with the SKPM results as shown in
Fig. 3d. Further simulation results indicate the most likely Na™ ion
diffusion pathway is long the [001] direction in the S/TO hetero-
junctions. As can be seen from Fig. 6¢c-e and S27, when the number of
intercalated Na™ ion increases from one to six, the negative free energies
mean that Na' ion intercalation at the heterointerface is a
thermodynamic-allowed spontaneous process and the heterointerfaces
provide extra space and active sites for sodium storage with respect to
TiO5 or Sn. Furthermore, upon Na' insertion, the formation energy of
capturing the first four Na™ ions increase gradually while the subsequent
Na' accumulation leads to the breakage of the Ti-O-Sn interfacial bond
to decrease the formation energy as shown in Figure S27. As a matter of
fact, the BIEFs originate from the different chemical potentials (u, or
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Fig. 6. Atomic scale working process of S/TO heterojunctions. (a) Charge density difference and (b) planar-average electron density difference at the interface of S/
TO superlattice heterostructures. (c, d) DFT simulations of the pristine S/TO and the discharged state with four sodium ions. (e) Formation energies and minimum Sn-
O distances as a function of the interfacial sodium ions. (f-h) Work function analyses of TiO, and Sn. (i-k) Schematic illustration on sodium storage in the S/TO

superlattice heterojunctions.

Femi levels Ep) of two building blocks. The work functions (¢, equal to
Ey-Er where the E, corresponds to the vacuum energy level) of TiO, and
Sn are calculated to be 8.03 and 4.02 eV, respectively (Fig. 6f, g). Such a
big difference in ¢ inevitably stimulates the electronic redistribution
during band alignment at the heterointerface between TiO; and Sn as
shown in Fig. 6h. The electrons from the high Femi-level Sn will spon-
taneously flow to the low Femi-level TiO2 to build BIEFs at the in-
terfaces, which agrees with the CDD results (Fig. 6a, b). According to the
projected electronic density of states (DOS) as presented in Figure S28,
the Sn and TiO; present typical metallic and semiconductor properties,
respectively. For the S/TO heterostructures, the disparate Femi levels

prompt charge redistribution at the interface until the Femi levels of
these components achieve the equilibrium accompanied by the disap-
pearance of holes filled with electrons near the Femi level of TiO,, which
is also in line with the CDD results displayed in Fig. 6a, b.

Based on aforementioned analyses, Fig. 6i-k schematically demon-
strates the sodium storage mechanism together with the functional be-
haviors of BIEFs inside the S/TO heterojunctions during electrochemical
cycling. The TiO; component possesses a higher sodium intercalation
potential than that of Sn part, so it will firstly capture Na' ion during
discharging, the electronic and ionic movements of which would be
accelerated by the BIEFs pointed from Sn to TiO; inside the
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heterostructures. As there exists a huge work function (¢) difference
between Sn and TiO,, the BIEFs (~ 10° V/m) maintain the same di-
rection during cycling. On the other hand, since the desodiation po-
tential of Sn is lower than that of TiO,, the Na' ions will be firstly
detached from Sn and also significantly accelerated by the BIEFs. In
brief, the direction of BIEFs remains unchanged so that BIEFs facilitate
the sodiation at the TiO; side and initiate the desodiation from the Sn
side, in line with their theoretical (de)intercalation potentials to co-
contribute to the outstanding electrochemical performance of the S/
TO electrode.

3. Conclusion

In summary, we have demonstrated a rational design of S/TO
superlattice heterojunctions thin films with BIEFs at the atomic in-
terfaces via an effective strain-release approach. Such vertical super-
lattice heterostructures contributed to the optimized band structure,
more accessible interface, enhanced adsorption energy and restrained
volume expansion, which integrates the merits of complementary Sn
and TiOy and overcome their shortcomings. More importantly, the
interfacial BIEFs constructed from the work function difference expedite
electron and ionic transfer, thus greatly lowering the formation energy
of sodium ion storage. Our work illustrates an effective approach to
tailor the structural and electrochemical properties of electrode mate-
rials by interface engineering and provides insights into the functional
mechanism of BIEFs for sodium ion storage.

4. Experimental section
4.1. Synthesis of S/TO thin film heterostructures

The S/TO was prepared by a self-rolling process. First of all, the
sacrificial photoresist layer was spin-coated onto an Al foil substrate
with a speed of 4500 rpm, followed by baking on a hotplate for 1 min to
remove the residue solvent. After that, Sn and TiO, thin films were
sequentially deposited onto the PMMA layer. Then the substrate coated
with thin films was immersed into isopropanol to selectively remove the
sacrificial layer, which induced the self-rolling of hybrid thin films and
detachment from the substrate. Finally, the thin films were dried by a
CO4, super critical point dryer. For comparison, pure Sn and TiO5 thin
films were also prepared using the same method.

4.2. Characterizations

The morphology of thin films was characterized by SEM (Zeiss
Gemini 300) at an acceleration voltage of 10 kV. The detailed micro-
structure and composition were examined by TEM (FEI Helios NanoLab
4508) at 200 kV and aberration-corrected TEM (AC-STEM, FEI Titan
ChemisSTEM 80-300) at 300 kV. Before the analysis, the FIB-derived
lamella was treated with Oy/Ar plasma for 10 s. For the SKPM mea-
surement (Bruker Dimension ICON), a TiOy thin film was firstly
deposited on the Si substrate and then it was coated by a patterned
photoresist through optical lithography which was then removed after
the Sn thin film was deposited onto the TiO9, thus forming a stepped
TiO2/Sn heterostructure on the substrate. The surficial components and
chemical state of thin films were inspected by XPS (Thermo Scientific K-
Alpha). The materials were also identified by powder XRD (Bruker D8
Advance) with Cu Ka radiation operated at 40 kV and 40 mA.

4.3. Electrochemical measurements

The sodium-ion battery performance was investigated using coin-
type cells assembled in an Ar-filled glove box. The working electrode
was prepared by mixing thin film powders, acetylene black and poly-
vinylidene difluoride (PVDF) with a mass ratio of 70:20:10 in N-methyl
pyrrolidone via vibration instead of ultrasonication to keep the intact
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structure. Homogeneous slurry was prepared after vibration for 6 h
which was then spread onto an Al foil and dried in a vacuum oven
overnight. The mass loading of each disc was ~1.0 mg cm 2. The so-
dium ion batteries were assembled using the as-prepared electrode disc
as the working electrode and a piece of sodium foil as the counter
electrode and reference electrode. The electrolyte consists of 1 M NaPFg
in dimethyl carbonate (DEC)-ethylene carbonate (EC) (1:1 Vol%).
Glassy fiber (Whatman GF/D) was employed as the separator. The cells
were galvanostatically discharged/charged by Land CT2001A battery
test system. The cyclic voltammetry was carried out on PGSTAT302N.

4.4. Theoretical calculation

All spin-polarized total energy calculations were performed using the
Vienna Ab Initio Simulation Package (VASP) within the projector
augmented wave (PAW) method based on density functional theory
(DFT) [45,46]. The generalized gradient approximation (GGA) was used
to describe the electron-electron exchange correlations in the parame-
terization of Perdew, Burke, and Ernzerhof (PBE) [47]. A plane wave
representation for the wave function with a cutoff energy of 500 eV was
applied. A gamma-centered K-point mesh of 0.04 A~! was used for the
Brillouin zone sampling. Geometry optimizations were performed until
all the forces acting on ions were less than 0.03 eV/A. The crystal
structures and charge density were visualized using the VESTA software.
The large enough extended supercell was adopted to build the TiO,
(101)/Sn (010) heterojunction for electronic structure as well as kinetics
simulations, which contains 144 atoms (108 atoms for TiO, and 36
atoms for metal Sn, respectively).
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