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1. Introduction

Nanoconfinement of ultra-small Bi,Tes nanocrys-
tals on reduced graphene oxide: a pathway to
high-performance sodium-ion battery anodesf

Zhuoying Cheng, Zhuo Li, Yuao Wang, Yiyang Mao, Jun Yan,* Dianxue Cao & and
Kai Zhu W= *

Bismuth telluride (Bi;Tes) nanomaterials have attracted considerable attention owing to their intriguing
physicochemical properties and wide-ranging potential applications arising from their distinctive layered
structure and nanoscale size effects. However, synthesizing sub-100 nm ultra-small Bi;Tez nanocrystals
remains a formidable challenge. To date, there has been little investigation on the performance of these
ultra-small Bi;Tes nanocrystals in sodium-ion batteries (SIBs). This study presents a general strategy for
synthesizing ultra-small Bi,Tes nanocrystals on reduced graphene oxide (Bi,Tes/rGO) through a nano-
confinement approach. First-principles calculations and electrochemical kinetic studies confirm that the
ultra-small Bi,Tes/rGO composite material can effectively mitigate volumetric expansion, preserve elec-
trode integrity, and enhance electron transfer, Na-ion adsorption, and diffusion capacity. As a result, the
Bi,Tes/rGO electrode demonstrates a remarkable initial specific capacity of 521 mA h g™t at 0.1 A g7,
showcasing outstanding rate behaviour and long-lasting cycle life exceeding 800 cycles at 1 A g~* while
preserving exceptional rate properties. The function of the battery is indicated by ex situ TEM and XPS
findings, which propose a conventional dual mechanism involving conversion and alloying. This work
paves the way for rapid advancements in Bi;Tes-based SIB anodes while contributing to our understand-
ing of sodium ion storage mechanisms.

In recent years, there has been significant emphasis on the
development of efficient anode substances to increase the

The abundant availability of sodium in nature, its low cost,
and the rocking-chair Na-ion storage mechanism have led to
significant research interest in sodium-ion batteries (SIBs) as a
potential alternative to lithium-ion batteries, as evidenced by
the attention they have received.””> On the other hand, the Na
ion demonstrates reduced reaction kinetics and transport
during electrochemical cycling because of its greater ionic
radius (around 1.02 A). It is accompanied by a notable increase
in volume, which dramatically affects the electrode’s structural
stability while charging and discharging.>* Consequently, the
primary challenge faced by exploring suitable SIB anode
materials lies in achieving excellent structural stability while
accommodating volume changes induced by Na ion transport
and providing rapid Na ion transport capabilities.”®
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capacity of sodium-ion batteries.””® Due to their high theore-
tical conversion capacity, sulfides, selenides, and metal oxides
have gained considerable attention among alternative
materials.”° Compared with sulfides and oxides, metal tellur-
ides (MTs) exhibit enhanced electrical conductivity and
electrochemical activity,”'" making them promising candi-
dates as anode materials for SIBs. However, further improve-
ments in their rate capability are still necessary to meet practi-
cal demands.">"® Among various MT materials, Bi,Te; pos-
sesses a layered structure similar to graphite and demonstrates
adequate theoretical capacity through a combination of con-
version and alloying reactions.'*'® Nevertheless, the main
obstacle related to Bi,Te; is its significant alteration in volume
while cycling, resulting in the pulverization of the electrode
substance and a rapid decline in capacity."®'” Enhancing the
rate capability of MTs while addressing the volume change of
Bi,Te; represents a crucial objective toward advancing SIB
anode materials."®

Researchers have developed alternative methods for fabri-
cating Bi,Te;-based nanocomposites to enhance the perform-
ance of SIBs that overcome the limitations of conventional
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electrode preparation methods. One frequently used method
includes combining Bi,Te; with a conductive carbon frame-
work to create nanocomposites, which enhances the stability
of the active material’s structure and improves its electrical
conductivity.'® Several remarkable studies have demonstrated
that including nanoscale substances can notably enhance the
surface area of contact between the electrode and electrolyte,
enlarge ion storage locations, and reduce the length of ion
transport routes. These enhancements contribute to the
improvement in  reversible capacity and  kinetic
performance.”°>> Moreover, the high electronic conductivity
of carbon facilitates accelerated electron transfer, further
enhancing the rate capability. For instance, Chong et al. syn-
thesized a composite anode architecture of Bi,Te; nanosheets
enclosed within reduced graphene oxide (rGO) and nitrogen-
doped carbon (NC) layers. At a rate of 0.05 A g~*, the compo-
site displayed an impressive initial reversible specific capacity
of 322.7 mA h ¢g~! while also demonstrating outstanding stabi-
lity throughout multiple cycles and excellent performance at
different rates.>® Pang et al. fabricated solvent-reduced Bi,Te;
nanosheets with exceptional rate capability and long-term
cycling performance by delivering 364.0 mA h g™ after 1200
cyclesat 5 Ag >

This work describes the fabrication of ultra-small Bi,Te;
nanocrystals uniformly attached to reduced graphene oxide
(rGO) nanosheets using a facile and versatile nanoconfinement
strategy. The pH adjustment of the dispersion of graphene
oxide leads to a slight stacking of graphene oxide sheets as a
result of reduced electrostatic repulsion. In situ growth of ultra-
small Bi,Te; nanocrystals in these weakly stacked graphene
oxide sheets was achieved using confined nano-reactors. By
taking advantage of its tiny size, the Bi,Te;/rGO composite
material, consisting of just one sheet, is utilized as an anode
material for SIBs, exhibiting an impressive maximum capacity
of 521 mA h g”" at 0.1 A g™ coupled with exceptional rate per-
formance and remarkable cycling stability. The storage mecha-
nism of sodium ions in Bi,Te;/rGO was elucidated through ex
situ transmission electron microscopy (TEM) and ex situ X-ray
photoelectron spectroscopy (XPS). In addition, successfully
assembling a high-performing full cell further displays the
potential application of MT anodes for SIBs.

2. Results and discussion

The diagram of synthesizing Bi,Te; nanocrystals on rGO is
depicted in Fig. 1A. First, dilute nitric acid was dropped into a
homogeneous dispersion of GO until the pH reaches approxi-
mately 4, resulting in a slight accumulation of GO nanosheets.
Subsequently, Bi(NO3);-5H,0 was added to the mixture while
stirring it in an ice bath to regulate the nucleation and growth
speed of the GO dispersion. Through coordination/electro-
static interactions with oxygen-containing functional groups,
Bi*' cations can adsorb on the surface of GO. Then, NH,Cl was
added to the dispersion to inhibit the expansion of extremely
tiny BiOCI nanocrystals in the interlayer nano region between

5686 | Nanoscale, 2024, 16, 5685-5694

View Article Online

Nanoscale

the loosely arranged GO nanosheets. After subjecting to cen-
trifugal purification and freeze drying, the end product was
transformed into a composite aerogel. Utilizing BiOCl/GO
nanosheets as precursors and Na,TeO; as a tellurizing agent,
Bi,Te;/GO was obtained through an ion exchange process
under hydrothermal conditions. Finally, by subjecting it to a
simple annealing treatment at 350 °C, graphene oxide was
effectively reduced, leading to the successful synthesis of
chemically bonded ultra-small Bi,Te; on reduced graphene
oxide (referred to as Bi,Tes/rGO).

The scanning electron microscopy (SEM) images in Fig. 1A
and S17 illustrate the even dispersion of Bi,Te; nanoparticles
throughout the rGO surface. The images reveal a close contact
between Bi,Te; nanoparticles and rGO, with loosely arranged
GO nanosheets offering numerous locations for the formation
of tiny Bi,Te; nanocrystals and an important interlayer con-
finement nano-space. For comparison, Bi,Te; nanoparticles of
a larger size (approximately 550 nm on average) were produced
by a commonly employed solvothermal method (Fig. S2, ESIT).
Weakly stacked GO nanosheets aid in nucleation for ultra-
small Bi,Te; nanocrystals, playing a significant role in inter-
layer confinement. The microstructure of Bi,Te;-rGO (Fig. 1C-
G) was examined using transmission electron microscopy
(TEM) analysis, which showed a homogeneous dispersion of
tiny Bi,Te; nanoparticles on the rGO surface with no evidence
of clustering. As shown in the high-resolution TEM image
(Fig. 1F), a lattice spacing corresponding to the (002) plane of
Bi,Te; at 0.37 nm is observed. Fig. 1G displays the selected
area electron diffraction (SAED) pattern that reveals diffraction
spots corresponding to the (015), (110), and (125) planes of
Bi,Te;. Dark-field TEM imaging and energy-dispersive spec-
troscopy elemental mapping confirm the presence of elements
including Bi, Te, C, and O on both the rGO flakes and ultra-
small Bi,Te; nanoparticles.

Fig. 2A illustrates the XRD pattern of Bi,Te;/rGO, displaying
clear peaks at 26 = 8.6°, 17.4°, 23.6°, 27.6°, 37.8°, 40.4°, 41.1°,
and 50.1°, which correspond to the (003), (006), (101), (015),
(1010), (0111), (110), and (205) crystallographic planes of
Bi,Te;, respectively. These peaks align excellently with the
standard card reference JCPDS no. 04-004-7783, confirming
the successful synthesis of Bi,Te;/rGO by the ion exchange
method. Fig. S31 shows the XRD pattern of BiOCl. Raman
spectroscopy, depicted in Fig. 2B, was employed to investigate
the carbon state within the composite material. The wavenum-
bers at around 1589 and 1341 cm ™" are attributed to the sp*-
hybridized carbon (g-band) and sp’-hybridized carbon
(d-band) in Bi,Te;/rGO.'®**?® In addition, the rGO content
was determined using thermogravimetric analysis (TG). After
heating Bi,Te; to 800 °C in air, it completely transforms into
TeO, and Bi,0;. The TG curve (Fig. 2C) reveals that the rGO
content in Bi,Te;/rGO is approximately 3.8 wt%. According to
Table S1 in the ESI,} the electrical conductivity of Bi,Te; nano-
particles is 0.33 x 107> S em™*, while that for Bi,Te;/rGO com-
posites is 1.47 x 107> S em ™, indicating that rGO contributes
to the enhancement of electrical conductivity in Bi,Te;/rGO.
The N, adsorption/desorption isotherms of Bi,Te; and Bi,Tes/

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) lllustration of the materials synthesis process; (B) SEM image of Bi,Tes/rGO, (C and D) TEM images of Bi,Tes/rGO; (F) HRTEM image of
Bi,Tes/rGO, (G) SAED pattern of Bi,Tez/rGO; (H) EDS mapping image of Bi,Tes/rGO.

rGO (Fig. 2D) display characteristic hysteresis loops,”” indica-
tive of a type-IV mesoporous structure in both composite
materials, with the pore sizes of these composites vary from
2 nm to 100 nm. The BET specific surface area of Bi,Te; was
found to be 3.79 m” g™, while that of Bi,Te;/rGO significantly
increases to approximately 24.21 m> g~'. This suggests that
adding rGO affected the original multichannel structure of
Bi,Te;/rGO. The BET findings suggest that Bi,Te;/rGO pos-
sesses a significantly increased specific surface area, indicat-
ing potential advantages in facilitating electrolyte permeation
and providing a greater abundance of active sites for Na ion
electrochemical interactions.

This journal is © The Royal Society of Chemistry 2024

The X-ray photoelectron spectroscopy (XPS) technique was
employed to investigate the composition and valence states of
Bi,Te;/rGO. In the exhaustive scan XPS measurement profile, Bi,
Te, C, and O elemental components were observed in the Bi,Tes/
rGO sample (Fig. 2E). The C 1s core level spectra exhibited five
well-fitted peaks at 288.5, 287.6, 286.2, 285.3, and 284.6 €V, corres-
ponding to the O-C=O, C-Te, C-O, C=0, and C-C bonds,
respectively.””® Fig. 2G shows the O 1s spectra of Bi,Tes/rGO,
where the three fitted peaks at 533.1, 531.3, and 530.2 eV are
attributed to the C-O-C, Bi-O-C, and Bi-O bonds,
respectively.*>*° It is worth noting that the Bi-O-C chemical bond
between rGO and Bi,Te; facilitates rapid charge transfer while
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Fig. 2 (A) XRD pattern of Bi,Tez/rGO; (B) Raman spectra, (C) thermogravimetric analysis, and (D) nitrogen adsorption—desorption isotherms and
pore size distribution curves of Bi;Tez/rGO; XPS spectra of Bi,Tes/rGO: (E) full spectrum, (F) C 1s, (G) O 1s (H) Bi 4f and (I) Te 3d.

maintaining good morphological and structural stability. The 4f5/,
and Bi 4f;, inherent peaks (Fig. 2H) are represented by the two
separate peaks at 164.5 eV and 159.5 eV, respectively.”® The
binding energy peaks observed at 586.4 eV and 576.1 eV are attrib-
uted to the presence of the Te-O bond, indicating the surface oxi-
dation of Te atoms.*' In Fig. 2I, the XPS spectrum of Te 3d shows
the presence of two distinct pairs of peaks. The Te 3d;, and Te
3ds/, states linked to the Bi-Te bond in the Bi,Te; compound can
be identified as the peaks at 583.6 eV and 573.2 eV.*

To elucidate the intrinsic advantages and the sodium ion
storage mechanism of Bi,Te;, a half-cell system was employed
with metal sodium as the counter electrode, using the corres-
ponding electrochemical testing methods. During the first
cathodic scan of the cyclic voltammetry(CV) curves, the Bi,Tes
cathodic peaks (Fig. 3A) were detected at 1.1 V, suggesting the
development of a solid electrolyte interface (SEI) and the pres-
ence of specific unfavorable reactions.**** The conversion
reaction from Bi,Te; to Bi (eqn (1)) can be identified as the
cause of the cathodic peak appearing at 1.5 V.>***® The alloy
reactions of Bi (eqn (2) and (3)) are represented by the two
peaks at 0.4 V and 0.6 V.>” The peak at 0.2 V may be attributed
to carbon materials.®® As oxidation occurs, the cliffs at 0.6 V

5688 | Nanoscale, 2024, 16, 5685-5694

and 0.8 V correspond to the gradual dissociation of the Na;Bi
alloy into Bi (eqn (4) and (5)). Furthermore, the oxidation peak
at 1.9 V appears as a result of the dissociation reaction of
Na,Te (eqn (6)). The CV curves of the Bi,Te;/rGO anode remain
highly consistent in the subsequent three cycles, demonstrat-
ing the exceptional reversibility of the phase transition
throughout the cycling process. Therefore, the entire electro-
chemical reactions involved in the Bi,Te;/rGO anode for SIBs
can be described by the following equations:*®

Bi,Te; + 6Nat + 6~ — 3Na,Te + 2Bi (1)
Bi+ Na' + e~ — NaBi (2)

NaBi + 2Na*t + 2¢~ — NazBi (3)
Na3Bi — NaBi + 2Na™ + 2e~ (4)
NaBi — Bi+ Na® +e~ (5)

Na,Te — 2Na™ + Te + 2e~ (6)

Fig. 3B depicts the galvanostatic charge-discharge (GCD)
curve at 0.1 A g~'. Notably, two distinct discharge voltage

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) CV profiles of Bi,Tes/rGO, (B) GCD curves of Bi,Tesz/rGO, (C) rate capabilities of Bi,Tes and Bi,Tes/rGO. (D) GCD curves of Bi,Tez/rGO, (E)

rate performance comparison of Bi,Tes/rGO with other reported metal telluride for SIBs, (F) cycling performances of Bi,Te; and Bi;Tes/rGO, (G)

long-term cycling performance of Bi,Tes/rGO.

plateaus are observed at approximately 1.6 V and 0.4 V (vs.
Na'/Na), which aligns well with the CV curve. At a current
density of 0.1 A g7', the Bi,Tes/rGO composite material
demonstrates a remarkable initial coulombic efficiency (ICE)
of 75.2%, with an initial discharge capacity of 719 mA h g™*
and a charge specific capacity of 539 mA h g~'. After under-
going 100 cycles, the discharge capacity remains at 446 mA h
g~ ! with a cycle efficiency of 91.1%. In contrast, the discharge
capacity of the pure Bi,Te; electrode is close to 450 mA h g™*
at 0.1 A g~ " but significantly decreases to only 50 mA h g™ " at a
current density of 5 A g'. Upon restoring the current density
to 0.1 A g7', the specific capacity only reaches 222 mA h g™, In
sharp contrast, the Bi,Te;/rGO composite material exhibits dis-
charge capacities of 521, 488, 436, 433, and 374 mA h g™' at
0.1, 0.2, 0.5, 1, and 2 A g, respectively. Even at 5 A g™, it
maintains a remarkable specific capacity of 340 mA h g~'. In
addition, upon restoring the current to 0.1 A g~*, the Bi,Tes/
rGO composite material exhibits a sustained higher specific
degree of 476 mA h g, demonstrating its superior rate capa-
bility compared to pure Bi,Te; (Fig. 3C). The improved rate
efficiency of the Bi,Te;/rGO composite material can be
ascribed to the combined impact of the ultra-small Bi,Te;
nanocrystal arrangement and the enhanced chemical bonding
between Bi,Te; and conductive rGO.

Fig. 3D depicts the GCD patterns of Bi,Te;/rGO electrodes
at different current densities in the range of 0.1-5 A g~'. The

This journal is © The Royal Society of Chemistry 2024

cycling performance was evaluated at a high current density of
1 A g7, Fig. 3E demonstrates that the specific capacity of the
pure Bi,Te; electrode experiences a sharp decline within the
initial 40 cycles, whereas the Bi,Te;/rGO electrode maintains a
relatively stable specific capacity of 499 mA h g~ throughout
the cycling process. Notably, the specific capacity and rate per-
formance of the Bi,Te;/rGO composite material significantly
surpass those of previously reported bismuth-based anode
electrode materials (Fig. 3F, Table S21). Before engaging in
extended cycling at elevated current densities, a preliminary
activation test was carried out at a reduced current density of
0.1 A g7', involving six charge-discharge cycles. During the
first 100 cycles, the specific capacity experiences a decrease
from 421 to 387 mA h g~'. Remarkably, the system demon-
strates exceptional stability with an impressive specific
capacity of 345 mA h g~" achieved after 800 consecutive cycles,
resulting in a capacity retention rate of 82% (Fig. 3G). The out-
standing performance observed in the anode electrode of
Bi,Te;/rGO can be ascribed to its distinctive architectural con-
figuration, wherein minuscule Bi,Te; nanocrystals establish
chemical connections on a three-dimensional interconnected
graphene network, facilitating rapid ion and electron transfer
across the entire electrode surface.

The capacitance contribution is a crucial parameter for
assessing the high rate performance of electrode materials.
The dynamic capacitance contribution of the Bi,Te;/rGO elec-

Nanoscale, 2024, 16, 5685-5694 | 5689
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Fig. 4 (A) CV profiles of Bi,Tes/rGO at different scan rates ranging from 0.2 to 5 mV s~ (B) A linear relationship existing between the peak current
logarithm and the scan rate logarithm. (C) Capacitive contribution of the Bi,Tes/rGO electrode at a scan rate of 1.0 mV s™%. (D) Contributions from
capacitive- and diffusion-controlled sources at different scan rates. (E) EIS spectra of Bi,Tes and Bi,Tesz/rGO, with an equivalent circuit model fitted
to the data shown in the inset figure. (F) Correlation between Z' and o~/ for the Bi,Tes and Bi,Tes/rGO electrodes. (G) GITT values and (H) calcu-

lated diffusion coefficients (Dy,-) of the Bi,Tes and Bi,Tez/rGO electrodes.

trode was determined by plotting CV profiles at different scan
rates (0.2-5 mV s '), as illustrated in Fig. 4A. The correlation
between the peak current (i) and the scan rate (v) in the CV
curves conforms to eqn (7), where adjustable parameters a and
b are utilized:

i=av® (7)
The slope of log() relative to log(v) in the graph represents
the value of b. The calculated values for b obtained from
anodic peak 1 and cathodic peak 2 are 0.721 and 0.766,
respectively (Fig. 4B), implying that the capacitance process
contributes predominantly to the capacity. The contributions
of ion diffusion and pseudocapacitive diffusion at different
scan rates (v) can be derived from eqn (8):

i(v) = kyv + kov'/? (8)

where kv represents the contribution of pseudocapacitive
diffusion, while k,'? represents the contribution of ion
diffusion.>**® As depicted in Fig. 4C, the pseudo-capacitance
contribution rate of Bi,Tes/rGO at 1 mV s™* was determined to
be 64% (blue region). Fig. 4D shows that the Bi,Te;/rGO elec-

5690 | Nanoscale, 2024, 16, 5685-5694

trode has capacitance contribution rates of 51%, 54%, 60%,
64%, 70%, and 82% at scan rates of 0.2, 0.4, 0.8, 1, 2, and
5 mV s~
contribution results in more favourable characteristics during
rapid charge and discharge processes. The effective growth of
unique Bi,Te; nanoparticles on a three-dimensional rGO struc-

!, respectively. The gradual increase in capacitance

ture is primarily responsible for high capacitance control as it
provides superior conductivity and abundant active sites for
Na" accommodation.

To elucidate the enhanced electrochemical capabilities of
Bi,Te;/rGO composite materials, electrochemical impedance
spectroscopy (EIS) analysis was performed on both the pure
Bi,Te; and Bi,Te;/rGO composite materials, as depicted in
Fig. 4E. Each EIS plot comprises a semicircular arc and a
sloped region in the high-, medium-, and low-frequency
domains.?® The semicircle corresponds to the resistance from
solid electrolyte interface (SEI) formation and charge transfer
processes between the electrode and the electrolyte.*"** The
sloped region signifies the Warburg diffusion phenomenon
associated with sodium ion rnigration within the electrode,
manifesting as a 45° slope angle.*® Consistent with CV and
charge-discharge analyses, Fig. 4E reveals that the Bi,Te;/rGO

This journal is © The Royal Society of Chemistry 2024
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composite electrode exhibits a reduced semicircle diameter
compared to its pristine counterpart, indicating diminished
interfacial impedance. The inset in Fig. 4E illustrates an equi-
valent circuit model fitted to the experimental data. Notably,
solution resistances (Rg) for pristine and composite electrodes
are estimated as 5.14 Q and 0.88 Q, respectively. Furthermore,
the charge transfer resistance for the Bi,Te;/rGO composite is
~113.20 Q, while that for pristine Bi,Te; nanosheets amounts
to 283.00 Q; this unequivocally demonstrates a significant
enhancement in conductivity upon the incorporation of a con-
ductive reduced graphene oxide matrix into the original Bi,Te;
nanosheets.

In addition, Fig. 4F and H illustrate the galvanostatic inter-
mittent titration technique (GITT) plots of Bi,Te; and Bi,Tes/
rGO, respectively, to investigate the diffusion coefficient of the
Na ion (Dyg:). It can be calculated using eqn (9):**

4 (meVa\’ [AEs\?
D= _— BYM S (9)
nt \ MgS AE,
Throughout the discharge and charge processes, the Dy,«
values for Bi,Te;/rGO range from 3.9 x 107** to 7.38 x 107*°

em® s7', exhibiting a notable increase compared to the
measurements of pure Bi,Te;, which vary from 6.84 x 107°

Intensity (a. u.) >
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[

il
il
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em® 57" to 1.1 x 107" em® s™". Consequently, the diffusion
coefficient (Dya,:) of Bi,Te3/rGO exhibits a notable enhance-
ment compared to that of pure Bi,Te;. These findings suggest
that the two-dimensional structure of Bi,Te;/rGO facilitates Na
ion diffusion, thereby improving its rate performance.

Ex situ TEM and ex situ XPS analyses were performed at
different sodiation/desodiation stages to acquire a thorough
comprehension of the structure evolution and electrochemical
mechanism of sodium ion storage in the Bi,Te;/rGO electrode,
as illustrated in Fig. 5. Before sodiation under open-circuit
voltage, the XPS spectra of Bi 4f exhibited a pair of peaks at
159.1 and 164.6 eV, which corresponded to the Bi** states of Bi
4f;/, and Bi 4f;,,. Notably, an additional peak emerged in the
XPS spectrum of Te 3d at 564.1 eV, indicating oxygen adsorp-
tion on the Te 3d orbitals.”> Furthermore, compared to the
initial position, the peak intensities of Bi*" 4f,,, Bi** 4f5,, and
Te 3ds, were significantly weakened, suggesting the trans-
formation of Bi,Te;/rGO into NaBi and Na,Te, consistent with
the results of EDS elemental mapping (Fig. S47).

Ex situ TEM further demonstrated the morphology evol-
ution of phase transformation during the discharge-charge
process with different potential states. At the discharge state
(0.01 V), Fig. 5A illustrates that Bi,Te;/rGO undergoes a tran-
sition from large grains (approximately 50-100 nm) to uni-

Intensity (a. u.)

Pristine ﬁ
90 580 570 560

Binding energy (eV)

4]

Fig. 5 (A and B) Ex situ XPS spectra at various stages during the initial cycle of sodiation/desodiation: (A) Bi 4f and (B) Te 3d. (C—F) HRTEM images
and (G-J) initial cycle images of IFFT undergoing sodiation/desodiation: discharged to 1.5 V (C and G) and 0.01 V (D and H); charged to 1.9 V (E and

I)and 3.0 V (F and J).
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formly dispersed small grains (around 20 nm). In addition, the
existence of lattice fringes measuring 0.332 nm apart in
Fig. 5H confirms the formation of a Na;Bi alloy on the (021)
plane of Na;Bi with rhombohedral structure (JCPDS no. 97-
067-1309), providing further evidence for in situ transform-
ation. The viewpoint is further substantiated by the EDS
results (Fig. S31). Upon being charged back to 1.9 V, the (110)
plane of NaBi can be identified from the lattice fringes dis-
played in Fig. 51, which have a spacing of 0.338 nm. After char-
ging to 3.0 V, the lattice fringes can be well attributed to Te
with a rhombohedral structure (JCPDS no. 97-016-1690)
(Fig. 5F and J). Notably, no detectable Bi,Te; lattice is observed
after the discharge/charge process, indicating an irreversible
transformation within the Bi,Te; nanosheet anode.

Through the utilization of first-principles calculations
using density functional theory (DFT), we have comprehen-
sively elucidated the electronic structure and adsorption
energy of the Na ion in the material. Furthermore, we investi-
gated the adsorption capability of the material framework for
the Na ion and the calculation model in Fig. S5,7 where a 2 x 2
x 1 supercell was constructed to accommodate the adsorption
of one Na ion. As depicted in Fig. 6A, the Bi,Te;/rGO interface
shows an adsorption energy of the Na ion measuring —2.37 eV,
which is comparatively lower than that observed for Bi,Te;
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(=2.17 eV). This suggests a pronounced affinity of the Bi,Te,/
rGO electrode towards the Na ion, thereby facilitating their
adsorption and promoting subsequent electrochemical reac-
tions. Insights into the bonding characteristics of the
adsorbed Na atoms were obtained by analyzing the difference
in electronic density, which involved subtracting the charge
density contributions from Na atoms and bare Bi,Te; within
the combined compound. As illustrated in Fig. 6B, yellow and
cyan electron clouds represent electron accumulation and
depletion regions within the Bi,Te;/rGO structure. Notably, an
evident charge accumulation region around the C atom and an
adjacent layer exhibiting electron depletion near the -OH func-
tional group, signifying electron transfer from rGO to Bi,Te;,
which enhances the Na ion adsorption capacity. In addition,
the total densities of states (DOSs) of all samples are illustrated
in Fig. 6C and D. It can be observed that Bi,Te;/rGO exhibits a
conductor behaviour near the Fermi energy level, lacking a
band gap, which is considerably superior to Bi,Te;, indicating
a significant improvement in electronic conductivity due to
the rGO confinement effect. Consequently, it can be inferred
that preferential adsorption sites for Na ions are more likely to
appear around Bi,Te3/rGO rather than on pure Bi,Te;.

The integration of the Bi,Te;/rGO anode into a full cell is
possible due to its high capacity and outstanding electro-
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-
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e
o
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Energy (eV)

Fig. 6 (A) Calculated adsorption energies of Na adsorption on the surfaces of rGO, pristine Bi,Tes, and Bi,Tes/rGO. (B) Differences in the charge
density of Na adsorption in the interlayer of the Bi,Tes/rGO composite. (C and D) DOSs of Bi,Tez and Bi,Tes/rGO composites.
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chemical performance, and its evaluation for practical use in
SIBs was conducted. We examined the efficiency of the Bi,Te;/
rGO full cell by utilizing NazV,(PO,); as a cathode. Fig. S6AT
illustrates the operational mechanism of the Bi,Tes/
rGO||NazV,(PO,); full cell. Na® was extracted from the
NazV,(PO,4); cathode during the charging process and trans-
ferred to the Bi,Tes/rGO anode. During discharging, Na"
escapes from the Bi,Te;/rGO anode and returns to the
NazV,(PO,4); cathode again. Fig. S6Bf illustrates the excep-
tional cycling stability of the Bi,Tes/rGO||Na;V,(PO,); full cell,
which maintains a capacity of 108 mA h g™ and retains 71%
of its capacity after 200 cycles. Moreover, the rate performance
of the full cell was evaluated at various current densities
(Fig. S6C, ESIY), resulting in discharge capacities of 177, 166,
153, 138, 112, and 100 mA h g™! at current densities of 0.1,
0.2, 0.5, 1, 2.0, and 5.0 A g_1, correspondingly. Remarkably,
upon returning the current density to its original 0.1 A g™, the
reversible capacity rebounded to 160 mA h g™*, indicating out-
standing high-rate performance for sodium storage and poten-
tial applications in energy devices. Furthermore, the charge—
discharge curves at various current densities exhibit weak
polarization even at a high current density of 1 A g™* (Fig. S6D,
ESI}), confirming its excellent rate capability.

3. Conclusions

In summary, a universal space-containment strategy was devel-
oped to synthesize ultra-small Bi,Te; nanocrystals on rGO. The
procedure entails a viable mechanism by accurately adjusting
the stacking characteristics of graphene oxide and the pH level
of its aqueous dispersion. A slight stacking of graphene oxide
sheets can confine the growth of nanocrystals of Bi,Te; in the
interlayer nanospaces. As a result of the thermal reduction of
graphene oxide to rGO, the Bi,Te;/rGO composite material
shows a significant capacity for storing Na'. Boasting an
impressive reversible capacity of 521 mA h g ' at 0.1 A g™, a
remarkable rate capacity of 340 mA h g" at 5 A g', and out-
standing cycling stability, it retains 82% of its capacity after
800 cycles. The excellent electrochemical performance is a
result of the flexible configuration of the nanoplate structure
in two dimensions, which guarantees remarkable structural
stability and promotes the swift transfer of sodium ions and
electrons. Ex situ TEM and ex situ XPS analyses provide
insights into the theoretical basis for the Na* storage mecha-
nism in Bi,Te;/rGO. Furthermore, the Na ion full cell exhibits
good electrochemical performance, combining the Bi,Te;/rGO
anode with the Na;V,(PO,); cathode. This study introduces an
innovative approach for constructing two-dimensional Bi,Te;/
rGO anode materials.
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