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A High-Performance Alloy-Based Anode Enabled by Surface
and Interface Engineering for Wide-Temperature

Sodium-lon Batteries
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Alloy-based anodes have shown great potential to be applied in sodium-ion
batteries (SIBs) due to their high theoretical capacities, suitable working
potential, and abundant earth reserves. However, their practical applications
are severely impeded by large volume expansion, unstable solid-electrolyte
interfaces (SEl), and sluggish reaction kinetics during cycling. Herein, a
surface engineering of tin nanorods via N-doped carbon layers (Sn@NC) and
an interface engineering strategy to improve the electrochemical performance
in SIBs are reported. In particular, the authors demonstrate that uniform

been successfully developed for SIBs.[2]

Whereas, the development of safe, low-
cost, and high-performance anode ma-
terials still faces critical challenges ow-
ing to the large radius of Na* ions, slug-
gish sodium intercalation reaction kinet-
ics, and poor stability.>?] Hard carbon
with the typical intercalation/absorption
reaction mechanism during the electro-
chemical process has been used as anode

surface modification can effectively facilitate electron and sodium transport
kinetics, confine alloy pulverization, and simultaneously synergize
interactions with the ether-based electrolyte to form a robust
organic-inorganic SEI. Moreover, it is discovered that the diethylene glycol
dimethyl ether electrolyte with strong stability and an optimized Na* solvation
structure can co-embed the carbon layer to achieve fast reaction kinetics.
Consequently, Sn@NC anodes deliver extra-long cycling stability of more than
10 000 cycles. The full cell of Na;V, (PO,); || Sn@NC exhibits high energy
density (215 Wh kg™"), excellent high-rate capability (reaches 80% capacity in
2 min), and long cycle life over a wide temperature range of —20 to 50 °C.

1. Introduction

In recent years, sodium-ion batteries (SIBs) have emerged as
promising low-cost rechargeable battery systems for renewable
energy storage.['l Various appropriate cathode materials have

materials for SIBs. However, its limited
specific capacity (%300 mAh g~!) can not
meet the growing requirement of high
energy density devices, and the low sodi-
ation potential probably causes the per-
nicious Na metal deposition, leading to
safety concerns.[*12]

In order to increase the competitive-
ness of SIBs, alloy-type anode materials
with high theoretical capacities have
drawn extensive attention. Generally,
those elements with earth-abundant
reserves, safe sodiation potentials, and
environmental friendliness are espe-
cially beneficial for large-scale energy
storage."1%] Metallic tin, as a typical alloy-type anode material,
delivers a high theoretical specific capacity of 847 mAh g! af
ter being sodiated to form Na,sSn,. Coupled with its low cost
and environmental benignity, Sn is regarded as a prospective an-
ode material for SIBs. However, 420% of volume expansion and
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continuous damage/re-growth of the solid electrolyte interphase
(SEI) during sodiation and desodiation causes pulverization of
the active material and even peeling off from the underlying cur-
rent collector substrates.[1618]

Electrode structure engineering is one of the most prevailing
and effective strategies to ameliorate the above issues.!'’] Mean-
while, several studies in recent years have revealed that elec-
trolytes can greatly affect the structural evolution and electro-
chemical performance of alloy-type anodes in SIBs.*°l This is
corroborated by ether-based electrolytes with favorable lower re-
sistance for catering to the requirements of alloy anodes.*!l For
example, electrolytes with NaPF in glymes are demonstrated to
be beneficial for forming a stable SEI layer on the surface of
Sn- and Bi-based anodes to resist structural distortion during
cycling.[223] However, this result is challenged by a recent study
that claims that the decomposition of NaPF, during the SEI for-
mation may inevitably generate harmful HF that could attack al-
loy anodes and deteriorate their performance.[?*?5 Therefore, the
compatibility between the designed electrodes and organic elec-
trolytes is an essential factor that needs to be considered, because
it will directly affect the mass transfer efficiency and SEI chem-
istry, which determines the rate capability and long-term cycling
performance.

A facile pre-surface modification on the active materials would
be an effective strategy to suppress the aforementioned side re-
actions and simultaneously confine the volume change of alloy
anodes during sodiation—desodiation. Herein, we rationally de-
signed and synthesized a 3D flower-like architecture consisting
of nitrogen-doped carbon-coated tin nanorods (Sn@NC) as an-
odes for SIBs. Density functional theory (DFT) calculations vali-
date that the surface engineering of tin nanorods by N-doped car-
bon significantly improves the sodium affinity and sodium ion
diffusion kinetics. More importantly, we found that diethylene
glycol dimethyl ether (DEGDME)-based electrolyte with remark-
able chemical stability and optimized solvation structure could
synergistically cooperate with the N-doped carbon layer to pro-
duce a stable organic-inorganic hybrid SEI, with an ionic con-
ductive polyether at the outer layer and robust fluorine-rich in-
organic compounds at the inner layer. The SEI constitution and
the composite structural stability are comprehensively evidenced
by a portfolio of ex situ characterization techniques, including
in-depth X-ray photoelectron spectroscopy (XPS) analyses, scan-
ning electron microscopy (SEM), and transmission electron mi-
croscopy (TEM). Furthermore, theoretical simulations and elec-
trochemical analysis reveal a faster reaction kinetics of Sn@NC
anode in the DEGDME-based electrolyte compared to the con-
ventional carbonate electrolyte. Therefore, through the synergy of
surface engineering of the N-doped carbon layer and interface en-
gineering by electrolyte modulation, Sn@NC electrodes exhibit
a high capacity of 347 mAh g~! at a high rate of 5 A g~! even af-
ter 10 000 cycles. The Sn@NC|| NVP/C full SIBs exhibit no obvi-
ous capacity decay over a wide temperature range from —20 °C to
50 °C.

2. Results and Discussion

Figure 1a schematically illustrates the synthesis process of the
Sn@NC composite. First, the flower-like SnO, nanorods with an
average diameter of ~200 nm were prepared by a hydrothermal
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method, and the SnO, nanorods were further encapsulated by
dopamine (SnO, @PDA) via an in situ polymerization process
(Figures S1 and S2, Supporting Information). Subsequently, the
SnO, @PDA composite was subjected to hydrogen-assisted ther-
mal treatment to obtain Sn@NC flower-like nanorods. During
this process, the SnO, was reduced to Sn and PDA was decom-
posed to N-doped carbon simultaneously. The XRD pattern of the
resultant Sn@NC composite in Figure 1b exactly matches the
tetragonal phase Sn (JCPDS 1n0.04-0673). The SEM images of the
Sn@NC present a similar flower-like nanorod architecture as the
pristine SnO, and SnO, @PDA, and the corresponding TEM im-
ages show a uniform carbon layer coated on the surface of the
nanorods (Figure 1c,d). The HRTEM images of Sn@NC reveal
that the thickness of the carbon layer is around 13 nm, and the
lattice fringes with a 2.06 A spacing of the inner material can be
assigned to the (220) plane of Sn, which is in good agreement
with the selected area electron diffraction (SAED) pattern of the
composite (Figure 1e,f).!8 Figure 1g displays the scanning trans-
mission electron microscopy (STEM) image of Sn@NC and the
corresponding energy dispersive X-ray (EDX) mapping results.
The uniform distribution of Sn in the inner core, and C and N
elements on the surface further confirm that metallic Sn is con-
fined in a homogenous N-doped carbon layer.

Raman spectroscopy was employed to investigate the surface
structure of as-prepared samples. As shown in Figure S3, Sup-
porting Information, the presence of a D-band at #1358 cm™!
and G-band at 1592 ¢cm™, as well as the disappearance of the
characteristics of Sn or SnO, indicate the successful surface
coating of the dopamine-derived carbon (Figure S3, Support-
ing Information).[?*?7] Besides this spectroscopy, thermogravi-
metric analysis (TGA) was used to measure the Sn content in
the composite. As the full oxidation of Sn to SnO, in air and
evaporation of carbon at high temperatures (Figure S4, Support-
ing information),!”®! it can be deduced that the tin mass ratio
is around 83.94 wt% in the Sn@NC composite. The surface
chemistries of the synthesized materials were characterized by
XPS (Figure S5, Supporting Information). The high-resolution C
1s spectrum of the Sn@NC composite can be deconvolved into
C-C, C-0, C-N, and C=0 peaks, respectively (Figure S6, Sup-
porting Information). Compared to the SnO, @PDA, the C-O
peak attenuated and the -NH, peaks diminished in the Sn@NC
composite, which further verifies that the PDA has been con-
verted to N-doped carbon after heat treatment (Figure S7, Sup-
porting Information).[?*3%l The nitrogen coordination structure
in the carbon was revealed by the high-resolution N 1s spectrum,
which can be deconvoluted to pyrrolic N, graphitic N, and oxi-
dized N, respectively (Figure 2a).

The effects of surface engineering by N-doped carbon on
sodium storage performance were investigated by DFT calcula-
tions. The sodium adsorption energies reflect the material’s ca-
pability for sodium-ion uptake and influence its sodium storage
performance. Thus, we calculated the sodium adsorption ener-
gies of various carbon and Sn/carbon structures involved in this
work (Figure S8, Supporting Information). Figure 2b shows that
the N-doped carbons have lower adsorption energies than the
pristine carbon, and the Sn@NC exhibits the lowest Na adsorp-
tion energy of —4.71 eV, indicating a superior sodium affinity of
the surface-engineered composite. Additionally, the sodium dif-
fusion behavior was also studied by simulating three possible
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Figure 1. a) Schematic of synthesis of Sn@NC composite. b) XRD pattern, c) SEM, d—f) TEM images, and g) STEM and corresponding EDX mapping

images of the Sn@NC composite.

diffusion paths between two adjacent hollow sites of the pris-
tine Sn and Sn@NC (Figure S9, Supporting Information). The
sodium diffusion energy barrier on the Sn@NC surface is only
around 0.11 eV (Figure 2c¢). In contrast, the diffusion energy bar-
rier of the same diffusion path on the pristine Sn surface is within
the range of 0.30-0.32 eV, demonstrating that the sodium ion
diffusion kinetics has been significantly improved after surface
engineering.[30-3%]

Although the homogenous N-doped carbon surface is expected
to improve the sodium storage performance, the large volume
change of the tin during sodiation/desodiation could lead to
swelling and shrinking of the electrodes, thereby pulverizing the
solid-electrolyte interface (SEI) and deteriorating the cycling per-
formance. Optimizing the Na* solvation structure and construct-
ing a stable SEI can maximize the positive effects of surface en-
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gineering and synergistically enhance the electrochemical per-
formance, which could be achieved via the modulation of elec-
trolytes. Therefore, we deliberately examined the sodium stor-
age performance of Sn@NC anodes with a typical carbonate-
based electrolyte and a DEGDME-based electrolyte. Figure 3a,b
shows the galvanostatic discharge/charge curves of the typical
Sn@NC anodes at a current density of 0.1 A g™' in the ethy-
lene carbonate/propylene carbonate (EC/PC)-based electrolyte
and DEGDME-based electrolyte, respectively. The Sn@NC com-
posites in both electrolytes display distinct plateaus, correspond-
ing to the typical stepwise alloying and dealloying reactions of
metallic tin.**3%] We found that the cell with DEGDME-based
electrolyte shows much smaller voltage polarization and higher
round trip efficiency. Additionally, the use of the DEGDME-based
electrolyte improved the initial Coulombic efficiency (CE) of the
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Figure 2. a) High-resolution N 1s XPS of Sn@NC composite. b) The adsorption energies of carbon, pyrrolic N—, graphitic N—, oxidized N—doped carbons,
Sn, and Sn@NC for sodium atoms (Inset is the charge difference plot of Sn@NC for sodium atoms). Energy barrier and diffusion path of Na atom

diffusion on the surface of ¢) Sn@NC and d) Sn materials.

cell to 78.4% compared to that using the EC/PC-based electrolyte
(62.4%). The remarkably improved initial CE with DEGDME-
based electrolyte might be ascribed to the better stability of the
DEGDME solvent and SEI formed on the electrodes, which will
be further discussed in the next section.

Figure 3c shows the rate capability of Sn@NC in both elec-
trolytes. The Sn@NC electrodes in DEGDME-based electrolyte
exhibit a specific capacity of 560, 519, 509, 490, and 437 mAh g~!
at current densities 0f 0.1, 0.2, 0.5, 1.0, and 5.0 A g7}, respectively.
The high specific capacity of 534 mAh g~! can be restored after
the current density is reversed to 0.1 A g~'. Meanwhile, the corre-
sponding voltage gaps between discharge and charge are almost
constant as the current increases (Figure S10, Supporting Infor-
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mation), indicating the excellent rate capability of the Sn@NC
electrodes in DEGDME-based electrolyte. On the contrary, the
Sn@NC electrodes in the EC/PC-based electrolyte only deliver
a very low capacity of 46 mAh g~! at a high current of 5.0 A g71.
The dramatic capacity fading at a high current with the EC/PC-
based electrolyte could be attributed to the slow reaction kinetics
and poor reversibility.[738]

Cyclic voltammetry (CV) curves of typical Sn@NC electrodes
at different scan rates in both electrolytes were measured to
probe the sodium storage mechanism. The Sn@NC electrodes
in DEGDME-based electrolyte show sharp redox peaks, which are
consistent with the discharge and charge profiles (Figure 3d). The
two reduction peaks (R) of sodiation situated at 0.195 and 0.02 V
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Figure 3. Galvanostatic discharge/charge curves of an Sn@NC anode at 0.1A g~ using a) DEGDME- and b) EC/PC-based electrolytes. c) Rate capability
of the Sn@NC electrodes with both electrolytes. CV curves of the Sn@NC anode in d) DEGDME- and e) EC/PC-based electrolytes at different scan rates.
f) The Na* diffusion coefficient derived from the GITT curves of the cells after 10 cycles. g) Comparison of cycle performance at 1.0 A g~! in both
electrolytes and h) the long cycling performance of composite anodes at 5.0 A g~' in the DEGDME-based electrolyte.

correspond to the alloying reaction from Sn to Na;sSn,, and the
three oxidation peaks (O-1, O-2, and O-3) can be attributed to the
stepwise dealloying process from Na;;Sn,, Na,Sn,, and NaSn,
to Sn.343%] For the DEGDME-based electrolyte, the predominant
anodic peaks are O-1 at 0.22 V and O-2 at 0.54 V, which means
that the dealloying process is nearly completed whenever voltages
are above these values. When EC/PC-based electrolyte was used,
the current response of both reduction and oxidation weakened,
and the corresponding redox peaks widened (Figure 3e). Besides
these effects, the dominant oxidation peaks become O-2 (0.62 V)
and O-3 (0.81 V), which shifted to higher voltage because of the
sluggish reaction kinetics within the carbonate electrolyte.[3*¢]
The reversible stepwise alloying and dealloying mechanism of
the Sn@NC electrodes in the DEGDME-based electrolyte were
further verified by ex situ XRD characterizations, which evi-
dence the reaction route of Sn=NaSn=Na,Sn,=Na;;Sn, upon
sodiation and desodiation, respectively (Figure S11, Supporting
Information).343¢]
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The charge storage mechanism analysis reveals that the
anodes in both electrolyte systems follow a mixed diffusion-
capacitive behavior. However, a higher capacitive contribution
has been identified when the DEGDME-based electrolyte was
used (Figures S12 and S13, Supporting Information). Mean-
while, by comparing the capacitive contribution of the Sn@NC
and blank Sn nanorod electrodes in the DEGDME-based elec-
trolyte, it can be inferred that the NC surface synergistically fa-
cilitates the capacitive behavior of the alloy anode (Figures S14
and S15, Supporting Information). The faster kinetic behavior
in the DEGDME-based electrolyte is further demonstrated by the
galvanostatic intermittent titration technique (GITT). Figure S16,
Supporting Information shows the GITT curves of Sn@NC an-
odes in both electrolytes. It is seen that the battery with the
ether-based electrolyte has much lower reaction resistance than
those with the carbonate electrolyte. Meanwhile, the DEGDME-
based electrolyte presents high sodium ion diffusion coefficients
(Dygy) With an average value of 2.0 x 107 cm? s7! during
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Figure 4. XPS spectra as a function of SEI depth for SN @NC after 10 cycles at 0.1 A g=' in DEGDME-based electrolyte: a) C 1s, b) O1s, ¢) F1s, and d)
the atomic concentrations. SEM images of the Sn@NC anodes at 1.0 A g~ after 400 cycles in the &) DEGDME-, and f) EC/PC-based electrolyte.

sodiation/desodiation (Figure 3f), which is five times higher than
that in EC/PC-based electrolyte (3.7 X 1071 cm? s71).

Figure 3g shows the cycling performance of Sn@NC elec-
trodes at 1.0 A g™! in both electrolytes. The Sn@NC electrodes
delivered a reversible capacity of 474 mAh g=! after 400 cycles in
DEGDME-based electrolyte. On the contrary, the electrode only
delivered a low capacity of 34.7 mAh g~! in the EC/PC-based elec-
trolyte under the same test conditions. It is worth noting that
the capacity mainly stems from the Sn core, and the NC surface
contributes a negligible capacity of ~10 mAh g=! at 1.0 A g™
(Figure S17, Supporting Information), which proves reversible
intercalation/deintercalation of sodium ions in the NC electrode.
Moreover, the CE of the batteries using ether-based electrolyte
rapidly increases to ~100% after several cycles, while the CE
with carbonate electrolyte continuously fluctuates near an aver-
age value of 97.5%. The low CE may result from the continuous
fragmentation/formation of the SEI, indicating that the carbon-
ate electrolyte is incompatible with the N-doped carbon-coated
tin anode. The long cyclic performance of Sn@NC electrodes in
the DEGDME-based electrolyte was also evaluated at a high rate
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of 5 A g7! and maintained an impressive high capacity of 347
mAh g1 after 10000 cycles (Figure 3h). Moreover, the Sn@NC
anodes with a higher mass loading of ~3 mg cm™ also main-
tain a high capacity of 414.7 mAh g~! at 5.0 A g after 100 cycles
in the ether-based electrolyte, demonstrating a huge potential for
practical applications (Figure S18, Supporting Information).
In-depth XPS was employed to unravel the impact of differ-
ent electrolytes on the Sn@NC electrode-electrolyte interface.
The high-resolution Cls spectrum of the cycled anode in the
DEGDME-based electrolyte indicates the existence of C—C, C-0,
C-N/C=0, and C-F bonds (Figure 4a).3**°] The appearance of a
C-F bond signal and the significant increase of C-0/C=0 bond
signals could be associated with the formation of SEI. In partic-
ular, the pronounced C-O bond can be attributed to the forma-
tion of a highly ionic conductive polyether in the SEI layer.[*1=#]
The existence of C-O and C=0 bonds on the surface of the cy-
cled electrode is also verified by the corresponding O 1s spec-
trum in Figure 4b. Both the C-O and C=0 bonds almost dis-
appeared after 60 s etching, which demonstrates that a thin
layer of conductive polyether and Na,CO, formed on the cycled
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electrode surface. Furthermore, The F 1s spectra in Figure 4c ver-
ify the existence of NaF, P-F, and C-F bonds. The NaF and P-F
bonds correspond to inorganic fluorinated compounds in the SEI
layer, which results from the decomposition of NaPF,. These flu-
orinated species contribute to the formation of a dense and ro-
bust SEI layer and thereby protect the electrode against the con-
tinuous decomposition of the electrolyte.?23] The presence of
the C-F bond can be ascribed to the existence of the DEGDME-
PF,~ complex, and the reaction between defective N-doped car-
bon surface and PF,~.3* Figure 4d shows the atomic concen-
trations derived from XPS depth profiles of the Sn@NC electrode
in DEGDME-based electrolyte. After Ar etching for 100 s, the car-
bon content increased significantly, which can be ascribed to the
contribution of the NClayer after the thinner SEI layer was etched
away. The result agrees well with the emergence of Na, C peak in
the C 1s spectra after 120 s etching. According to the above analy-
sis, we can conclude that the DEGDME-derived SEI film consists
of both conductive organic polyether and robust inorganic com-
ponents, leading to high CE and superior cycling performance.

In contrast, the surface of the cycled Sn@C anodes using the
EC/PC-based electrolyte is dominated by unstable C=0 bonds,
which may mainly come from the decomposition of the carbon-
ate electrolyte (Figure S19, Supporting Information). The fluo-
rine characteristic peaks are also negligible on the surface, indi-
cating that the carbonate solvents themselves are easier to decom-
pose than the added NaPF, salt. Besides, the quantified atomic
concentration profiles exhibit a constant element content after
etching for 420 s, implying a thick SEI layer beyond the acces-
sible measurement range. The results were further clarified by
HRTEM characterizations of the cycled anode materials, where
the DEGDME-derived SEI layer exhibits a more homogeneous
morphology with a thinner thickness of ~6.8 nm (Figure S20,
Supporting Information). By contrast, the EC/PC-based derived
SEI exhibits an uneven SEI layer with a variable thickness rang-
ing from 9.7 to 25.7 nm.

The structural evolution of Sn@NC anodes upon cycling
in both electrolytes was further examined by SEM and TEM
(Figures S21-S26, Supporting Information). The fully sodiated
Sn@NC anode in DEGDME-based electrolyte displays a compact
and flat surface, and the nanorods’ morphology is visible after
desodiation. In contrast, a coarse surface with a few cracks was
observed in the sodiated composite using the EC/PC-based elec-
trolyte, which remains unchanged after charging. The thick layer
observed on the electrodes cycled in EC/PC-based electrolyte
could be attributed to the formation of unstable organic SEI film
because of the continuous decomposition of carbonate solvents.
The cross-section SEM images show that the electrode thick-
ness increases after full sodiation in both systems; however, the
Sn@NC in EC/PC-based electrolyte experienced a more signifi-
cant volume expansion. After 50 cycles, the composite electrode
in the DEGDME-based electrolyte maintained its dense structure
as in the 1st cycle, whereas the electrodes in EC/PC-based elec-
trolyte became nebulous and prone to detachment from the cop-
per foil (Figures S21—S24, Supporting Information). This phe-
nomenon is also verified by the top view of the cycled anodes in
Figure 4e,f. The electrode surface cycled in the DEGDME-based
electrolyte is smooth. However, many coarse particles and even
the bare current collectors are observed in the electrodes with the
EC/PC-based electrolyte. The ex situ TEM images of the fully so-
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diated anode in the DEGDME-based electrolyte illustrate that the
voids between the nanorods first accommodate the volume ex-
pansion of the tin nanorods, followed by a slight expansion of the
whole Sn@NC flower (Figure S25a, Supporting Information).
The NC surface confined the structural variation and buffered
the accompanied internal stress, benefiting the structural stabil-
ity of the electrode. After desodiation, the flower structure shrunk
with a small fraction of voids emerging under the carbon sur-
face. Notably, an intact outer carbon layer was witnessed, demon-
strating the robustness of the NC layer (Figure S25b, Support-
ing Information). More importantly, the structure of the Sn@NC
electrode remains intact in the DEGDME-based electrolyte after
the 50™ cycle, with a slight thickness increase of the NC surface
(Figure S26a—c, Supporting Information). Furthermore, the lat-
tice fringes belonging to metallic Sn were identified in the inner
core, indicating the anode’s excellent structural stability in the
DEGDME-based electrolyte. On the contrary, the surface coat-
ing layer experienced a more significant volume expansion af-
ter the 1st cycle in the EC/PC-based electrolyte, and the N-doped
carbon shell was utterly destroyed along with the collapse of the
Sn nanorods after 50 cycles (Figure S26d—f, Supporting Informa-
tion). It can be ascribed to the larger Na* solvation shell in the
carbonate electrolyte (discussed in the later simulation section)
and the co-intercalation of solvated cations that cause the struc-
tural degradation of both the carbon surface and the internal Sn.

The variation of the electrode structure could influence the
impedance of the battery cells. We measured electrochemi-
cal impedance spectroscopy (EIS) of Sn@NC electrodes in
both electrolytes at different cycles (Figure S27, Supporting
Information).[* The charge transfer resistance increases slightly
in the first 100 cycles and stays almost constant from 100 to 400
cycles, which could be assigned to the intact and robust SEI, as
well as the excellent structural stability of the Sn@NC in the
DEGDME-based electrolyte. However, in the EC/PC-based elec-
trolyte the charge transfer resistance and Warburg impedance
continuously rise during 400 discharge/charge cycles due to
the degradation of both the carbonate electrolyte and electrode
(Figure S28, Supporting Information). Based on the above anal-
yses, we can conclude that the ether-based electrolyte with favor-
able Na* reaction kinetics and good chemical stability is more
compatible with the N-doped carbon surface-modified tin anode.
Furthermore, the formation of a stable organic-inorganic hybrid
SEI film in the ether-based electrolyte protects the alloy anode
and leads to excellent long cyclic performance.

The performance of the Sn@NC anodes was further eval-
uated in full cells coupling with Na,V,(PO,),/carbon (NVP/C)
cathodes in a wide temperature range of —20, 0, 25, and 50 °C
(Figure 5a). The NVP/C material was prepared via a solid-state
method based on the previous report (Figure S29, Support-
ing Information).***%! The sodium storage performance of the
NVP/C cathodes was first investigated in a half cell using sodium
metal as counter electrodes. The NVP/C cathode shows a typical
flat charge/discharge plateau at about 3.4 V and a retained ca-
pacity of 99.7 mAh g! at 1.0 A g™! after 100 cycles (Figure S30,
Supporting Information).l*~*1 The full batteries were assembled
with NVP/C cathode, Sn@NC anode (active mass ratio of cathode
and anode is 5:1), and DEGDME-based electrolyte.

Figure 5b shows the charge/discharge curves of the full cell
at 0.1 A g~! under different temperatures. The Sn@NC||NVP/C
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Figure 5. a) Schematic configuration, b) discharge/charge profiles, and c) cycling performance of a typical SN@NC||NVP/C full SIB at 0.1 A g~" at
different temperatures. d) Rate performance, e) Ragone plot, and f) long cycling performance at 1A g~' of the Sn@NC || NVP/C full SIB at temperatures

of —20, 0, 25, and 50 °C.

full cell delivered a reversible capacity of 80.7 mAh g~ at 25 °C
(the capacity is calculated based on the total mass of anode and
cathode active materials), and the capacity is maintained at nearly
80% even at a low temperature of —20 °C. The Sn@N || NVP/C
full SIBs showed steady cycling performance over 250 cycles at
—20, 0, and 25 °C (Figure 5c). Although a slightly faster capacity
decay was observed at 50°C, which might be ascribed to the more
severe electrolyte side reactions at the elevated temperature, the
cell still achieved a capacity of 66.6 mAh g=! at 0.1 mA g! af
ter 250 cycles. Additionally, the full SIBs exhibit superior rate
performance at different temperatures. A capacity of 60.7 mAh
g7! (at 25 °C) and 40.3 mAh g! (at 0 °C) can be achieved at
a high current density of 2 A g~! (Figure 5d). Figure S31, Sup-
porting Information presents the charge/discharge curves of the
full cell at different current densities and different temperatures,
which are used to obtain the Ragone plot. As shown in Figure 5e,
the Sn@NC || NVP/C full SIBs exhibit a high energy density of
215 Wh kg! at a power density of 118 W kg~! at room tempera-
ture. Even at a high power of 4608 W kg1, the full SIB also shows
a high energy density of 187 Wh kg'. The performance does
not experience an obvious decay at low or high temperatures.
Besides, the Sn@NC||NVP/C full SIBs also exhibited excellent
long-cyclic performance across the wide temperature range, im-
plying a high potential for practical application in a diversity of
future markets (Figure 5f).

We employed DFT calculations to fundamentally understand
the different behavior of the two electrolytes. First, we calculated
the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energy levels of various sol-
vents used in this work. The DEGDME shows a larger energy
level difference for electron transport from HOMO to LUMO
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than that of EC and PC (Figure 6a), indicating its better stabil-
ity and resistance to decomposition. Therefore, in the DEGDME-
based electrolyte, NaPF preferred to decompose and be involved
in forming a fluorinated SEI film. In contrast, the EC and PC
are prone to decompose first and form an SEI mainly consisting
of unstable C=0 compounds. Moreover, the DEGDME solvent
and the [NaPF;-DEGDME]|* complex both show higher HOMO
energy (Figure S32, Supporting Information), indicating that the
DEGDME-based electrolyte is easier to donate electrons to facil-
itate the formation of cathode electrolyte interphase (CEI)!*23]
Therefore, the DEGDME-based electrolyte can function well for
both anode and cathode and thereby improve the electrochemical
performance of the full cells.

The solvation structure of Na* is crucial to electrochemical per-
formance as Na* ions need to first intercalate into the N-doped
carbon surface and then react with metallic Sn. Therefore, we in-
vestigated the solvation structures of Na* ions in both electrolytes
by AD initio molecular dynamic (AIMD) simulations (Figure 6b
and Figure S33, Supporting Information). Radial distribution
functions (RDFs) of Na-O and Na-F pairs in both electrolytes
are shown in Figure 6c. Compared to the Na-Fycpc pair, the
more prominent g(r) in the Na-Fppcpyg pair indicates a stronger
Na-F interaction between PF,~ and Na* in the DEGDME-based
electrolyte. It facilitates the decomposition of PF;~ rather than
the DEGDME solvent and contributes to the formation of dense
fluorine-rich SEI on the electrode surface.’!l Meanwhile, the
Na-Opgepye pair only shows a sharp peak of around 1.91 A,
indicating that DEGDME only distributes in the first solvation
shell.’?%3] In contrast, two distinct peaks are presented in the
Na-Opgc pair, indicating that more carbonate molecules coordi-
nate with Na* to reach a stable double-shell solvation structure.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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electrolyte.

Compared to the carbonate-based electrolyte, the smaller Na* sol-
vation shell of the DEGDME-based electrolyte leads to a weaker
steric repulsion at the interface and faster reaction kinetics.

To better unravel the chemical reactions at the solid-electrolyte
interface, we further calculated the specific solvation energy (E,)
and desolvation energy (E,, ) of all the [Na-solvent,]* complexes
relating to this work (Figure S34, Supporting Information).
The calculated E values of [Na-DEGDME]*, [Na-DEGDME,|*,
[Na-EC]*, [Na-EC,]*, [Na-PC]*, [Na-PC,]*, and [Na-EC/PC]*, are
-0.51, —1.85, —0.41, —1.28, —0.38, —1.22, and —1.27 €V, re-
spectively (Figure 6d). Therefore, the carbonate solvation sheath
is more prone to accept electrons and decompose due to the
weak solvation energy. However, the DEGDME is firmly solvated
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with Na* in the ether-based electrolyte, which isolates PF,~ an-
ions and enables them to preferentially decompose and form a
fluorine-rich inorganic SEI inner layer.5*-%) Moreover, the de-
solvation process at the interface between electrodes and elec-
trolytes would affect the electrochemical reaction process. The
[Na-DEGDME]* complexes also exhibit a higher desolvation en-
ergy compared to the other [Na-solvent,|* complexes (Figure 6e
and Figure S35, Supporting Information), indicating that the [Na-
DEGDME]* complexes more easily co-intercalate into the NC
layer, which will be favorable for superior rate capability and cy-
cling performance.l>->

Figure 6f illustrates the overall effects and reaction mech-
anism of the surface- and interface-engineered sodium-ion
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batteries. The Na* ions in the ether-based electrolyte are strongly
solvated with DEGDME molecules. Meanwhile, the DEGDME
with high LUMO and low HOMO is not only resistant to de-
composition, which enables the PF,~ anions to participate in
the formation of the robust inorganic inner SEI but also con-
tributes to the formation of a thin layer of ionic-conductive
polyether SEI outer layer. More importantly, the single-shelled
[Na-DEGDME,]* complexes with fast mobility can pass through
the N-doped layer to react with active tin materials, leading to ex-
cellent rate performance at wide temperature ranges. Last but not
least, the surface modification and the stable interface synergisti-
cally confine the volume change of the tin alloy anode and benefit
long cycling performance.

3. Conclusion

In summary, we combined surface and interface engineering
strategies to achieve high-performance alloy anodes for sodium-
ion batteries. Theoretical calculations and experimental results
coherently demonstrated that the nitrogen-doped carbon sur-
face coating functions well with the DEGDME-based electrolyte
modulated interface, resulting in remarkably improved sodium
reaction kinetics and electrode structural stability. Additionally,
the DEGDME with better stability and stronger sodium solva-
tion energy can promote the formation of a stable SEI consist-
ing of NaPF, decomposed by the fluorine-rich inner layer and
DEGDME-derived highly ionic-conductive polyether outer layer.
The robust SEI effectively stabilizes the electrodes and inhibits
the decomposition of the electrolyte. Therefore, Sn@NC | NVP/C
full SIB exhibited high power density (4608 W kg~!) and energy
density (187 Wh kg™') as well as excellent cycling stability in a
wide temperature range from —20 to 50 °C. This work validates
the surface and interface engineering approach for improving the
performance of alloy-based materials for sodium storage, and it
is expected to advance the development of high-energy all-climate
energy storage devices.
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