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Tin-Containing Graphite for Sodium-Ion Batteries and
Hybrid Capacitors
Thangavelu Palaniselvam,[a, b] Binson Babu,[b] Hyein Moon,[c, d] Ivana Hasa,[c, d]

Aggunda L. Santhosha,[a] Mustafa Goktas,[a] Ya-Nan Sun,[a, e] Li Zhao,[e] Bao-Hang Han,[e]

Stefano Passerini,[c, d] Andrea Balducci,*[b] and Philipp Adelhelm*[a, b]

The limited Na-storage capacity of graphite anodes for sodium-
ion batteries (~110 mAhg� 1) is significantly enhanced by the
incorporation of nanosized Sn (17 wt%). The composite (SntGra-
phite), prepared by simple annealing of graphite with SnCl2,
shows a specific capacity of 223 mAhg� 1 (at 50 mAg� 1)
combined with excellent cycle life (i. e., 96% of capacity
retention after 2,200 cycles at 1 Ag� 1) and initial Coulomb
efficiency (90%). The combined storage of sodium in graphite
(by solvent co-intercalation) and Sn (by alloy formation) is

followed by in situ X-ray diffraction and in situ electrochemical
dilatometry (ECD). While the additional tin almost doubles the
electrode capacity, its contribution to the electrode expansion
(~3%) is surprisingly small. The use of SntGraphite as anode for
sodium-ion hybrid capacitors with activated carbon as cathode
provides a maximum energy and power density of ~93 Whkg� 1

and 7.8 kWkg� 1, with a capacity retention of ~80% after 8,000
cycles.

1. Introduction

Sodium-ion batteries (SIBs) are increasingly considered as an
alternative energy storage technology to lithium ion batteries
(LIBs) providing long cycle life, as well as high energy and
power density ideally employing abundant elements.[1] Due to
the similarity with LIBs, SIBs are considered a drop-in technol-
ogy with energy densities slightly below LIBs, but significantly

above lead-acid batteries. Similarly, sodium-ion hybrid capaci-
tors (SIHCs) aim at bridging the performance gap between SIBs
and supercapacitors.[2] In most cases, SIHCs combine a battery
anode with a supercapacitor cathode. Therefore, an important
challenge faced by SIBs is applicable to SIHCs as well, i. e.,
finding a suitable anode material that provides high capacities
at very high rates over many cycles.

Graphite is the most popular anode for LIBs. An important
limitation of SIBs, however, is the thermodynamic instability of
sodium-rich, binary graphite intercalation compounds (b-GIC)
in carbonate-based electrolytes disabling the use of the graph-
ite anode.[3–4] Earlier studies on sodium storage in graphite
reported a maximum specific capacity of about 20–
30 mAhg� 1.[5] More recently, we demonstrated that graphite
can provide specific Na storage capacities around 110 mAhg� 1

over many cycles and at very high rates, using ethers as
electrolyte solvents.[6] For example, a specific capacity of close
to 80 mAhg� 1 is obtained at the current density of 11 Ag� 1 in
our previous research.[7] This impressive rate performance is
attributed to the co-intercalation of solvent molecules along
with Na+ ions between the graphene layers. This mechanism
leads to the formation of thermodynamically stable ternary
graphite intercalation compounds (t-GIC).[8] Although the
capacity of 110 mAhg� 1 requires improvement for being
attractive as battery electrode, this value is high compared to a
supercapacitor electrode. Thanks to the high rate performance
exhibited in ether-based electrolytes,[9] graphite remains there-
fore an interesting anode material for SIBs and SIHCs.[10]

Motivated by the advantageous properties of graphite, several
studies have been published with the aiming at a better
understanding of the reactionmechanism and at sketching out
the diversity and applicability of t-GICs electrodes.[11–18] Results
on the use of micro-sized graphite for SIHC with ether
electrolytes showed a high initial Coulombic efficiency (ICE,
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94%) and long cycle life, for example.[19] The high ICE is a clear
advantage over conventionally used anode materials for SIHC,
which, often being nanostructured materials, offer ICE values
typically between 30%–60% due to excessive electrolyte
decomposition along with solid electrolyte interphase (SEI)
formation.[20]

As an alternative to graphite, several micro and nano-
structured materials have been proposed for SIBs’ anodes.[21–22]

Based on the Na storage mechanism, these materials can be
roughly classified into three types 1) carbon-based materials,
sodium titanate (intercalation, insertion/adsorption) 2) metal
oxides and sulfides (conversion reaction) 3) high capacity
anode materials tin (Sn), Sb, Bi, Si, Ge, and P (alloying
/dealloying reaction).[23–24] Carbons, such as hard/soft carbons
and graphene-based materials are intensively studied as
alternatives to graphite.[25] Graphene or reduced graphene
oxide (rGO) anodes deliver specific capacities in the range of
200–250 mAhg� 1, though they show a very high initial
irreversible capacity loss.[26] Typically, sodium storage in hard
carbon is reflected in a sloping region below 1 V vs Na+/Na
and a plateau region below 0.1 V vs Na+/Na, delivering specific
capacities between 75–125 mAhg� 1 and 200–300 mAhg� 1,
respectively.[27] The capacity of hard carbon can be increased by
tuning the microstructure and the annealing temperature,[28]

however, significant capacity improvement is only obtained in
the plateau region, which is likely too close to the metal plating
potential and hence might not be a viable strategy for practical
application.

On the other hand, the metal oxides and sulfides can lead
to high capacities, but show poor cycle life with voltages of
1.5 V.[29] As an alternative to both carbon and metal oxides,
alloys are gaining attention. Sn is very attractive due to its very
high theoretical capacity (847 mAhg� 1) combined with a very
attractive redox activity range (0.15–0.40 V vs. Na+/Na).[30–31]

However, Sn undergoes large volume expansion during
sodiation (420% for the formation of Sn3.75Na), leading to poor
cycle life. An efficient way to overcome this limitation is making
composites of Sn with carbon nanostructures. Our previous
study has demonstrated that the combination of graphene
nanoplatelets (GnP), nitrogen-doping and Sn (i. e., SnNGnP) in a
nanocomposite enables stable cycling (1,000 cycles with 83%
of retention capacity) and reduces the volume expansion of the
electrode during cycling to values as low as ~14%.[32] However,
the relatively high surface area of the material (60 m2g� 1) and

the loose structure compromise the volumetric capacity of the
electrode (253 mAhcm� 3) which is only around half of what is
obtained for graphite electrodes in LIBs (approx. 570 mAhcm� 3

allowing an electrode porosity of ~30%).[33] Careful optimiza-
tion of electrode composition, loading and packing density is
therefore needed for practical application.

Considering the electrolyte, ether-based substitute electro-
lytes with systems showed good compatibility with various
anodes for SIBs including TiO2,

[34–35] Sn,[36] Bi,[37] SnSb,[38] reduced
graphene oxide,[39] sodium,[9,40] and so on. Unlike the more
common carbonate-based electrolytes, ether-based electrolytes
generally show a better reductive stability and lead to a thinner
and more stable SEI. Overall, this leads to a higher ICE and
faster charge transfer dynamics.

Here, we discuss the synthesis of a graphite-Sn composite
material denoted as SntGraphite (17 wt% Sn), which is
prepared by annealing of SnCl2 with graphite in inert atmos-
phere. The material is structurally characterized by TEM and
XRD. The Na storage behavior is studied by galvanostatic
cycling and cyclic voltammetry. In situ electrochemical dilatom-
etry (ECD) and in situ XRD are used to study the electrode
“breathing” and the storage mechanism. The material is further
tested as negative electrode in a Na-ion hybrid capacitor
device.

2. Results and Discussion

2.1. Synthesis and Characterization of SntGraphite

The synthesis of SntGraphite is sketched in Scheme 1 and
described in the experimental section. At first, graphite was
mildly oxidized by thermal treatment at 630 °C in air atmos-
phere. This process is done to facilitate the interaction of
graphite with the Sn-precursor. Subsequently, 500 mg of
thermally activated graphite (i. e. tGraphite) was dispersed in
ethanol solution (200 mL) containing 500 mg of SnCl2 and
allowed for mechanical rotation for 12 hours. After evaporation
of ethanol, the remaining solid mixture was grounded and
annealed at 900 °C in Ar atmosphere. The final composite was
termed as SntGraphite. The morphology and structure of
SntGraphite were characterized by TEM and XRD analysis.

Figure 1a–d shows TEM images of the graphite particle
edges before and after thermal activation. Before activation,

Scheme 1. Synthesis pathway for the preparation of SntGraphite.
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graphite (Figure 1a-b) shows the expected, well-defined layered
structure with average interlayer distances in the range of
~0.34 nm. After activation, the graphene layers in tGraphite
appear more wrinkled with turbostratic order and hence with a
slightly larger interlayer spacing (~0.39 nm, see Figure 1c–d
and Figure S1).

The structure and morphology of SntGraphite were also
characterized by TEM (Figure 2). The images show that the Sn
particles are nano-sized (3 to 5 nm) and well distributed on the
surface of the graphite, with only little agglomeration. The
crystallinity of the Sn nanoparticles can be seen from the high-
resolution image and the selected area electron diffraction
(SAED) image, see insets of Figure 2a and b. The d-spacing of
0.28 nm corresponds to the (200) planes of Sn. The fine
dispersion of Sn in the graphite is also seen from STEM-EDS
mapping (Figure 2c–e).

XRD patterns of graphite, tGraphite, and SntGraphite are
shown in Figure S2. The typical graphite reflections are found
in all samples indicating that the major fraction of graphite
maintains its graphitic structure during the synthesis. This result
means that the turbostratic disorder observed by TEM is more
located at the particle surface, i. e. the thermal activation leads
to oxidation of the graphite surface. This is in line with N2

physisorption measurements which show only a moderate
increase in Brunauer-Emmett-Teller (BET) surface area for
tGraphite (~4 m2g� 1) compared to graphite (~1 m2g� 1), see
Figure S3. For SntGraphite, crystalline Sn can be clearly seen
from the reflections at 30.8° (200 planes) and 32.1° (101 planes)
respectively. The total Sn content in SntGraphite was deter-

mined as 17 wt% using TGA analysis (Figure S4) and the BET
specific surface area of SntGraphite was ~3 m2g� 1 (Figure S3).

2.2. Na Storage Behavior

The electrochemical properties of SntGraphite were investi-
gated by cyclic voltammetry (CV) and galvanostatic charge-
discharge measurements. Figure S5a shows the CV curves of
SntGraphite and graphite cycled between 0.005 V to 1.2 V vs
Na+/Na with a scan rate of 0.1 mVs� 1. As observed previously,
the CV for graphite (Figure S5a) shows the well-resolved
cathodic and anodic peaks corresponding to the (de)sodiation
in graphite through t-GIC formation.

As compared to graphite, the SntGraphite electrode shows
several more peaks i. e. six cathodic peaks at 0.84, 0.72, 0.62,
0.18, 0.11 and 0.01 V vs Na+/Na. The first three peaks can be
correlated with the formation of Na� C phases, while the
remaining peaks relate to the formation of Na� Sn intermetallic
compounds. In the anodic scan, four peaks at 0.24, 0.54, 0.71
and 0.99 V vs Na+/Na which are associated with desodiation of
Na� Sn and Na� C intermetallic compounds. The asymmetric
behavior (different number peaks for sodiation and desodia-
tion) is due to Sn.[32,36] Overall, the CV curves of SntGraphite
show that Na storage in SntGraphite occurs by t-GIC and
Na� Sn alloy formation. Figure 3a represents the voltage profile
for SntGraphite cycled at 50 mAg� 1 in the voltage window of
0.005 to 1.2 V vs Na+/Na. For comparison, the voltage profile
for tGraphite recorded under identical conditions is shown in

Figure 1. TEM images of a-b) Graphite and c-d) tGraphite.
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Figure 3b. Initially, the SntGraphite electrode delivers a specific
capacity of around 247 mAhg� 1 with an initial Coulombic
efficiency (ICE) as high as ~90%. This value is very close to the
ICE obtained for pure graphite electrodes (~92%, Figure S6)[32]

and, importantly, much higher compared to other Sn/C-based
anodes for which the ICE is typically between 60–75% (with
carbonates electrolytes), see e.g. Ref. [32]. Such high ICE values
are an important requirement for application as otherwise too
much Na is lost from the counter electrode.

In the next cycle, the specific capacity reduced to
223 mAhg� 1 and remained constant afterwards. No apparent
fading was observed up to 100 cycles, indicating a highly
reversible and stable electrode reaction. Considering the
specific capacity for tGraphite (115 mAhg� 1) (Figure 3b) and
Graphite (119 mAhg� 1, Figure S6), the obtained capacity for
SntGraphite is significantly higher and a direct result of the
additional tin (Sn). This can be easily understood from
considering the theoretical specific capacities for Sn
(847 mAhg� 1) and tGraphite (115 mAhg� 1)[8] and their contents
in SntGraphite (17 wt% Sn and 83 wt% tGraphite). Overall, this
amounts to a theoretical capacity of 240 mAhg� 1 for SntGra-
phite (calculation given in the Supporting Information). The
capacity obtained in the second cycle (223 mAhg� 1) is very
close to this theoretical value, suggesting a high utilization (~
93%, see Supporting Information) of Sn and Graphite for Na
storage. The voltage profile shows defined plateaus during
sodiation and desodiation, in line with a combined storage
over Na� Sn alloys and t-GICs, see Figures 3a, b. The plateaus
can be more clearly seen from the dq/dV plot (Figure S5b)
which matches well with the CV data (Figure S5a). The

formation of t-GIC compounds and Na� Sn intermetallic com-
pounds were confirmed by in situ XRD which is discussed
further below.

Furthermore, the rate performance for SntGraphite was
studied at different current densities ranging from 0.05 to
2 Ag� 1 (Figure 3c). With increasing current densities, the
SntGraphite delivers the capacities of 226, 213, 208, 196, 184
and 134 mAhg� 1 at 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 Ag� 1,
respectively. When the current density is down to 0.05 Ag� 1,
the specific capacity recovers to 221 mAhg� 1 and retains the
same value for next the 50 cycles, demonstrating excellent rate
performance and stability. Moreover, the active SntGraphite
delivers a specific capacity at 40 mAhg� 1 even at 20 Ag� 1

(Figure S7) showing the ability to store Na even at high
currents. The long-term cycling of SntGraphite was studied
over 2,200 cycles at 1 Ag� 1 (Figure 3d). Starting from
170 mAhg� 1 (second cycle) the reversible capacity remains at
164 mAhg� 1 after 2,200 cycles corresponding to a retention of
96%. Postmortem studies on the SntGraphite electrode (after
500 cycles) by TEM (see Figure S8) show no apparent changes
of the morphology of Sn indicating that diglyme is compatible
for both graphite and Sn. At a mass loading of 7.9 mgcm� 2, the
active composite delivers a reversible capacity of 220 mAhg� 1

corresponding to the areal specific capacity of ~1.5 mAhcm� 2

(Figure S9). This is still at the lower end compared to
commercialized LIB anodes (1–3 mAhcm� 2) but quite reason-
able considering the first-time use of the material. We also tried
higher loadings but buckling of the electrodes occurred for
loadings�7 mgcm� 2. Higher loadings are certainly possible
but will require technical optimization which is outside the

Figure 2. a–b) TEM images of SntGraphite at different magnifications. c) TEM images of SntGraphite in dark mode. d–e) elemental mapping of tin and carbon.
Inset of (a) is the SAED pattern of SntGraphite. Inset of (b) is the HRTEM image of SntGraphite.
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scope of this study. Overall, the addition of Sn (17 wt%) to
graphite leads to a significant increase in capacity without
impairing the advantages of long cycle life and high ICE.

2.3. In Situ Electrochemical Dilatometry (ECD) and In Situ
XRD

Sodiation of bulk Sn and graphite leads to large volume
changes which is a key limitation for their use in practical cells.
We therefore studied the electrode expansion using in situ
electrochemical dilatometry (ECD). Results for graphite and
SntGraphite are compared in Figure 4. The behavior for graph-
ite is well in line with our previous findings,[8] i. e. the electrode
thickness becomes larger during the first cycle followed by a
fairly constant “breathing” upon further cycling. The breathing
in the range of 198.6–136.4 μm (68%) is the result of the

solvent co-intercalation leading to a much larger interlayer
spacing compared to graphite. For SntGraphite, the additional
Na storage in Sn leads to a more pointed dilatometer signal
upon cycling. This shows that the additional storage mecha-
nism has a direct consequence on the electrode “breathing”.
This is more clearly seen from Figure 5 which shows a close-up
of the 1st cycle for Graphite and SntGraphite.

For graphite, the potential profile shows three different
regions (A from 1.0 V to 0.7 V, B at a plateau of 0.7 V and C
from 0.7 V to 0.005 V). These regions can be also distinguished
in the dilatometer signal (see Ref. [8] for a discussion). For
SntGraphite, the combined storage behavior of graphite and Sn
can be again well seen from the potential profile. Sodiation of
Sn starts at potentials below 0.2 V which is indicated by region
D. The interesting point is that while region D roughly doubles
the electrode capacity, the increase in electrode thickness is
negligible (from 118% total increase, only around 3% are due

Figure 3. Charge-discharge curves of a) SntGraphite and b) tGraphite, measured at 50 mAg� 1. c) Rate capability of SntGraphite electrode measured from 50–
2000 mAg� 1. d) Cycling stability of SntGraphite electrode evaluated with charge/discharge rates of 1 Ag� 1 for 2,200 cycles. Measurements performed in two-
electrode geometry with sodium as counter electrode. Capacity values refer to the weight of SntGraphite.
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to alloy formation). This means that storing Na in Sn leads to a
much smaller electrode breathing compared to storing the
same amount of (solvated) Na in graphite. This appears
surprising, giving the fact that the theoretical volume expan-
sion for Sn (420%)[41] is about twice as large compared to

graphite (240–250%).[42] The behavior is likely due to the fine
dispersion of Sn in the graphite which predominantly leads to
an expansion within electrode, i. e. into the electrode porosity.
This finding can well explain the good cycle life obtained for
this material, see Figure 3d.

Figure 4. In situ electrochemical dilatometry measurements for a) Graphite and b) SntGraphite (measured at 30 mAg� 1). The x-axis shows the cumulative
capacity over seven consecutive cycles. Measurements were done in three-electrode geometry with sodium as counter and reference electrode.

Figure 5. The thickness changes and corresponding potential profile for a) Graphite and b) SntGraphite obtained during in situ electrochemical dilatometry
measurements (first cycle). The applied current density was 30 mAg� 1. Measurements performed in three-electrode geometry with sodium as counter and
reference electrode.

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202000196

6Batteries & Supercaps 2020, 3, 1–11 www.batteries-supercaps.org © 2020 The Authors. Published by Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Mittwoch, 30.09.2020

2099 / 180261 [S. 6/11] 1

https://doi.org/10.1002/batt.202000196


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Further evidence for the combined storage of Na in
graphite and Sn was obtained by in situ XRD. Potential profiles
and corresponding XRD patterns of the SntGraphite electrode
for the 1st cycle are shown in Figure 6. Although only partial
recharge was possible in the in situ cell, the discharge curve
matches well with the ones obtained in coin cells set up.
During sodiation, the graphite reflections show the expected
change related to a staged t-GIC formation[43–44] At OCV
condition (Figure 6b), the SntGraphite electrode showed a
sharp reflection at 26.4° corresponding to (002) plane of
graphite and a pair of reflexes at 30.6° and 32.0° corresponding
to the (200) and (101) planes of Sn. Once the sodiation
commences (from OCV to 0.6 V vs Na+/Na, at scan number 0),
the (002) reflection of graphite splits into two new reflections
at 2θ=24.5° (005) and 28.6° (006) indicating the formation of
several high stage t-GICs.

The reflections gradually separate from each other until
0.5 V, where the positions are maintained and the transition of
stage II into stage I takes place. No further apparent changes
related to the t-GIC take place when further decreasing the
voltage to 0.005 V. At around 0.3 V, the Sn reflections start to
disappear and some new reflections corresponding to the
Na� Sn intermetallic compounds starts to appear (Figure S10).
The reaction is reversed during de-sodiation. Firstly, the
reflections of the Na� Sn intermetallic compounds disappear
along with the reappearance of Sn. Secondly, the t-GIC
reflections start to disappear (as mentioned, charging was not
fully completed). Overall, the combined storage mechanism of
sodium in graphite and Sn could be clearly followed by in situ
XRD.

2.4. Use of SntGraphite in a Hybrid Sodium-Ion Capacitor

In order to understand the effectiveness of SntGraphite as
anode for hybrid Na-ion capacitor, a quantitative kinetic
analysis was conducted.[45] To investigate the kinetics of charge
storage in Sn-Graphite composite electrode, the cyclic voltam-
mograms (CV) are recorded at different scan rates from 0.1–
5.0 mVs� 1 (Figure S11). The total charge stored in CV is a
combination of bulk diffusion controlled faradaic contributions
from Na ions intercalation as well as alloying process and the
surface-controlled contributions, which is a combination of
redox pseudocapacitance and the non-faradaic contribution
from the double layer formation. The “surface” controlled and
“bulk” diffusion-limited charge storage process in this material
can be distinguished from the power law relation:[46] The
current at each potential i Vð Þ can be represented as [Eq. (1)],

i Vð Þ ¼ k1v þ k2 v1=2 (1)

where k1v and k2 v1=2 are the current contributions due to the
surface and bulk diffusion-controlled processes, respectively,
and ‘v‘ is the scan rate, V is the potential, k1 and k2 are
coefficient of “surface” and “bulk” processes, respectively. Note,
however, that results of this equation should be only taken as a
very rough indicator to separate both types of processes as the
simplicity of the equation does not reflect the complex
structure of the electrode (hence the notation for “surface” and
“bulk” in quotation marks).[47] Figure S12 shows the cyclic
voltammogram at different scan rates clearly differentiating the
contribution of current from “surface” controlled process
(shaded region) from the “bulk” diffusion-limited process. For
instance, the analysis shows that at a scan rate of 2.0 mVs� 1,
about 60% of the total charge stored in SntGraphite composite
is the “surface” controlled process (shaded area). The histogram

Figure 6. In situ XRD measurement: a) Voltage profile vs. specific capacity of SntGraphite in diglyme electrolyte (1st cycle, 30 mAg� 1), b) Corresponding XRD
patterns. Measurements performed in two-electrode geometry with sodium as counter electrode.
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in Figure 7 summarizes the diffusion controlled and non-
diffusion (“surface”) controlled contribution of the SntGraphite
composite at different scan rates. The results indicate that the
fraction of the “surface storage” increases as the scan rate
increases and reaches a contribution of ~78.4% at a high scan
rate of 5 mVs� 1.

In order to check the performance of SntGraphite in high
power applications, we fabricate a sodium-ion capacitor with
SntGraphite as the negative electrode and activated carbon
(AC) as the positive electrode. Before fabricating the full cell
hybrid ion capacitor, it is important to pre-sodiate the
SntGraphite. For this, SntGraphite was individually cycled in the
potential range of 0–1.2 V vs Na+/Na. On the other side, the AC
was cycled in the potential range of 3.0–4.0 V vs Na+/Na
(Figure S13). The hybrid cell was fabricated by combining the
pre-sodiated SntGraphite with an AC (details about the cell are
available is Figure 8a). Figure 8b shows the galvanostatic
charge discharge curve of SntGraphite//AC Na-ion capacitor at
different current densities. The linear behavior of the voltage vs
time indicates the prominent capacitive behavior of the full cell
hybrid ion capacitor.

During charging process, the Na ions are inserted into the
negative electrode, while the anions PF6

� adsorbed at the
surface of the AC. A reverse process is taking place during the
discharge. Figure 8c shows the rate capability performance of
SntGraphite//AC. It can be observed that the cell displays a
capacity of 50 mAhg� 1 at 0.25 Ag� 1, while it exhibits a capacity
of 22 mAhg� 1 at 5.0 Ag� 1. The system is also showing excellent
rate performance. Figure S14 shows the galvanostatic charge-
discharge of the full cell as well as anode and cathode vs. Na+/
Na at a current density of 0.25 Ag� 1 before and after the rate
capability study.

The energy and the power densities of the investigated
SntGraphite//AC sodium-ion capacitor have also been esti-
mated. The device exhibits a maximum energy density of
~93 Whkg� 1 at a power density of 495 Wkg� 1 and provides an

energy density of 33 Whkg� 1 at a high-power density of
7.8k Wkg� 1. These values are comparable or even higher than
those reported for other Na-ion capacitors (Figure S15). Finally,
the cyclic stability of the device has also been investigated. As
shown in Figure. 8d and Figure S16, the investigated device
shows an excellent cycling stability and high coulomb
efficiency (close to 100%) over 8000 cycles carried out at a
current density of 1 Ag� 1. Considering these results, the
SntGraphite based electrode investigated in this work appears
as an interesting candidate also for the realization of high-
power devices.

3. Conclusions

A SntGraphite composite containing 17 wt% Sn was synthe-
sized by simple annealing of SnCl2 with thermally modified
graphite. The resulting composite with a BET surface area of
around 3 m2g� 1 delivered a very high ICE (~90%) in the first
cycle and provided a Na storage capacity of 223 mAhg� 1 at
50 mAg� 1, i. e. the capacity compared to graphite (110 mAhg� 1)
is roughly doubled. The electrode also showed a very high
cycling stability maintaining 96% of its initial capacity after
2200 cycles at 1 Ag� 1. Electrochemical measurements, in situ
ECD and in situ XRD showed that the sodium storage in
SntGraphite occurs through a combined storage mechanism
based on t-GIC formation and Na� Sn alloy formation. Interest-
ingly, while the addition of Sn roughly doubles the electrode
capacity, its contribution to the electrode breathing is negli-
gible. From an expansion of 118% (1st cycle), only 3% is due to
Sn, most likely due to the good dispersion of Sn nanoparticles
in the graphite matrix. Furthermore, the kinetic studies show
the suitability of SntGraphite as negative electrode for SIHCs.
The fabricated SIHC showed a maximum energy density of
~93 Whkg� 1 at a power density of 495 Wkg� 1 and an energy
density of 33 Whkg� 1 at a power density as high as 7.8 Wkg� 1

Figure 7. Histogram shows the percentage contribution of “surface” and “bulk” charge storage capacity at different scan rates.
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and also exhibits an excellent stability with a capacity retention
of about 80% after 8,000 cycles.
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ARTICLES

Dual purpose: The capacity of
graphite electrodes for Na-ion
batteries is doubled by adding
nanosized tin (17 wt%). The material
shows excellent cycle life and rate ca-
pability, which makes it also suitable
as electrode for Na-ion hybrid capaci-
tors. During cycling, a combined
storage based on solvent co-interca-
lation (graphite) and alloy formation
(Sn) takes place. The electrode
reaction if followed in situ by XRD
and electrochemical dilatometry.
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