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Hard carbons are the most suitable anode materials for practical
sodium-ion batteries (NIBs). Despite various studies, there is still
significant scope for improvement in the understanding of the
(de)sodiation mechanisms. Here, we study Sn incorporation in
waste derived commercial and model sucrose derived hard
carbons and its effect on the electrochemical performance. Sn
incorporation leads to improved first cycle coulombic efficiency
and capacity, specifically increase in the plateau capacity. An
improvement from 220 mAh/g to 285 mAh/g and 325 mAh/g is
respectively obtained for 7% and 15% Sn in hard carbon-Sn
composites (HC/Sn). Sn incorporation in both hard carbons has

Introduction

Hard carbons are widely used as anode materials for Na-ion
batteries because of their advantages in terms of capacity, low
voltage, superior cyclability and cost-effectiveness. Most of the
Na-ion batteries being developed use hard carbons as the
anode material demonstrating its efficacy as an anode
material.l'"?
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been shown to improve the electrochemical performance,
notably achieving a synergy with capacities in excess of that
expected from simple addition. For example, 7% Sn additions
tend to increase capacity by 25%, twice that predicted from
simple addition. X-ray diffraction (XRD) studies show that the
number of graphene layers in nano-graphitic domains is
reduced after Sn incorporation with no change in interlayer
spacing. Full cells with commercial benchmark cathodes are
also presented along with cost analysis of the Sn doping routes
in this study to demonstrate the commercial viability of the
strategy.

Hard carbon is a disordered ‘non-graphitizable’ carbon
consisting of randomly segregated turbostratic graphitic domains
(bent, rippled, curved), micropores and heteroatom (C, H, N) bonds
on the surface.®® Hard carbons are typically produced from
pyrolysis of organic polymer or hydrocarbon precursors includ-
ing some biomass products such as sucrose, glucose, lignin,
biomass etc.”'” Available capacities are very much a function
of precursor and processing conditions. These were first studied
by Stevens etal. as anode materials for Na-ion and Li-ion
batteries, and the (de)sodiation mechanisms explained by a
simplified ‘House of cards’ model in 2000.”’ The (de)sodiation
profiles of galvanostatic cycling of hard carbons consists of a
sloping region (above 0.1 V) and a plateau region (below 0.1 V).
The sodiation mechanism is broadly defined in three different
mechanistic events - 1) Sodium pooling in nanopores resulting in
quasimetallic clusters, 2) intercalation in graphene layers and 3)
Surface/defect storage. In-situ small angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) experiments by Stevens
etal. in 2001 showed that lower voltage plateau sodiation
consists of pooling in nanopores and the sloping region
consists of Na intercalation in graphene layers, this mechanism
was also observed by Komaba etal. in 2011.5"'? Later,
Bommier et al. suggested that Na-storage in the sloping region
occurs at defect sites and the storage mechanism in the plateau
region is due to intercalation in graphene layers and minor
contribution by Na-ion adsorption/pooling in nanopores."”
Through NMR studies by Stratford et al., it was proposed then
that Na is more ionic in the sloping region thus it is stored at
defects and/or in expanded graphene sheets, and pore-filling
occurs in the lower plateau region." The notion of pore filling
was challenged by Qui etal. by arguing that there is no
correlation between porosity (gas adsorption based porosity)
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and low-voltage plateau capacity, however no SAXS measure-
ments were performed and only open pore measurements
were carried out by gas adsorption methods.”™ Alternate
mechanisms have also been reported."®'” The exact mechanism
is still debatable and there is a possibility that various events of
Na absorption/pooling/intercalation occur simultaneously at
various stages depending on the energy barriers arising from
defects and interlayer spacing of graphene sheets."® Amidst
the various attempts to understand the mechanism of sodium
storage in hard carbons, it is important to design improved
hard carbons with existing knowledge. Elongating the lower
plateau region is one of the directions to improve the hard
carbons. Elongating the lower voltage plateau combined with
decreasing surface area not only increases the capacity but also
improves the first cycle coulombic efficiency of the hard
carbon.” We show that Sn introduction in the hard carbon can
improve the plateau capacity, and the first cycle coulombic
efficiency.

Heteroatom doping has been studied to both improve the
electrochemistry and understand the mechanism of
(de)sodiation in hard carbons.”?>*? P doped hard carbons have
been extensively studied to improve the electrochemical
performance of hard carbons.

NanoSn-HC composite was studied by Guo et al. for lithium-
ion batteries.” However, the synthesis technique involved
multiple steps and there was significant capacity fade. Although
nano-Sn/C composites where nano-Sn is decorated in porous
carbon architectures have excellent electrochemical perform-
ance, their tap density makes them an impractical choice.

In this work, a cost-effective method of Sn doping in hard
carbons is presented by using simple solution impregnation.
The Sn source is introduced in a porous hard carbon derived
from a biowaste (B187, Deregallera Ltd.) which has been
synthesized at 700°C. The Sn precursor is impregnated at

ambient conditions followed by a heat treatment at 1000 °C.
Pore closures and a decrease in porosity during heat treatment
at 1000°C is expected during the synthesis. At the same time
due to the presence of Sn atoms/clusters, it is hypothesized
that there will be a restriction of the growth of graphitic
domains. The resultant hard carbon-Sn (HC—Sn) composites
show an improved capacity and first cycle coulombic efficiency.
The terminology used to describe the HC—Sn composites
derived from B187 hard carbon are presented as Temperature
of heat treatment (°C) _w/w % Sn’. The results presented in this
study relate to 1000_7,1000_15, 1000_40 composites, and we
also present Sn (7%) doping in Sucrose-derived hard carbons
(SDHC vs. SDHC=Sn).

Results and Discussion

XRD confirms the presence of crystalline Sn in B187 Hard-
carbon derived 1000_7, 1000_15 and 1000_40 (Figure S1).
Thermogravimetric analysis (TGA) in air was performed to
determine the Sn content (Figure S2). Sn content was calculated
assuming that SnO, is formed at the end of the TGA experi-
ment.

Figure 1(a, b) shows distributed Sn in the 7% sample with
strongly cluster Sn in the 40% sample, Figure 1(c) shows that
Raman peaks from hard carbon are modified due to interaction
with Sn in the 7% sample. Figure 1(d-g) shows the STEM
images of the 1000_7 sample. It clearly shows that Sn is
infiltrated uniformly in the Hard Carbon with a slightly higher
concentration on the surface (Figure 1b, d). As the loading of Sn
is increased to 15 % and 40 %, agglomeration of micron sized Sn
particles (Figure S3) was observed. Figure 2 summarizes the
electrochemical performance of HC—Sn samples. First cycle
desodiation capacities of 220 mAh/g, 285 mAh/g, 325 mAh/g
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Figure 1. a) TEM EDX image of HC_Sn_1000_7. Scale bar is 50 nm. b) Comparative SEM image of HC_Sn_1000_7. The scale bar is 500 nm. ¢) Comparison
between Raman spectra of HC_Sn_1000_0 and HC_Sn_1000_7 4 showing the changes in bond structure occur on Sn doping. d-g) show analysis through a
section of HC_Sn_1000_7. d) STEM image of HC_Sn_1000_7, e) annotated STEM image with carbon and f) Sn EDX. The scale bars in (d-f) are 20 nm.

g) Elemental line profile along with the line in (e).
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Figure 2. a) First cycle galvanostatic profiles of HC/Sn at 50 mA/g in Na-ion half cells. b) Cycling performance of HC/Sn at 50 mA/g. [Electrode composition:

95% HC/Sn, 5% CMC binder, Electrolyte: 1 M NaPF6 EC, DEC]

and 280 mAh/g were obtained for 1000_0, 1000_7, 1000_15
and 1000_40 samples respectively at 50 mA/g in Na-ion half
cells (Figure 2a). There is also an improvement in first cycle
coulombic efficiency (CE) from 65% for 1000_0 to 75% for
1000_7/1000_15/1000_40 samples. For the 15 and 40% samples
there is clear evidence of the potentials associated with Sn
alloying, whilst this is hard to discern in the 7% sample. The
improvement in first cycle CE can be attributed to an increase
in plateau capacity after Sn incorporation. It is well known from
past studies that the plateau region is more reversible in hard
carbons."” (De)sodiation capacity of 1000_40 sample is lower
than expected as one expects an increase in capacity after
increase in Sn content, this might be due to high electronic
resistance of the solid-electrolyte interphase (SEI) on the Sn
surface in EC:DEC electrolyte. This was confirmed by testing
1000_40 in 1 M NaPF in Diglyme (Figure S4) in which 345 mAh/
g capacity was obtained with stable cycling performance. It has
been shown in recent studies that Sn cycles much better in
glyme based electrolytes than for carbonate electrolytes,?”
indicating more suitable SEI formation. The cycling performance
of HC/Sn samples is shown in Figure 2(b). Capacity retention of
HC/Sn samples after 50 cycles at 50 mA/g was 97 %, 93 %, 77 %
and 46% for 1000_0, 1000_7, 1000_15 and 1000_40 samples
respectively. The capacity retention worsens with the increase
of Sn content. The following factors have been postulated to
lead to poor cycling performance with increase in Sn content -
a) increase in size of Sn particles through agglomeration
promotes cracking of electrode architecture during cycling due
to c.a. 420% volume expansion,***' b) increase of Sn particles
on the surface of composites with concomitant increase of
electrolyte-Sn interaction leads to unstable SEI and thus poor
cycling.?** On further cycling the sample 1000_7 demon-
strated stable cycling at 275 mAhg™" up to 250 cycles, with the
best long term performance (Figure S5).

Improvement in plateau capacity below 0.15V is obtained
after Sn incorporation as it is significantly improved from
93.2 mAh/g (1000_0) to 132.7 mAh/g (1000_7), this small level
of Sn-doping does not seem to affect the polarisation. The
capacity above 0.15V is quite similar for 1000_7 and 1000_15
samples if one ignores the Sn related plateaux at ca. 0.21V,
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0.25V and 0.55 V. For the 1000_40 sample, the capacity above
0.15 V is reduced, which can be due to reduced activity of hard
carbon or detrimental Sn-electrolyte interactions. It is interest-
ing to note that plateau desodiation capacity below 0.15V is
quite similar for both 1000_7 and 1000_15 samples, see
Figure 3.

An increase in plateau capacity (both sodiation and
desodiation) after Sn doping may be due to increase in closed
pore size or improved Na-ion diffusivity from graphitic domains to
closed pores.””!

In order to understand the origins of this improvement, we
closely analysed powder XRD data. XRD patterns of 1000_0 and
1000_7 samples as shown in Figure 4. The empirical R factor
which is- the ratio of 002 peak intensity and background
intensity at 002 peak, was introduced by Liu et al. and it can be
used to provide a relative determination of number of
monolayers in graphene stacks. It has been shown by Liu et.al.
that a lower value of empirical R factor is directly correlated
with increase in plateau capacity.” Table 1 shows that empirical
R factor decreases after Sn incorporation, meaning there are
more monolayers in Sn doped Hard carbon. The lower plateau
capacity depends on nanopore volume, nanopore size and on
the ease of access of Na-ions to those nanopores. Thin graphitic
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Figure 3. First desodiation capacity above and below 0.15 V of 1000_0,
1000_7, 1000_15 and 1000_40 HC/Sn samples.
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Figure 4. XRD of 1000_0 and 1000_7 samples using Mo Ko, radiation.

stacks or fewer graphene layers can improve the ease of access
for Na-ions, thus improving both plateau capacity and initial CE.

The average number of graphene sheets in a crystallite was
also calculated using the Scherrer formula, which decreases
with Sn incorporation (Table 1), thus corroborating our hypoth-
esis from empirical R factor analysis. BET analysis using N,
adsorption isotherms revealed that both 1000_0 and 1000_7
consists of micropores. The specific surface areas of both 1000_
0 and 1000_7 were found to be very similar (Table 1), meaning
that the increment in capacity between these is not related to
opening of pores.

Full cells consisting of 1000_7 (anode) and a commercially
relevant cathode material were tested at 25 MA/Qqhoqe (Fig-
ure 5). The full cells show an initial CE of ca. 73%, and a stable
cycling performance. When the same commercial cathode is
cycled against 1000_0 anode, the first cycle CE is around 64 %
(Figure S6). Thus, Sn incorporation has significant effect on the
first cycle CE and thus energy density in a full cell system. The
first cycle capacity of 275 mAh/g, ¢ is comparable to the one
obtained in half cells.

In order to investigate the generalisability of this technique,
we doped Sn in Sucrose-derived Hard carbon (SDHC). 7% Sn
doped SDHC (SDHC—Sn) was synthesized by introducing the Sn
source after the caramelization step, followed by high temper-
ature heat treatment. Details of synthesis is given in the
methods section. SDHC—Sn gives a slightly higher capacity of
280 mAh/g after 50 cycles as compared to 260 mAh/g given by
SDHC after 50 cycles. The first cycle coulombic efficiency was
74% and 77% for SDHC and SDHC—Sn respectively. Cycling
performance of SDHC and SDHC—Sn is shown in Figure 6(b).
There is an initial loss of ca. 20 mAh/g in first 10-15 cycles of
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Figure 6. a) First cycle of Sucrose derived Hard carbon (SDHC) and 7% Sn
doped Sucrose derived Hard carbon (SDHC—Sn) at 50 mA/g. b) Cycling
performance of SDHC and SDHC-Sn.

Table 1. Determination of empirical R-factor results and BET surface area analysis.

Sample Interlayeragraphene Crystallite size [A] Number of stacking R (empirical) BET [m*/g]
spacing [A] sheets

1000_0 3.785 10.352 2.735 213 40

1000_7 3.749 9.058 2416 1.97 31
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SDHC—Sn after which it stabilized. This initial loss is most likely
related to the plateau related to Sn at c.a. 0.25V and 0.50 V
during desodiation. This initial loss is also observed for the
1000_7 sample (Figure 2b). Overall, the Sn doping in SDHC also
leads to improved capacities and first cycle CE. This represents
preliminary data on Sn doping in SDHC. The SDHC—Sn system is
being optimized, and a detailed study will be published
elsewhere.

It is well established in the literature that plateau capacity
of hard carbon is much more reversible than for the sloping
region.”'®'%?7 The plateau capacity is related to Na-clustering/
pooling in the nanopores. However, increasing the volume of
nanopores is not always directly correlated with improvement
in plateau capacity as one observes with hard carbons
synthesized at very high temperatures (>1500°C).*¥ The
interlayer spacing of graphene layers,”™ size of graphitic
domains,””” defects on the edges of graphitic layers, size of
nanopores"® also play an important role in allowing electro-
chemically inserted Na-ions to pool in the nanopores. We
hypothesize that Sn doping creates thin graphitic layers around
the nanopores, which improves the access of Na-ions to the
nanopores thus improving plateau capacity and the initial CE.
Empirical R factor analysis* also shows that after Sn doping
number of monolayers of graphene is increased. The Sn
particles which migrate to the surface (Figure 1), lead to initial
capacity loss of HC—Sn (Figure 2b). Methods to avoid this
migration or selectively remove these Sn particles can signifi-
cantly improve these hard carbons.

In order to evaluate the commercial prospects of the Sn-
vapour deposition process we conducted a high-level techno-
economic assessment (TEA) of an industrial scale process
operating at 1000 tonnes/year. Details including assumptions,
flowsheet, mass balance and final economic assessment are
included are presented in the Supporting Information. Figure 7
shows the B187-Sn cost as a function of wt%-Sn where the
upper, base and lower cases are calculated using the dominant
cost factor of SnCl,-2H,0 price of £25.80/kg, £29.90/kg and
£34/kg.

At 7 wt% Sn, the optimum fraction from this study, the cost
of B187-Sn7 is estimated to be between £8.49 and £9.71, well
under the £15/kg of battery grade spherical coated graphite for
lithium-ion batteries.”
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Figure 7. Estimated TEA cost of B187-Sn composite as a function of wt% Sn.
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Conclusions

We hereby report Sn doping in Hard carbons - Deregallera’s
B187 and Sucrose derived Hard carbon. Through systematic
study we conclude that 7% Sn doping is more desirable in
carbonate based electrolytes as compared to 15% and 40% Sn
content. Higher loading of Sn leads to poor cycling stability in
carbonate-based electrolytes such as 1 M NaPF, EC-DEC. XRD
analysis shows that a decrease in number of graphene layers in
the graphene stacks after Sn doping leads to a better access of
Na-ions to nanopores, which results in an elongation of lower
voltage plateau and concomitant improvement in first cycle
coulombic efficiency. Sn doping is a facile and cost-effective
method to improve the first cycle coulombic efficiency of hard
carbons in contrast to the expensive higher temperature heat
treatments usually employed.

Experimental Section
Material synthesis

B187 1000_7, 1000_15, 1000_40

Sn doping was performed on B187 Hard carbon, which is produced
from sustainable biowaste and was provided by Deregallera. 0.5 g
of Hard carbon was mixed in an ethanolic solution of SnCl,-2H,0
(Sigma Aldrich). SnCl,-2H,0 was taken 0.1 g in excess to compen-
sate for the vaporization loss during heat treatments. The hard
carbon - SnCl,-2H,0 in ethanol solution was dried at 30°C, and
then transferred to an alumina boat. The alumina boat containing
the dried powder was heated in a tube furnace at 1000°C under
60-100 cc/min flow rate of Argon, see Figure S7.

Sucrose derived hard carbon - Sn (SDHC, SDHC-Sn)

SDHC was synthesised by following the synthesis from a previous
report.?? In case of SDHC-Sn, after the caramelization step, the
caramelized powder was mixed with ethanolic solution of
SnClL.2H,0. 2g caramelized powder was dispersed in 059
SnCl,.2H,0 in ethanol solution. The following steps were the same
as that of 1000_7, 1000_15 and 1000_40 samples, except that the
final heat treatment was carried out at 1100°C instead of 1000 °C.

Electrochemical characterization

Slurries of 95% active material (hard carbon/hard carbon-Sn) and
5% Carboxy Methyl Cellulose-Sodium salt was prepared in
deionized water. Slurries were cast on Aluminium foil (Advent Ltd.)
using a doctor blade with 200 um gap. The cast was dried at 80°C
in ambient air. 1.5 cm? disks were punched out after the drying
process. The electrode disks were dried overnight at 80°C, under
vacuum in the antechamber of an MBraun Glovebox. 2032 type cell
assembly were performed inside an Argon filled (H,0<0.1 ppm,
0,<0.1 ppm) glovebox (MBraun).

Na metal (Sigma Aldrich) was used as the counter electrode for Na-
ion half cells. In case of full cells, commercial cathode material was
used as the cathode material. Whatman Glass fibre separators (GE)
were used for all cells. Electrolytes used in this study were- 1M
NaPF; in EC (ethylene carbonate) DEC (diethyl carbonate (1:1 v/v)
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supplied by Kishida Chemical Co. Ltd. and 1M NaPF; (Sigma
Aldrich) in diglyme (Alfa Aesar).

Galvanostatic cycling was performed on a Neware BTS4000 cycler.

Material characterization

XRD was carried out in 0.5mm capillaries on Stoe STADIP
diffractometer fitted with a Mythen linear detector (Mo Kau,
radiation, 1=0.7093 A). TEM images were taken on Titan Themis
which is equipped with EDS and EELS imaging. N, adsorption/
desorption BET measurements were performed on samples de-
gassed overnight at 150 °C on a Tristar instrument.
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