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Oxygen physi- and chemisorption were used to determine the hard
carbon total specific and active surface areas, respectively, which
have been correlated with irreversible capacity loss during the first
charge/discharge cycle in Na-ion half-cells. Lowering the specific
and active surface areas allow to reduce the irreversible capacity
loss to 8%. Carbon basal planes and edge planes/defects contribu-
tions are discussed.

Na-ion batteries (NIBs) have been studied intensively during
the last decade and have become a credible alternative for
current lithium-ion battery (LIB) technology." The low price and
worldwide abundance of sodium and the possible utilization of
sustainable and renewable electrode materials are valuable
advantages of NIBs. The performance of NIBs is approaching
that of LIBs; however, there are still many challenges to be
addressed, such as the high initial irreversibility and the low
stability over cycling. Among a large variety of anodic carbon
materials used in NIBs, hard carbon materials deliver the
highest specific capacity, ie.,, ~300 mA h g ' vs. only
31 mA h g for graphite.’ Instead, a high irreversible capacity
is generally observed during the first charge/discharge cycle,
and, in some cases, capacity fading during long-term cycling.
The reason for this capacity loss is widely associated to the
decomposition (reduction) of electrolyte at the carbon surface
which results in the formation of the so-called solid electrolyte
interphase (SEI) layer.* The composition, thickness, morphol-
ogy and structure of the SEI dictate the Coulombic efficiency
(CE), stability and rate capability of the HC anode.
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The main factors impacting SEI formation on hard carbon
in NIBs have been barely studied compared to LIBs. Dedryvere
et al.’ showed that the electrolyte formulation (i.e., salt, solvent
and/or additive used) strongly impacts the SEI chemical com-
position and long-term cycling. Komaba et al. highlighted the
importance of the electrode binder type® and electrolyte addi-
tive presence’ on SEI formation and irreversible capacity. The
electrochemical cycling conditions (charging rates) were shown
to contribute to SEI build-up, leading to different thicknesses
and morphologies.® Bommier and Ji* reviewed in more detail
the non-electrode factors (i.e., electrolytes, additives and sol-
vents) inducing SEI and irreversible capacity.

In addition, the properties of hard carbon are well known to
have a strong influence on the SEI layer. It is often mentioned
that the HC specific surface area, functional groups, defects
and impurities contribute to electrolyte decomposition and SEI
formation. For anodic carbon-based materials in LIBs, this
topic has been extensively investigated, and insightful correla-
tions have been found,”'® whereas studies on hard carbons for
NIBs are rare.

The specific surface area is considered a main parameter
that leads to electrolyte decomposition and an increase in
irreversible capacity. Bommier et al.'' reported a decreasing
tendency of irreversible capacity with the surface area, assessed
by N, adsorption. However, assessment via N, adsorption fails
to analyse narrow pores (<2 nm), which are known to exist in
HC. Later, our group'* proposed the method of CO, adsorption
for surface area determination, and a similar trend was found
for the irreversible capacity. In addition, we recently proposed
the use of other gases, such as O, and H,, to evaluate the
complex hard carbon porosity,"* which could help in better
understanding the impact of porosity on electrochemical per-
formance. Other factors, such as edge defects, can contribute to
the irreversible capacity'® due to the strong binding energy of
Na ions at these specific sites. The main difficulty, however, is
the evaluation of carbon defects, which is customarily done in a
qualitative way, using the Ip/Ig ratio deduced from Raman
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spectra. Alternatively, we proposed'” the quantitative determi-
nation of defects/active sites via the assessment of active sur-
face area (ASA) through the oxygen chemisorption followed by
temperature programmed desorption coupled with mass spec-
trometry (TPD-MS). The active surface comprises the contribu-
tion of different carbon edge planes and defects (i.e., vacancies,
dislocations, point defects, Stone-Wales defects).">'® This
quantification is of great interest since it may allow us to
discriminate between the effect of edge planes/defects and
basal planes on the irreversible capacity. Notably, the total
specific surface area (TSA) determined by gas adsorption,
includes both the basal planes surface and the active
surface area.

Oxygen-based functional groups might favour an irreversible
capacity due to its interactions with the electrolyte. However, it
must be considered that the functional groups are usually
bonded on carbon edges (i.e., defects/active sites); therefore,
the active sites have a greater impact than the functional
groups. This has been evidenced by performing reductive treat-
ments under H,, which led to the removal of oxygen-based
functional groups while preserving the active sites and obser-
ving no significant impact on the irreversible capacity.">"”
Metal-based inorganic impurities are inherently present in
some natural precursors and have been proven to induce high
irreversible capacity and low Coulombic efficiency.'®'® More-
over, non-SEI factors such as Na-ion trapping in defects and
porosity have been proposed to contribute to irreversibility.”®
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In summary, among the abovementioned parameters that
influence the irreversible capacity, the specific surface area
and the active sites appear to be the most significant ones for
pure HCs.

Herein, the total surface area and the active surface area
were determined by O, physisorption and chemisorption,
respectively, and correlated with the irreversible capacity loss
during the first charge/discharge cycle of the Na-ion half-cell.

A series of ten hard carbon materials were prepared using
phenolic and carbohydrate precursors, by polymerization and
hydrothermal carbonisation, respectively, followed by pyrolysis
of the recovered solid product at temperatures ranging from
1300 to 1600 °C. A brief description of the experimental synth-
esis procedure is provided in the ESL{ and an exhaustive
description can be found in our previous work.*!

First, the total surface area of carbon powders was deter-
mined by O, adsorption. The choice of this gas was motivated
by our recent findings, which illustrate the ability of O,
molecule to detect both ultramicropores (< 0.7 nm) and super-
micropores (0.7 nm < d < 2.0 nm). In addition, its quadrupole
moment is much lower than that of N, and CO,, limiting the
interactions with the HC surface. Moreover, the N, and Ar gases
were found unsuitable to determine the narrow porosity of hard
carbons.*® Thus, the O, adsorption/desorption isotherms were
recorded at 77 K, as detailed in the ESIT and presented in Fig. 1.
For the sake of clarity, the samples were divided into two
categories (high and low adsorbed O, volumes). Type I
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Fig. 1 Hard carbon O, adsorption/desorption isotherms (a and b) and the corresponding two-dimensional nonlocal density functional theory

(2D-NLDFT) pore size distribution (c and d).
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isotherms are seen for some HCs (Fig. 1a) and are characterized
by a steep increase in the O, adsorbed volume at low relative
pressure, P/P,, followed by a plateau. This isotherm shape is
specific to microporous carbons with narrow pore size
distributions.

Both ultramicropores (<0.7 nm) and supermicropores
(~1.1 nm) are seen (Fig. 1c). The average pore size, L,, ranges
between 0.77 and 5.02 nm (Table 1). The total surface area (TSA)
assessed by the BET model varies from 52 to 421 m”* g~ for the
HAB, PR and TCA materials. Notably, the BET surface obtained
with N, was below 25 m> g~ " for all materials except TCA100
(104 m* g ").>" Thus, O, adsorption offers much better insights
into HC porosity and allows for better discrimination of a
possible porosity effect on electrochemical performance than
adsorption methods involving other gases. The second series of
HCs (Fig. 1b) shows type II isotherms (except HCS1300, type I),
which are associated with rather nonporous materials. For
some isotherms (eg. HCS1300), the desorption branch is not
closing and this might be related to HC narrow pores and in
particular their ink-bottle neck shape,* contributing to the O,
trapping and partial irreversible desorption. The total surface
area was much lower (<50 m> g ') than that of the previous
series of samples (Table 1). The pore volume is much lower as
well (Fig. 1d), with most pores sizes below 2.0 nm. Some larger
pores (>10 nm) are observed only on the low surface area
samples (Fig. S1, ESIT).

Next, the active surface area of hard carbon powders was
determined as explained in the ESLt In the first stage, the
carbon surface was treated under vacuum (up to 950 °C) and
then exposed to O, chemisorption at 300 °C. The active sites
(edge planes/defects) react with oxygen to form complex C-O
groups, which are subsequently thermally decomposed by
heating to 950 °C and analysed by TPD-MS. The desorption
rates of CO and CO, gases are shown in Fig. 2. CO gas evolution
(Fig. 2a and b) is predominant compared to CO, (Fig. 2c and d)
and occurs in the temperature range of 400-900 °C, while CO,
gas evolution is limited to ~ 700 °C. This indicates the
presence of stable oxygen functional groups, such as phenols,
ethers, quinones, and, to a lesser extent, anhydrides.”® The gas
desorption profiles are similar among the samples, except for
PAC2. However, the intensity of the peaks is different, reflecting
different amounts of released gases. The integration of these
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peaks allows us to obtain the desorbed quantities, as presented
in Fig. S2 (ESIf). The HAB and TCA series exhibit the largest
ASA values of 9.9 to 21.8 m” g~ *. Worth to note that the same
series showed the highest total surface area, as well. In addi-
tion, HCS1300 revealed a high ASA value (11.9 m® g~ ') despite
its lower total surface area (48 m*> g~ '), while PR1400 had a low
ASA (3.5 m> g "), although its total surface area was much
higher (179 m”> g~'). These results indicate that the active
surface area does not always follow the same trend as the total
surface area. When the HCS material was heat treated at a
higher temperature, i.e., 1500 °C instead of 1300 °C (HCS1500),
both ASA and TSA become the smallest (1.2 and 2.2 m* g™ )
among the materials. Therefore, both temperature and precur-
sors impact the active surface area, as reported before.** For all
materials, TSA is higher than ASA, with one exception: PAC2,
for which ASA is higher than TSA (6.4 vs. 4.0 m* g~ ). Thus, for
PAC2, the surface area observed is mainly due to edges/defects
rather than basal planes.

The first galvanostatic discharge/charge cycle was measured
for all materials vs. Na in half-cells (Fig. S3, ESIt). Similar
conditions, ie., electrode formulation/processing, electrolyte
type and testing parameters, were used to focus on how the
carbon-related factors (total surface area and active surface
area) impact the irreversible capacity loss (ICL).

The specific electrochemical signature of HC can be
observed, i.e., a sloping region down to ~0.1 V, followed by a
potential plateau near 0 V. The presence of irreversible reac-
tions is observed based on the difference between discharge
and charge profiles. An ideal redox system would lead to
identical discharge/charge capacities, but, in practice, due to
SEI build-up during the 1st cycle and Na' trapping, the capacity
recovered during charge (dashed line Fig. S3, ESIt) is always
lower than during discharge.

The obtained irreversible capacities loss are listed in
Table 1. They vary from 32% for TCA1400 to 8% for HCS1500
and HCS1600, which correspond to the initial Coulombic
efficiencies (iCEs) of 78% and 92%, respectively. An effect of
the pyrolysis temperature on the ICL is seen for all materials,
i.e., it decreases with increasing temperature. However, this
effect is less obvious for the TCA series. Interestingly, we
observed that when the same pyrolysis temperature (1400 °C)
is used with different precursors, the ICL values vary greatly:

Table1l Textural properties determined by O, adsorption: total surface area, TSA O,, total pore volume, V1 and average pore size, Lq. Active surface area,
ASA obtained by TPD-MS after O, chemisorption,?! the ratio between the edge-plane surface/defects and basal-plane surface (ASA/(TSA—ASA)), the 1st
discharge and charge capacity determined in half-cells (1st Cp and 1st Cc), the 1st irreversible capacity (1st Ciev) and the irreversible capacity loss (ICL)

Sample TSAO, m”>g ' Vyem®g ' Lonm ASA* m>g"' ASA/(TSA-ASA) 1stCpbmAhg ' 1stCcmAhg ' 1st Cipey mAhg ' ICL (%)
HCS1300 48 0.0245 1.23 119 0.329 342 305 37 11
HCS1400 10 0.0082 1.47 33 0.492 345 308 37 11
HCS1500 2.2 0.0071 4.28 1.2 1.20 322 297 25 8
HCS1600 6.8 0.0069 1.84 1.3 0.236 336 309 27 8
PR1400 179 0.1130 1.14 3.5 0.019 349 293 56 16
TCA1300 277 0.1189 0.89  11.8 0.054 423 296 127 30
TCA1400 421 0.1658 0.77  21.8 0.044 349 239 110 32
HAB1300 173 0.0905 1.22 16.1 0.102 307 240 67 23
HAB1400 52 0.0304 114 9.9 0.235 319 271 48 15
PAC2 4.0 0.0093 502 6.4 —2.904 325 281 44 14

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 CO (a and b) and CO, (c and d) desorption profiles of hard carbon materials obtained by TPD-MS after the O, chemisorption step.

32% for TCA1400, 16% for PR1400, 15% for HAB1400 and 11%
for HCS1400.

The irreversible capacity loss was plotted vs. the total surface
area determined by O, adsorption (Fig. 3a). An increase in
irreversible capacity is noticed with an increase in the surface
area. Similar results were reported for graphite and hard carbon
materials in LIBs'® and NIBs'' by using the N, adsorption
method for BET surface determination. However, in the present
case, the TSA determined by N, adsorption does not allow any
correlation with the ICL (Fig. S4a, ESIt) since many narrow
pores cannot be detected with this gas.'? If CO, adsorption is
used for TSA determination, then the obtained results follow
similar trend as seen for the O, adsorption. Moreover, when the
total pore volume V is plotted against the ICL (Fig. S4b, ESIY),
an analogous correlation is obtained as for the total specific
surface area. Such increase of hard carbon irreversible capacity
with the pore volume was also observed in LIBs by Guerin
et al.?® In addition, the impact of the average pore size, Ly, was
investigated (Fig. S4c, ESIT), and very interestingly, it can be
observed that the irreversible capacity loss gradually decreases
as the pore size increases. Thus, the highest ICL is seen for very
small pores, and can be associated with both Na-ion trapping in
narrow spaces®® and electrolyte decomposition with SEI for-
mation. Smaller pores (<2 nm) contribute to an increase in the
surface area and thus induce undesirable reactions with the
electrolyte. Therefore, the high surface area and pore volume
along with the narrow pores favour irreversible capacity loss.

Additionally, the active surface area plays a key role in the
irreversible capacity (Fig. 3b). An increase behaviour of the

188 | Energy Adv, 2022, 1,185-190

irreversible capacity loss with the active surface area is found. It
can be noticed that three points are deviating from this
correlation which correspond to PR1400, HCS1300 and
TCA1300. These materials, as mentioned, exhibit either high
TSA compared to ASA (PR1400) or high ASA compared to TSA
(HCS1300). In the first case (PR1400), the correlation point is
superior to the trend, while for the second case, the point is
inferior to the trend. This might suggest that materials with
lower TSA give lower irreversible capacity. Moreover, the data
point for TCA1300 deviates the most from the correlation. This
material has both high ASA and TSA O, (11.8 and 277 m”> g™ ),
however, its counterpart, treated at 1400 °C, has even higher
values (21.8 and 421 m> g™ "), but still follows the trend. One
possible explanation can be related to the TSA found via N,
adsorption, which is the highest for TCA1300 among all mate-
rials (104 m* g™ "),>" suggesting that this material has a ten-
dency for additional irreversible reactions. Moreover, the TCA
series presented heteroatoms (N and S) in their structure
(0.5 at% S for TCA1300, Table S1 ESIt), in contrast to the other
HCs showing only O. The removal of these heteroatoms during
pyrolysis could be responsible for the high ASA values found for
these materials. In fact, the impact of N and S functional
groups on the irreversible capacity of hard carbon in NIBs is
scarcely documented. For instance, Agrawal et al. showed
slightly higher iCEs for N-doped hard carbon spheres,*® while
Lu et al. improved the iCE by S doping.?” We also found that
O-functional groups have less impact on the initial Coulombic
efficiency than the specific or active surface area do.*' Indeed,
the O content in the materials prepared at 1300 °C is quite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(d) Representation of hard carbon structure containing the active surface (edge planes and defects) and the basal planes surface (TSA-ASA).

similar, ie., 2.22 to 3.15 at%, and, notably, TCA1300 has the
lowest O content (2.2 at%) and the highest C content
(97.22 at%), which leads to the lowest O/C ratio (Table S1 ESI¥).
Therefore, the surface chemistry cannot explain the high irre-
versible capacity of TCA1300; it is most likely induced by its
high specific surface area and variety of pores detected by both
N, and O, gas adsorption. Worth to remark that no strict
correlation between irreversible capacity and the defect ratios
I/l was observed, altough an increase trend is noticed
(Fig. s4d, ESIY).

Thus, the obtained results illustrate a strong correlation
between irreversible capacity and both total surface area and
active surface area. To discriminate between the effect of each
surface, a different strategy was approached. We subtracted the
edge plane contribution from the total surface area to obtain
the carbon basal planes area (TSA-ASA). Then, the ratio between
the edge surface/defects (ASA) and basal surface (TSA-ASA) was
determined (Table 1). The obtained correlation between the
irreversible capacity and the edge/basal surface ratio is depicted
in Fig. 3c. Two behaviour regimes can be distinguished. In the
first regime, a drastic decrease of irreversible capacity, down to
~10%, occurs with the increase of edge/basal planes ratio from
~0.05 to ~0.25. Then, in the second regime, a quasi-plateau is
observed, up to a ratio of ~1.2. The lowest irreversible capacity
(8%) is attained for the largest ratio edge/basal planes (1.2) and
corresponds to the HCS1500 material, which possesses the
lowest TSA and ASA surface areas (2.2 and 1.2 m* g~ ). Notably,

© 2022 The Author(s). Published by the Royal Society of Chemistry

for one of the materials, PAC2, negative ratio edge/basal planes
have been obtained (Table 1, and not included in Fig. 3c)
because the TSA is smaller than the ASA; thus, the edge planes
surface is higher than the basal planes surface. This type of
carbon structure, with a predominant edge structure, seems to
not be favourable since the irreversible capacity is rather high,
i.e., 14%. If the TSA obtained by CO, adsorption is used,*" then
only the first regime is observed (Fig. S5, ESIt). This behaviour
can be explained by the fact that CO, adsorption is capable of
analysing very narrow pores (ultramicropores), while O, adsorp-
tion can detect both ultramicropores and supermicropores, as
highlighted by our recent work."> Therefore, to limit the
irreversible capacity, hard carbon materials with low specific
and active surface areas are recommanded. Very narrow pores
(<2 nm) contribute as well to irreversible capacity, and they
must be avoided. In this direction, H, gas might be more
accurate than O, to assess the pores smaller than 0.5 nm?®
and to evaluate more precisely their impact. Heteroatoms
(N and S) appears to have a certain influence on the irreversi-
bility, however, deeper investigations are required to under-
stand their precise role. Nevertheless, the use of pure carbon
materials, exempt of inorganic impurities (like herein), is
another important criterion, since such impurities found in
natural-derived hard carbons might also lead to irreversible
capacity increase."®

In summary, it was found that the hard carbon irreversible
capacity diminishes with both the total surface area and active
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surface area. Therefore, the materials possessing low basal and
edge plane surfaces provide the smallest irreversible capacity
(8%), corresponding to a high Coulombic efficiency (92%).
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