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Non-graphitizable hard carbons synthesized through
carbonization of glucose, sucrose, maltose, cellulose, glycogen, and
amylopectin. Cellulose-derived carbon delivers superior reversible
sodiation capacity, and optimal carbonization for higher capacity
Na-ion battery is found to be two-step heating of cellulose at 275
°C and 1300-1500 °C in air and argon, respectively. The hard carbon
delivers the higher reversible capacity of 353 mAh g1in Na cell. The
275 °C heating is important to regulate dehydration and cross-
linkage degrees of cellulose, which affect nano-scale structure of
hard carbons. The cellulose-derived carbons deliver 523 and 290

mAh g1in Li and K cells, respectively.

are

Based on earlier challenges of reversible electrochemical
insertion of sodium into disordered-carbon,® 2 we
demonstrated the long-life and high-capacity hard carbon (non-
graphitizable carbon) electrode for Na-ion battery application.3
4 Among sodium insertion materials reported so far, hard
carbon emerges as one of the most promising materials for the
negative electrode because of totally-balanced performances in
terms of reversible capacity, electronic conductivity, working
potential, cycle life, and abundant resource.> ¢ Reversible
sodiation capacity of hard carbons typically ranges from 200 to
330 mAh g1t below 1.5 V vs. Na*/Na, and sodium insertion
mechanisms into hard carbon have been studied while atomic-
scale structure of hard carbon is still a debatable subject.3 4 7-°
The structure of hard carbon depends on synthesis conditions
such as carbon sources and carbonization temperatures,10
resulting in the difficulty to construct a universal structural
model of hard carbon. In general, hard carbon is composed of
two characteristic domains; stacked hexagonally-bounded
and micropores (nano-sized pores), i.e.
interstitial spaces of the stacked carbons.

carbon sheets
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Recently, some of biowastes have been used as starting
materials for one-step pyrolysis at 700 - 1500 °C to synthesize
higher-capacity hard carbons, which deliver 300 mAh g or
higher capacity.® 19 As we reported,1% 11 sucrose, cellulose,
lignin, bio-wastes containing cellulose and lignin, and their
chemically modified precursors are pyrolyzed to tailor high-
energy hard carbons, demonstrating 250-330 mAh g! of
reversible capacity. In this study, we investigate dependence of
sodium battery performance of saccharide- and cellulose-
derived hard carbons on two-step carbonization of cellulose
and correlate their electrochemical performance with
nanostructure relating to dewatering and cross-linkage of
cellulose.’2 The optimal hard carbons are demonstrated for
higher energy Na- and K-ion batteries.

Hard carbon was synthesized via two-step heat-treatment;
pre-heating and carbonization steps. Precursors were prepared
by pre-heating reagent-grade saccharide powders at 180, 275,
300, and 350 °C for 12 h in the furnace. The precursors were
further carbonized at 1300 °C for 1 h in Ar. For electrochemical
test, hard carbon powder was mixed with sodium polyacrylate
(PANa, Kishida Chemical) binder at a weight ratio of 95:5 with
deionized water. The resulting slurry was pasted onto Al foils
(Cu foils for Li cell) and dried carefully. R2032-type Li, Na, and K
cells were assembled in an Ar-filled glove box. Electrolyte
solutions used were 1.0 mol dm=3 NaPFe¢ propylene carbonate
(PC) and 1.0 mol dm-3 KN(SO,F), (KFSA) EC:diethyl carbonate
(DEC) (1:1 v/v). Galvanostatic tests of the Li/Na/K cells at 25 mA
glwere performed at approximately 25 °C. Constant voltage at
0.002 V was applied for 8 h after the galvanostatic reduction to
minimize influence of polarization of the cells. More detailed
conditions are shown in Supporting Information.

We first synthesized and compared six hard-carbons derived
from saccharides. We selected a series of saccharides
consisting of glucose monomer unit(s); glucose, sucrose,
maltose, cellulose, glycogen and amylopectin. Molecular
structure and weight of the saccharides used are shown in
Supporting Information, Figures S1 and S2. The selected
polysaccharides, cellulose, glycogen and amylopectin, possess
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different monomer-monomer linkage bonds with different
branch structures of polymer chain. White powders of these
saccharides were treated under the same carbonization
conditions, i.e. pre-treatment at 180 °C in air and following
carbonization at 1300 °C in Ar. Although differently colored
precursors are obtained by the pre-treatment, carbon powders
having similar particle sizes of several micrometers are
prepared by the carbonization as seen in Figure S2, evidencing
that they are non-graphitizable carbons (see Figures S3).

Figure 1la compares the initial charge-discharge curves
(corresponding to sodium insertion-extraction into/from hard
carbons in a Na-ion cell). All of the hard carbons show similar
voltage curves at the first cycle as observed for hard carbons.®
10 Glucose-, sucrose-,'! maltose-, cellulose-, glycogen-, and
amylopectin-derived hard carbon delivers high reversible
capacities of 296, 303, 310, 317, 305, and 298 mAh g7,
respectively, with high coulombic efficiency of ca. 87 — 94 %.
The greater capacity and efficiency are achieved for the
cellulose case. The broad diffraction in XRD and calculated d
spacing ranging between 3.75 and 3.86 A in Figures S3 prove
that cellulose-derived carbon shows the largest d value, which
is likely caused by the different polymerization and branch
degrees. The capacity below 0.15 V corresponding to sodium
clustering in the micropore® 10 13 is brought out by using
cellulose (see Figure S4).

The influence of preheating prior to carbonization was
investigated for cellulose case. XRD result of Figure 1b reveals
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Figure 1 (a) Initial sodiation and desodiation curves of hard carbons
prepared by heating saccharides at 180 and 1300 °C of pre-treatment and
post-carbonization, respectively. (b) XRD patterns, (c) first sodiation and
desodiation curves, (d) divided reversible capacities above and below 0.15
V of cellulose-derived hard carbons prepared at different preheating
temperatures which are inserted in the figure followed by post-
carbonization at 1300 °C. (e) Cycleablity and (f) rate capability of the hard
carbon prepared by heating cellulose at 275 and 1300 °C as pre- and post-
treatment, respectively.
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the formation of hard carbons despite preheating temperatures
of 180 — 350 °C which are selected from thermogravimetry data
of cellulose pyrolysis in air as shown in Figures S5 and S6.
According to previous literatures,1? 14 15 thermal dewatering
and formation of covalent cross-linkage of cellulose molecules
proceeds at about 300 °C, and then the highly cross-linked
product is formed at 350 °C; additionally the cross-linkage
structure is developed when raising temperature slowly. In
Table 1 and Figure S7, elemental analysis proves decrease in
hydrogen and oxygen contents which agrees with the literature,
and high specific surface area is found by preheat-treatment at
275 and 300 °C. In spite of the higher surface area of > 500 m?
g, the high efficiency of ~ 90 % at first cycle was attained which
would be due to the pre-formed SEI effect with PANa binders.1%
16 While color of the precursors at 180 and 275 °C appears to
be yellow and black (Figure S8), insignificant difference in
particle size of the carbons was noted in Figures S9 and S10.
However, Figure 1c reveals the remarkable impact of preheat
temperatures on the reversible capacity. The preheating at 275
OC demonstrates the highest capacity of 350 mAh g. From
Table 1, the highest-capacity carbon has larger surface area,
wider interlayer distance, and relatively large nano-sized pores
of ca. 1.2 nm (see also Figures S11 and S12). Figure 1d shows
the increase of the low-potential capacity below 0.15 V for the
275 °C sample, which is consistent with the larger size of
micropore estimated from SAXS results similar to other hard
carbons.? 10 As described above, the precursor obtained at 275
OC has greatly cross-linked structure, which is proved by the
definite appearance of aromatic carbons and disappearance of
pristine cellulose in the precursor evidenced with solid-state 13C
nuclear magnetic resonance measurement (see Figure S13).
The cross-linkage, which interrupts graphitization during
carbonization,? induces the successful micropore formation
contributing to the capacity increase as described below. No
capacity decay over fifty cycles at least and excellent rate-
capability at 2000 mA g1 are demonstrated in Figures 1e and 1f.
Consequently, the performance is satisfactory for practical
battery application.

Influence of carbonization temperature for the 275 °C
precursor is and the hard carbons

investigated are

Table 1. Comparison of elemental analysis, N, adsorption, XRD, and SAXS results
of precursors and hard carbons obtained at different temperatures.

AWETage

Freheat Carbonization . BETsurface interiayer adius of .
treatmeenit . HC ajfc . & micropore
ae bEMEpErabure area/m‘g" distarce ) 1
temperature °C 2 A
L
Withoewt 0,154 1,100 1403
180 0150 1407 0.44q
275 - Q0d4E 0540 X7
g 04a3s 0453 109
3s0 - 0030 0513 180
Withaiu 1304 - - TR 3.83 75
180 1300 - - 150 384 75
275 1300 506 351 12.4
L) 1300 470 ER-E] 143
as0 1304 - - 14 .76 11.5
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Table 2 Comparison of elemental analysis, N, adsorption, XRD, and SAXS
results of hard carbons obtained at different temperatures of carbonization
after pretreatment at 275 °C.

Carbonization BET surfacearea /m’ Awerage interlayer Radius of
temiperature [ *C g" dis‘l:nﬂ:fﬁ. mil:mpurl:ﬂu
ol 653 4.31 44
200 &¥? 4.17 2.1
1100 EEE 181 111
1300 SDE 3.89 124

1500 7 3482 125

characterized as presented in Table 2. The results exhibit that
carbonization at higher temperature leads to decrease in
surface area, shrinkage in interlayer space, and increase in
micropore radii (see also Figure S14). This trend is coincident
with previous results of the argan-derived carbons.1® Figure 2a
shows the first sodiation-desodiation curves, indicating that
lower carbonization temperature than 1100 °C results in lower
capacity of < 260 mAh g1 and lower coulombic efficiency due to
the large specific area and potential hysteresis like lithium
case.l” Hard carbons obtained at 1300 and 1500 °C deliver 351
and 353 mAh g1 of reversible capacity with negligible potential
hysteresis.

rials/Chemistry A
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Figure 2b shows the relation between the carbonization
temperature and divided capacities at 0.15 V.10 The capacity
above and below 0.15 V decreases and increases as a function
of temperature. As seen in Figures 2c and 2d, the former and
latter capacities correlate with the interlayer distance and
micropore size estimated from XRD and SAXS, respectively. The
plateau capacity predominantly increases up to 270 mAh g1
with the increase of micropore size whereas the slope capacity
slightly varies between 70 — 130 mAh g1 in Figures 2b — 2d. This
temperature trend is schematically summarized in Figure S15.
Although the similar tendency was reported previously,? 10 we
achieved the highest capacity of 353 mAh g by utilizing the
strategic crosslinked precursor.

Figure 2e shows the schematic illustration presenting the
impact of the cross-linkage on hard-carbon structure.
Preheating at 275 — 300 °C in air causes the dehydration and
crosslink between the polymer chains. We believed that the
covalent linkage promotes pillar effect resulting in the larger
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Figure 2 Dependence of reversible capacity of hard carbons on carbonization
temperatures of the 275 °C precursors; (a) first sodiation and desodiation
curves in the CC-CV mode, (b) reversible capacities divided the potential
regions below and above 0.15 V, relation (c) between slope capacity (2.0 —
0.15 V) and interlayer distance and (d) between plateau capacity (0.002 —
0.15 V) and radius of micropore, and (e) schematic draw of molecular
structure change during hard-carbon preparation from cellulose depending
on preheat treatment.
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Figure 3 Charge and discharge curves of cellulose-derived hard carbons
(pretreatment at 275 °C and post-treatment at 700 — 1500 °C) with 5 wt% PANa
binder in (a) Li and (b) K cells tested at a current rate of 25 mA g under CC-CV
lithiation and potassiation, respectively, and (c) capacity retention of the hard
carbon prepared at 275 °C and 1300 °C K cell.
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pores and wider interspace between the stacked carbon sheets,
which leads to the higher capacity.? When pristine cellulose is
directly carbonized without preheating, the dense stack and
smaller pores are formed in hard carbons showing the lower
redox activity.

The hard carbons are further examined in Li and K cells in
Figure 3. High capacity lithium insertion of ca. 500 mAh g1 is
confirmed for the 700 °C samples, and the capacity decreases
with raising the carbonization temperature consistent with
previous study.l”
increased from 50 to 290 mAh g with raising carbonization

Reversible potassium insertion capacity

temperature. The optimal carbon synthesized by carbonizing
the 270 °C-precursor at 1500 °C demonstrated higher capacity
compared to the previous report!® with good retention and
higher coulombic efficiency than 99.5 % over 50 cycles. The
cellulose-derived carbons deliver higher capacity compared to
sucrose-derived carbons in K cells and the pretreatment at 275
OC is efficient to increase potassiation capacity as proved by
Figure S16. By comparing the initial Coulombic efficiencies of
hard carbons in Li, Na, and K cells, the much lower efficiency is
observed in Li cells especially for hard carbons formed at 700,
900, and 1100 °C. Because Li* ion is stronger Lewis acid than
Na* and K* ions, the irreversibility should be due to entrapment
of the Li* ions at the functional groups in hard carbons.1® Self-
discharge test of the fully potassiated electrode verified that the
capacity of > 90% is retained after one-month storage
comparable to Li and Na cases (see Figure S17) evidencing good
passivation.  The potassium storage mechanism and surface
passivation are under investigation.

Conclusions

Saccharide-derived hard-carbons are comparatively studied for
the battery application. Cellulose-derived hard carbons show
higher capacity, and one of important factors is found to be pre-
treatment of cellulose to introduce cross-linkage. The
optimization facilitates the higher reversible capacity of 353 and
290 mAh g1in Na and K cells, respectively. Further study on the
relation between structure and redox mechanism is in progress
to realize higher energy sodium- and potassium-ion energy
storage.
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