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Hard carbons as promising anode materials for Na-ion batteries (NIBs) have captured extensive attention because
of their low operation voltage, easy synthesis process, and competitive specific capacity. However, there are still several
disadvantages, such as high cost and low initial coulombic efficiency, which limit their large-scale commercial applications.
Herein, pine nut shells (PNSs), a low-cost biomass waste, are used as precursors to prepare hard carbon materials. Via a
series of washing and heat treatment procedures, a pine nut shell hard carbon (PNSHC)-1400 sample has been obtained
and delivers a reversible capacity of around 300 mAh/g, a high initial coulombic efficiency of 84%, and good cycling
performance. These excellent Na storage properties indicate that PNSHC is one of the most promising candidates of hard

carbon anodes for NIBs.

Keywords: Na-ion battery, anode, hard carbon, pine nut shells

PACS: 82.47.Cb, 82.45.Fk, 84.60.-h

1. Introduction

Li-ion batteries (LIBs), as the most successful energy
storage technology, have been widely used in electronic de-
vices and electric vehicles due to the high energy density,
high power density, and environmental friendliness.'=3] How-
ever, the increasing cost and resource shortage of lithium re-
serves may hinder their sustainable application in the future.
The greater abundance and accessibility of Na have promoted
the study and development of Na-ion batteries (NIBs), mak-
ing them one of the most promising supplements to LIBs in
large-scale stationary applications.[*°! Generally, the research
of NIBs can draw on the successful experience of LIBs be-
cause Na has the similar chemical and electrochemical prop-
erties to those of Li. Cathode materials, mainly including ox-

[7-151 deliver the encourag-

ides, polyanionic compounds, efc.,
ing electrochemical properties in practical applications. How-
ever, graphite, which is widely used as anode materials for
LIBs, exhibits limited Na storage capability due to the ther-

16,171 Although it has recently shown that

modynamic reasons. |
this limitation can be partially resolved using the expanded
graphite!!8 or ether-based electrolyte, '] searching for the
other anode materials, such as carbonaceous materials, [20-37]

alloys, 38401 oxides,*!31 and organic compounds, *®! has at-
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tracted a wide range of attention to meet the requirements of
higher Na storage capacity, excellent cycle/rate performance,
and so on. Hard carbons (HCs), an amorphous carbon com-
prising random stacking graphene sheets, nanopores, and de-
fects, have been regarded as one of the potential anodes for
NIBs due to their good performance. Reversible Na inser-
tion and extraction in hard carbons was first demonstrated by
Dahn er al. in 2000.12211 Since then, many research groups
have devoted considerable effort to improve their storage ca-
pacity and cycle/rate properties. On the one hand, numerous
HCs derived from different precursors under optimal condi-
tions, such as glucose,?%! anthracite,?*! pitch,?3! cotton, >4

25-271 have been proposed to use as an-

and biomass wastes,|
odes for NIBs.

ods, such as pre-oxidation, [*8! heteroatoms doping,>*3% and
,131-33

On the other hand, many synthetic meth-
nano technolog I have been developed to improve stor-
age performance and kinetics of HCs. However, most of them
show low initial coulombic efficiency and low reversible ca-
pacity, which cannot satisfy the requirements for practical ap-
plications. Xu et al. prepared hard carbons derived from pista-
chio shells by hydrothermal treatment at low temperature and
carbonization at high temperature. The obtained anode deliv-
ers a high charge capacity of 317 mAh/g; however, the initial
cycle efficiency is only 62%.12%) Sun et al. reported the facile
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synthesis of hard carbon by one-step pyrolysis of shaddock
peel.[*’] The pyrolytic carbon shows very high reversible Na
storage capacity up to 430 mAh/g. Nevertheless, the low initial
cycle efficiency of 67% needs to be further improved. Com-
monly, the initial coulombic efficiencies of HCs derived from
biomass wastes are often lower than 80%, which leaves more
space to address this challenge in HC anodes.

How to understand the fundamental Na storage mecha-
nism of HCs is also an important issue. Although many un-
derstandings have been achieved based on different character-
ization methods, controversial voices still exist.[?!-34-361 Typ-
ically, the typical curve of Na storage in HCs shows two dis-
tinct regions: one slope above 0.1 V and one plateau below
0.1 V. The slope region has been attributed to either Na inser-
tion into graphitic layers!?!! or Na absorption at defects.!3436]
Similarly, the plateau region has been explained by either
the Na intercalation between disordered graphite layers!34l
or nanopore filling.?!:30] Several research groups consider
that the plateau region is related to both Na intercalation and
nanopore filling/plating.'3>! Evidently, these different storage
mechanisms result from the variation in the microstructure
which depends on both the carbon precursor and thermal pro-
cessing methods. Therefore, the correlation between the mi-
crostructure and charge-discharge behavior requires to be fur-
ther studied, which can help to tailor the microstructure of car-
bon materials, leading to the enhanced electrochemical prop-
erties.

Pine nuts are a famous food in the northeastern part of
China.
for consumers and they are discarded as biodegradable waste.

However, pine nut shells (PNSs) are not desirable

From this perspective, PNSs are an ideal precursor for prepar-
ing hard carbons. In addition, PNSs contain polysaccharides,
fat, and lignin. The lignin is beneficial to form amorphous car-
bon at reasonable carbonization temperatures, which is suit-
able for our investigation. Herein, we prepare HCs derived
from PNSs by repeated washing and thermal processing. The
effect of carbonization temperature on the microstructure and
Na storage properties of PNSHC-T (T means carbonization
temperature) has been investigated by a series of character-
ization techniques including x-ray diffraction (XRD), scan-
ning electron microscope (SEM), high-resolution transmission
electron microscopy (HRTEM), Raman analysis, and electro-
chemical measurements. It is found that the specific capac-
ity from plateau region for PNSHC-T electrode increases pro-
gressively from 144 mAh/g to 220 mAh/g with the increasing
carbonization temperature, while the slope capacity demon-
strates a downward trend. PNSHC-1400 electrode shows a
reversible capacity of ca. 300 mAh/g at 0.1-C rate (where
1 C=300 mA/g) with a good cycling stability and a high initial

coulombic efficiency of 84%.

2. Experimental sections
2.1. Materials preparation

The pine nut shells (purchased in Hei Longjiang province
of China) were first washed with deionized water and dried
overnight at 100 °C in a drying oven. The dry pine nut shells
were then oxidized at 300 °C for 3 hours in a muffle fur-
nace. The oxidized materials were ground into powder and
washed with dilute hydrochloric acid and deionized water sev-
eral times. After filtration and drying, the obtained samples
were carbonized at 800 °C for 3 h in a tube furnace under
argon flow. Then, a series of repeated washing with dilute
hydrochloric acid, concentrated Na hydroxide, and deionized
water were carried out. The PNSHC samples were obtained
by filtrating and drying. The set of PNSHC-T samples, where
T means the carbonization temperature, were produced by di-
rectly heating PNSHC samples at 1000 °C, 1200 °C, 1400 °C,
and 1600 °C for 3 h under argon environment, respectively.

2.2. Materials characterizations

XRD was carried out with a step of 0.02 degree using a
Bruker D8 advance diffractometer equipped with a CuK¢ ra-
diation (A; = 1.54060 A, A, = 1.54439 A). The morphologies
of the hard carbon materials were investigated using a scan-
ning electron microscope (Hitachi SU-8010). High-resolution
transmission electron microscopy images and the correspond-
ing selected area electron diffraction (SAED) patterns were
collected by transmission electron microscopy (Tecnai G2
F30) with an accelerating voltage of 300 kV. The global com-
position was determined with an element analyzer instrument
(vario EI cube). The Raman spectra were characterized using
a Raman spectroscopy (Renishew inVia).

2.3. Electrochemical measurement

The working electrodes were prepared by mixing 90-wt%
active material with 10-wt% Na alginate binder on Cu foil
current collectors with the loading mass of the active mate-
rial (~ 2 mg/cm?). The obtained electrodes were dried at
120 °C under vacuum for 8 h and were then fabricated into
CR2032 coin-type cells in an argon-filled glove box. Na foils
and glass fibers were used as the counter electrodes and the
separators, respectively. The electrolyte was a solution of 0.8-
mol/L. NaPFg in ethylene (EC) and diethyl carbonate (DEC)
(1:1 in volume). The discharge and charge tests were per-
formed at room temperature on a Land BT2000 battery test
system (Wuhan, China). Cycling voltammetry measurements
were carried out at a scan rate of 0.1 mV/s using an electro-
chemical workstation (Autolab PG302 N).

3. Results and discussion

The morphologies and particle sizes of PNSHC-T sam-
ples are characterized by SEM. All PNSHC-T samples are
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composed of blocky-shaped particles with particle sizes in
the range of ~ 3 pm—-10 um. SEM images of PNSHC-
1400 are presented in Figs. 1(a) and 1(b). HRTEM and
SAED are used to understand the microstructure variation of

PNSHC-T samples in different carbonization temperatures, as

Fig. 1. (a) and (b) SEM pictures of PNSHC-1400. (c)—(f) HRTEM images
of PNSHC-1000, PNSHC-1200, PNSHC-1400, and PNSHC-1600, respec-

tively.
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shown in Figs. 1(c)-1(f). As the carbonization temperature
increases, the curved graphene layers with random orienta-
tion can clearly be observed, indicating the development of
graphitic ordering. Meanwhile, the electron diffraction rings
become much sharper with the increase of carbonization tem-
perature, further demonstrating the development of an ordered
structure.

XRD patterns (Fig. 2(a)) of all PNSHC-T samples show
two weak and broad diffraction peaks at about 24° and 43°,
corresponding to the (002) and (100) planes of graphite, which
is indicative of disordered or amorphous structure. With the in-
crease of carbonization temperature, the (002) diffraction peak
shifts to a higher angle. The interplanar spacing d(ngy) values
of PNSHC-1000, PNSHC-1200, PNSHC-1400, and PNSHC-
1600 are 0.403 nm, 0.396 nm, 0.388 nm, and 0.372 nm, re-
spectively (Table 1 and Fig. 2(c)). The larger interplanar space
of PNSHC-T samples is favorable to improve Na ion storage

capacity.
Table 1. Physical parameters and electrochemical properties for
PNSHC-T.
’ Slope Plateau
Samples dopynm Ip/lc  ICE?

P (002) o/l (mAh/g)P  (mAh/g)P
PNSHC-1000 0.403 1.021  78% 116 144
PNSHC-1200 0.396 1.152  81% 109 175
PNSHC-1400 0.388 1.160  84% 89 214
PNSHC-1600 0.372 1.361 85% 67 220

AThe initial Coulombic efficiency. ®The slope and plateau capacities
are calculated from the second discharge profiles.
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Fig. 2. (a) XRD patterns; (b) Raman spectra of PNSHC-T samples; (c) evolution of dy, distance and the radio of Iy /Ig; (d) element proportion

in PNSHC-T samples as a function of temperature.
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It can be seen from Fig. 2(b) that all of the samples
present two broad bands at ~ 1359 cm ™! (disorder induced D-
band) and ~ 1597 cm~! (in-plane vibrational G-band). Gen-
erally, the intensity ratio of D band to G band represents the
disorder degree of hard carbon materials. For PNSHC-1000,
PNSHC-1200, PNSHC-1400, and PNSHC-1600, the inten-
sity ratios of D band to G band are 1.021, 1.152, 1.160, and
1.361, respectively (Table 1 and Fig. 2(c)), increasing with
carbonization temperature. This abnormal trend is attributed
to the 300 °C pre-oxidation process, introducing cross-linkage
structure, which will lead to the micropore formation during
carbonization and induces the more disordered structure. 7]
The disordered carbon helps to improve Na’s storage perfor-
mance.

As presented in Fig. 2(d) and Table 2, elemental analysis
results of PNSHC-T samples show that the increase in temper-
ature leads to a gradual increase of carbon proportion, while
the proportion of all other elements shows a downward trend.

The electrochemical behaviors of Na storage in PNSHC-

T samples are investigated in half coin cells. The cyclic

0.6
0.5F 4(a) — 1st
0.4F — 2nd
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voltammetry curves of PNSHC-1000, PNSHC-1200, PNSHC-
1400, and PNSHC-1600 at a scanning rate of 0.1 mV/s be-
tween 0 and 2 V are presented in the Figs. 3(a)-3(d). In the ini-
tial negative scan, all PNSHC-T electrodes show irreversible
reduction peaks at about 0.6 V, which disappear at subsequent
scans. The irreversible area of PNSHC-T electrodes decreases
gradually as the carbonization temperature increases, which
corresponds to the formation of solid electrolyte interphase
(SEI) and the irreversible reaction of electrolyte with surface
functional groups. In addition, all PNSHC-T electrodes show
a pair of sharp redox peaks at about 0.1 V, which is similar to

other hard carbon anodes.

Table 2. Proportions of elements in PNSHC-T samples.

Samples C/% O/% N/% H/% S/%
PNSHC-1000 91.82 1.11 0.91 1.52 0.31
PNSHC-1200 94.14 0.66 0.77 1.30 0.33
PNSHC-1400 96.34 0 0.58 1.41 0.55
PNSHC-1600 97.3 0 0.41 1.37 0.54
0.6f | (b) — 1st

— 2nd
< 0.4 — 3rd
502
i
15 of
=
070,2

—0.4
005510 15 20 25 3.0
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—0.2
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Fig. 3. Cyclic voltammograms (CV) of (a) PNSHC-1000, (b) PNSHC-1200, (c) PNSHC-1400, and (d) PNSHC-1600 electrodes tested

at 0.1 mV/s.

The galvanostatic discharge and charge measurements are
conducted in the voltage range of 0-2 V versus Na'/Na at
0.1 C. As shown in Fig. 4(a), PNSHC-T electrodes exhibit typ-
ical voltage profiles including both slope and plateau regions.
The reversible capacity for PNSHC-1000, PNSHC-1200,
PNSHC-1400, and PNSHC-1600 are 258 mAh/g, 281 mAh/g,
298 mAh/g, and 280 mAh/g, respectively. The initial columbic
efficiency of PNSHC-T electrodes rises slowly from 78% to
85%.

Calculated from the second cycle curves, as shown in
Fig. 5, the specific capacities (Table 1) from the slope re-
gions for PNSHC-1000, PNSHC-1200, PNSHC-1400, and
PNSHC-1600 are 116 mAh/g, 109 mAh/g, 89 mAh/g, and
67 mAh/g, respectively. In contrast, the specific capacities
from the plateau parts are 144 mAh/g, 175 mAh/g, 214 mAh/g,
and 220 mAh/g, respectively, which increase with carboniza-

tion temperature.
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Fig. 4. (a) Voltage profiles and (b) initial Columbic efficiencies of
PNSHC-T electrodes at 0.1 C rate in the initial cycle.

Rate capabilities of PNSHC-T electrodes are tested and
shown in Figs. 6(a)-6(d). It is found that the obtained PNSHC-
T electrodes show moderate rate performance and the spe-

cific capacity deteriorates gradually as the charge—discharge

current rate increases. For example, the PNSHC-1400 elec-
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trode delivers a reversible capacity of 302 mAh/g, 275 mAh/g,
123 mAh/g, 76 mAh/g, and 58 mAh/g at the current rate of
0.1C,02C,05C,1C, and 2 C, respectively. The plateau
capacity even disappears at high current rates. Hence, the total
capacity decay at high rate mainly results from the rapid decay
of the plateau capacity.
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Fig. 5. (a)Voltage profiles and (b) reduction capacities of PNSHC-T
electrodes at 0.1-C rate in the second cycle.
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Fig. 6. Rate capabilities of (a) PNSHC-1000, (b) PNSHC-1200, (c) PNSHC-1400, and (d) PNSHC-1600 electrodes.
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To further evaluate the cycle stability, PNSHC-1400 is
tested at a constant current rate of 0.2 C and the result is shown
in Fig. 7. After 100 cycles, PNSHC-1400 electrode retains a
reversible capacity of 256 mAh/g, corresponding to a capacity
retention of 90%, which demonstrates a good cycle stability.
The coulombic efficiency is retained at nearly 99% after the

initial cycles.
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g ) R 0 ra R .\ ©
= 240p  FRfR 160 ¢
£ E 3
i 160p o charge 140 g
= 80: o discharge 120 =
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. 0
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Fig. 7. Cycle performance of PNSHC-1400 electrode at 0.2 C.

4. Conclusion and perspectives

In summary, we have successfully prepared a hard car-
bon material derived from a biomass waste of pine nut shells
by repeated washing and heat treatment procedures. The as-
prepared PNSHC-T samples are studied as the anodes for
NIBs. Among PNSHC-T samples, PNSHC-1400 delivers a
high reversible capacity of 298 mAh/g at 0.1-C rate with a
high initial columbic efficiency of 84%. Meanwhile, it exhibits
good cycling stability with a capacity retention of 90% after
100 cycles. Moreover, as the carbonization temperature in-
creases, the plateau capacity of PNSHC-T electrode increases
progressively from 144 mAh/g to 220 mAh/g, which is very
important to high-capacity anode material. We believe that
pine nut shells can be used as a potential precursor to pre-
pare hard carbon anodes in NIBs and this work provides some
insights into the relationships between synthesis procedures,
microstructures, and Na storage properties, which is helpful to

design and develop advanced carbon anodes for NIBs.
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