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Abstract:
low cost. The regulation of the microcrystalline state and pore structure of the easily-graphitized PC-based carbon is crucial for creat-

Petroleum coke (PC) is a valuable precursor for sodium-ion battery (SIB) anodes due to its high carbon content and

ing abundant Na" storage sites. Here we used a precursor transformation strategy to increase the carbon interlayer spacing and gener-
ate abundant closed pores in PC-based carbon, significantly increasing its Na* storage capacity in the plateau region. This was
achieved by introducing a large number of oxygen functional groups through mixed acid treatment and then using high-temperature
carbonization to decompose the oxygen functional groups and rearrange the carbon microcrystallites, resulting in a transition from
open to closed pores. The optimized samples provide a large reversible capacity of 356.0 mAh g ' at 0.02 A g ', of which approxim-
ately 93% is below 1.0 V. Galvanostatic intermittent titration (GITT) and in-situ X-ray diffraction (XRD) analysis indicate that the
sodium storage capacity in the low voltage plateau region involves a joint contribution of interlayer insertion and closed pore filling
processes. This study presents a comprehensive method for the development of high-performance carbon anodes using low-cost and

highly aromatic precursors.
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1 Introduction

The production of petroleum coke (PC), a by-
product of oil refining, has been steadily increasing in
tandem with advancements in crude oil refining tech-
nology' !, However, the PC, especially with high sul-
fur content (S = 3%), is directly burned as fuel in the
cement industry and power plants, which lead to low-
level utilization of PC and environmentally un-
friendly'® *. Therefore, the investigation of novel sus-
tainable pathways facilitating the value-added utiliza-
tion of PC is imperative.

Several methods have been employed to trans-
form PC into high value-added materials, such as car-
bon electrode materials, taking the advantages of its
high carbon content, low ash content and volatile, and
low economic cost!"'*'?. Moreover, the heteroatoms,
such as S in the PC can be removed after calcination
at high temperatures, which optimizes the electronic

structure of the carbon electrode materials!®* ', Fan et
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al. prepared artificial graphite as anode materials for
Li-ion batteries from PC by carbonization at
2400-3000 °C!". Similarly, Qiu et al. successfully
synthesized porous carbon cathode materials by a
KOH activation for Li-ion capacitor, which shows a
high energy density (231 Wh kg ') and ultralong cyc-
ling life"”. These results indicate that PC is a prom-
ising precursor for preparing carbon electrodes materi-
al. However, high temperature treatment requires high
energy consumption and the KOH activation process
causes corrosion of the facilities. Thus, the imperative
objective is to research and develop cutting-edge car-
bon electrode materials for batteries in an efficient and
environmentally friendly way.

Carbon materials have attracted considerable at-
tention as anodes for alkali metal-ion batteries, such
as sodium-ion batteries (SIBs), lithium-ion batteries
(LIBs), and potassium-ion batteries (PIBs), because of
controllable

their  low-cost, nontoxicity, and

structures!'®'”). SIBs are promising rechargeable bat-
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teries for large-scale electrical energy storage due to
the natural abundance and low cost of sodium re-
sources”™ **. Alcantara et al. reported the use of PC as
raw materials to prepare carbon electrode materials at
temperatures below 1000 °C for SIBs with a dis-
charge capacity of about 100 mAh g ', which is much
low for practical application™. As one kind of soft
carbon, PC is easily converted to graphitic carbon
with narrow layer spacing during the carbonization,
which is detrimental to sodium storage™*”. Thus, it
is necessary to enhance Na storage capacity for PC-
based carbon.

In this work, we demonstrate a facile strategy to
synthesize carbon electrode from PC with high Na’
storage capacities by increasing the spacing of carbon
layers and fabricating abundant closed pores in the
PC-based carbon. Firstly, a mixed acid treatment is
employed to introduce oxygen functional groups into
the PC and damage carbon microcrystals, resulting in
disordered carbon structures. Subsequently, the pre-
treated PC is carbonized to decompose the oxygen
functional groups and form open pores between 200-
800 °C. The pre-formed open pores are transmuted in-
to closed pores due to the carbon rearrangement at el-
evated temperatures (1 000 °C). Remarkably, the
closed nanopores and expanded carbon interlayer spa-
cing enable the PC-based carbon anode with excellent
reversible capacity (356.0 mA h g at 0.02 A g'') and
high rate performance (186.3 mA h g’ at 0.2 A g)
and good cycling stability (99.5% capacity retention
after 100 cycles at 0.2 A g '). Additionally, the revers-
ible specific capacity in the low-voltage plateau re-
gion (< 0.1 V) is about 93%, which improves the en-
ergy density of full SIBs. More importantly, the mech-
anism of sodium ion storage is investigated by kinetic
analysis, galvanostatic intermittent titration technique
(GITT) and in situ X-ray diffraction (XRD) , which
indicates that the sodium storage capacity in the plat-
form region is related to intercalation reaction and
closed pore filling. This work might provide a general
strategy for the fabrication of high-performance car-
bon anode materials for practical sodium-ion batteries

from low-cost soft carbon precursors.

2 Experimental

2.1 Material synthesis

All reagents were obtained from commercial
sources and used without further purification. Petro-
leum coke was oxidized with a mixture of concen-
trated sulfuric acid and concentrated nitric acid in a
mass ratio of 7 : 3 at 80 °C for 3 h. The pre-oxidized
petroleum coke was subsequently washed with deion-
ized water to neutral. The brown powder obtained
after drying was named POPC. The POPC was sub-
sequently carbonized in a tube furnace under argon
flow for 2 h at temperatures of 1 000 °C, 1200 °C,
1 400 °C and 1 600 °C at a heating rate of 4 °C min "',
ob-

tained after carbonization were denoted as POPC-x.

respectively. The amorphous carbon materials

[T 1)

where “x” represented the temperature of carboniza-
tion.
2.2 Material characterization

X-ray diffraction (XRD) patterns were measured
with a Panalytical X’pert Pro Super X-ray diffracto-
meter using Cu Ka radiation (40 kV, 40 mA, 1 =
0.154 18 nm) in a 26 range of 10°-90°. The Fourier
transform infrared (FT-IR) spectroscopy were meas-
ured on a Nicolet 6700 FT-IR spectrometer. X-ray
photoelectron spectroscopy (XPS) was performed on
an ESCALAB XI+ instrument to determine chemical
bonding information. The morphologies of carbon
materials were obtained from transmission electron
microscopy (TEM, JEM-F200) instrument. The Ra-
man spectra were characterized by an InVia Qontor
Raman spectrometer with a diode laser excitation of
532 nm. Nitrogen adsorption isotherms were meas-
ured with an ASAP 2020 nitrogen adsorption-desorp-
tion analyzer (Micromeritics), and pore size distribu-
tions (PSDs) were calculated from the adsorption
branches using nonlinear density functional theory
(NL-DFT). Thermogravimetric analysis (TGA) was
tested on a TG-DTA8122 instrument from room tem-
perature to 1 000 °C at 10 °C min~' under a nitrogen
atmosphere. Carbon dioxide sorption isotherms were
measured with an Autosorb-iQMP automated gas

sorption analyzer (Quantachrome).
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2.3 Electrochemical measurements

All electrochemical tests were performed in a
coin cell (CR2032). A homogeneous slurry was
formed by mixing the active material, conductive
agent (CNT), and sodium alginate binder in deionized
water at a weight ratio of 8 : 1 : 1. The slurry was
coated on Cu foil and then dried under vacuum at
100 °C for 12 h to prepare the working electrode. The
average loading mass of active materials was
~ 1.5 mg cm . The electrolyte was 1 mol L™ NaClO,
in ethylene carbonate (EC) and diethyl carbonate
(DEC) (1 : 1 by volume). Sodium foil was used as
counter electrode and glass fiber was used as mem-
brane. All operations were performed in an argon-
filled glove box. Discharge and charge tests were per-
formed on a Land BT2000 battery test system
(Wuhan, China) with a voltage range of 0.01-3 V.

3 Results and discussion

The XRD pattern (Fig. 1a) of PC exhibits a nar-
row and sharp peak at 25.5°, corresponding to the
(002) crystal plane of graphitic sheets, indicating a

high degree of graphitization®). In contrast, the (002)
peak of POPC is centered at around 22.3° and is very
broad, indicating an amorphous nature. The interlayer
distances of PC and POPC are 0.349 and 0.398 nm,
respectively, which are calculated using Bragg’s law
based on (002) peak™. These results indicate that the
oxidation treatment decreases the degree of graphitiz-
ation and crystallinity. As presented in Fig. 1b, the
FT-IR of PC shows the stretching vibration peak of
C=C (1610 cm') and the bending vibration
(735 em™") and symmetric stretching (1 380 cm™") of
—CH,**". POPC exhibits well-defined characterist-
ic peaks of O—S—0O (1052 cm'), C—0—C
(1240 cm™), O=N—0 (1340-1530 cm ') and C=0
(1 720 cm™), while the peak of C=C became weaker
and the peaks of —CHj; disappeared. The results of
FT-IR spectroscopy demonstrate that oxidation, nitra-
tion and sulfonation reactions occurred at the side
chains, heterocycles and edges of petroleum coke mo-
lecules. The adsorption-desorption isotherms of PC
and POPC in Fig. S1 exhibit typical Type I isotherms,
confirming the microporous structures. The specific
surface areas of PC and POPC are 1.20 and 3.98 m* g ',
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Fig. 1 (a) XRD patterns, (b) FT-IR spectra, (c) XPS spectra of PC and POPC. Deconvoluted high resolution (d) C 1s,
(e) O 1s, and (f) S 2p spectra of PC and POPC
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which indicates that the acid treatment step did not
create pores on the surface of the petroleum coke.
XPS was used to further characterize the surface
chemical composition of PC and POPC. Both PC and
POPC contain C, N, O and S elements (Table S1). As
shown in Fig. lc, the oxygen content of POPC is
much higher than that of PC, proving that the oxida-
tion process has grafted many oxygen functional
groups on the surface of PC. The high-resolution XPS
spectra of C 1s (Fig. 1d) can be deconvoluted into 6
peaks at 284.5, 285.4, 286.3, 287.4, 288.9 and 290 eV,
respectively, which are attributed to sp>—C, sp’—C,
C—0/C—S, C=0/C—N, O=C—O0 and n-n* trans-
ition (settled transition of aromatic carbon)®' . It can
be seen that the sp—C content of POPC decreased
compared to PC, confirming the destruction of petro-
leum coke graphite microcrystalline structure by oxid-
ation treatment. The distinct chemical states of O were
additionally recognized in the O 1s spectrum (Fig. le),
where the peaks centers at 531.4, 532.2 and 533.4 eV
can be attributed to C=0/S=0, C—O and
0—C=0, respectively™"
163.7 and 164.9 eV in the S spectrum (Fig. 1f) can be
assigned to the S 2p,, and S 2p,, peaks of C—S—C

. Moreover, the peaks at

covalent bond, while the peak at 168.4 eV corres-

ponds to C—SO,—C group. It appears that the per-

(a) %

(b)

centage of C—SO,—Cin POPC increase signific-
antly. The XPS and FT-IR results reveal that the
mixed acid treatment successfully increases the oxy-
gen content of the material by introducing a large
number of oxygen functional groups and can make the
material more disordered. In addition, these oxygen
functional groups can impede the migration and
growth of carbon microcrystals, hindering the long-
range development of carbon microstructures and suc-
cessfully converting petroleum coke from a soft car-
bon precursor to a hard carbon precursor. More im-
portantly, these oxygen functional groups decompose
during subsequent high-temperature treatment, caus-
ing the material to form a porous structure. The lim-
ited mobility of the carbon layer may result in the
formation of a significant number of closed nano-
pores in POPC following carbon rearrangement at
high temperatures, which is beneficial to the storage
of Na' in the low-voltage plateau region.

Next, we carbonized POPC under argon flow at
different temperatures to obtain the anode material for
sodium-ion battery, and also carbonized PC at
1400 °C for comparison. Obviously, as shown in
Fig. 2a-b, there is a clear difference in the structure of
PC and POPC after carbonization. PC-1400 exhibits a
highly graphitized structure, which can be seen in the
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Fig.2 TEM images of (a) PC-1400 and (b) POPC-1400. (c) XRD patterns, and (d) Raman spectra of POPC-1000, POPC-1200,
POPC-1400, POPC-1600 and PC-1400
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apparent long-range ordered parallel carbon layers.
On the contrary, the graphite layer of POPC-1400
bends and exhibits a disordered structure throughout
the entire region. Furthermore, atomic migration
causes interplay and folding of the graphite layers,
resulting in the formation of numerous closed pores.
The XRD patterns (Fig. 2¢) show broad diffrac-
tion peaks at ~24°and ~ 43°, which is related to the
(002) and (100) diffraction of graphite-like domains in
disordered carbons, respectively. As the carboniza-
tion temperature increases, the (002) peaks gradually
move to a higher angle, corresponding to a decrease in
the interlayer spacing. The interlayer distance of
POPC-1400 is calculated to be 0.373 nm, which is in
agreement with the value observed from the HRTEM
images. The average width (L,) and average thickness
(L,) of graphite-like microcrystals were calculated
based on the Debye-Scherrer equation””. The L, and
L, of POPC samples increased with the increase of the
carbonization temperature. And the empirical para-
meter R was used to measure the ordering degree of
HC P, As the temperature increasing from 1000 to
1 600 °C, the R value of POPC increase from 1.62 to
2.09, which means that the material became more
ordered at higher temperatures. However, the XRD
pattern of PC-1400 shows a sharp diffraction peak at
26.2° and the average size of graphite microcrystals
was larger than that of all POPC-x samples, indicat-
ing a significantly higher degree of crystallinity com-
pared to POPC-x. The interlayer spacing of PC-1400
is calculated to be 0.340 nm, which is close to the
HRTEM results. Table 1 provides a summary of the
structural parameters of these materials. It can be seen
that POPC shows larger d,,, values and smaller L, and
L, values compared to PC at the same carbonization
temperature, which indicates that pre-oxidation can
effectively retard the development of microcrystalline

structures during carbonization. Raman spectra were
performed on all samples to estimate the defects in the
carbon material. As shown in Fig. 2d, two obvious
main peaks located at 1350 and 1595 cm™' corres-
pond to disordered D band and graphite G band, re-
spectively. The integral intensity ratio (4p/4) is com-
monly used to assess the disorder of carbon materials.
The fitted results (Fig. S2) show a gradual decrease in
the value of A,/A; of POPC with increasing carboniz-
ation temperature, indicating an enhanced ordered
structure in the material. The XRD and Raman results
are in agreement, verifying the augmented ordering of
POPC-x as the carbonization temperature increases.

The N, sorption measurement results in Fig. S3
show that all samples exhibited a typical type I iso-
therm, indicating the microporous structures in POPC-
x samples. POPC-1000 exhibits a specific surface area
of 532.6 m* g and a pore volume of 0.21 cm ™ g . In
contrast, POPC-1200 shows a much lower specific
surface area of 12.7 m® g~ and a pore volume of
0.02 cm™ g, indicating that the pore structure of the
obtained samples could be effectively adjusted during
the carbonation process. The specific surface area of
the materials gradually decreased with increasing tem-
perature, and POPC-1400 and POPC-1600 showed a
negligible amount of N, adsorption. In addition, PC-
1400 also exhibits a very low specific surface area.

In order to clarify the origin and evolution of mi-
croporosity in the material during carbonization, TGA
of PC and POPC was performed at room temperature
to 1000 °C at 10 °C min ' under N, flow. The TGA
curve (Fig. 3a) shows that PC has only about 10%
weight loss from room temperature to 1000 °C,
which could be attributed to the decomposition of
small amounts of oxygen functional groups and pro-
cesses such as molecular volatilization and hydrocar-
bon skeleton cleavage. The differential thermogravi-

Table 1 Structural parameters of POPC-1000, POPC-1200, POPC-1400, POPC-1600 and PC-1400

Samples dyp,/nm L/nm L/nm R value True density/(g cm ™) Closed pore Volume/(cm® g )
PC-1400 0.340 3.94 5.26 5.67 2.22 -

POPC-1000 0.383 1.00 3.14 1.62 2.13 0.03

POPC-1200 0.382 1.03 3.41 1.67 1.98 0.06

POPC-1400 0.373 1.04 3.69 1.85 1.89 0.08

POPC-1600 0.369 1.14 3.97 2.09 1.78 0.11
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Fig.3 TG-DTG curves of (a) PC and (b) POPC. (c) CO, sorption isotherms and (d) pore size distributions of
POPC-1000, POPC-1200, POPC-1400 and POPC-1600

metric (DTG) curves of PC are also relatively flat, in-
dicating that there were no violent decomposition re-
actions that could lead to mass loss during the warm-
ing process. In contrast, the TGA curve of POPC
(Fig. 3b) is very steep, with a loss of 58% mass dur-
ing heating. The DTG curve shows a rapid decompos-
ition of POPC around 300 °C, which is usually associ-
ated with the decomposition of hydroxyl, carboxyl
and ester functional groups. The XPS analysis results
for POPC-x are presented in Table S2, which show
that the total content of nitrogen, oxygen, and sulfur
elements decreased gradually with the increase of car-
bonization temperature. The oxygen content of POPC
was 21.72%, which decreased to 4.94% upon increas-
ing the temperature to 1 000 °C. The observed de-
crease in oxygen content is consistent with the TGA
results, indicating that the oxygen functional groups
decompose during the temperature increase, resulting
in the loss of mass of the material. The decomposi-
tion of the oxygen functional group leads to the loss of
carbon atoms and the formation of various defects in
the material, which is the source of the pores in the
material.

Considering that CO, is more accessible to the
ultra-micropores (pore diameter < 1 nm) in the sample

at 0 °C, CO, adsorption tests were performed on

POPC-x to analyze the alterations in microporous
structures under varying carbonization temperatures.
It is obvious from Fig. 3c that the CO, adsorption of
POPC decreases significantly with increasing temper-
ature, and there is almost no CO, adsorption when the
temperature rises to 1 600 °C. The DFT pore size dis-
tribution (Fig. 3d) showed that the ultra-micropores of
all POPC samples were concentrated in the pore size
range of 0.3 to 0.8 nm. However, the ultra-micropor-
ous volume decreased from 0.226 cm’ g for POPC-
1000 to 0.004 cm® g ' for POPC-1600, which implies
that some ultra-microporous pores were transformed
into closed nanopores during the high temperature
carbonization.

It’s important to note that the gas adsorption
method can solely detect open pores that are access-
ible to the gas. However, many closed internal pores
are still present in most carbon materials. To further
quantify the closed nanopore structure in the material,
a true density analysis was performed using the He re-
placement method. Because of the extremely minute
aerodynamic diameter of He molecules, which can
permeate nearly all open pores except closed ones, the
true density test provides an accurate value of the
skeletal density of the tested samples”™”. Graphite is

considered to be a perfectly layered carbon material
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without closed pores, with a true density of
2.26 g cm . Therefore, the closed pore volume of por-
ous carbon can be calculated as follows:
Vietosed pores — 1/pwre —1/2.26 (H
The structural characteristics of the materials are
outlined in Table 1. It is obvious that the skeleton
density of POPC-x decreases with the increase of car-
bonization temperature. Combining the results of gas
adsorption/desorption and true density tests, the open
pore volume of POPC-x keeps decreasing with in-
creasing temperature, while the closed pore volume
keeps increasing, indicating that the open pores tend
to close during the carbonization at high temperature.
The POPC-x carbonized at higher temperatures have
larger sodium cluster in the pore filling space. Fur-
thermore, the true density of PC-1400 is similar to that
of graphite with almost no closed pores, suggesting

that a significant quantity of closed pores stems from

nanopores formed through the decomposition of oxy-
gen functional groups. In brief, by means of pre-oxid-
ation followed by high-temperature carbonization, the
interlayer spacing of PC has been successfully expan-
ded, concomitantly generating closed pores within its
carbonaceous framework, thus serving to enhance its
sodium storage capability.

Thus,

characteristics suggest that the altered carbonization

the above-mentioned physicochemical

process of POPC successfully results in the genera-
tion of a substantial of closed pores in the resulting
carbon, which would alter the storage behavior of so-
dium ions. Next the electrochemical properties of the
obtained samples were evaluated in a half-cell config-
uration using sodium metal as counter electrode. The
Fig. 4a displays the initial galvanostatic charge-dis-
charge (GCD) curves for POPC-1000, POPC-1400,

and PC-1400 anodes at a constant current density of
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Fig. 4 (a) GCD curves in the 1% cycle at a current density of 0.02 A g', (b) rate performance, and (c) long-term cycling stability of POPC-1000, POPC-1400,

and PC-1400 anodes. (d) CV curves at various scan rates, (€) contribution ratios of capacitive process and

diffusion-controlled at various scan rates of POPC-1400 anode
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0.02 A g''. Due to a narrow interlayer spacing and ab-
sence of closed pores, PC-1400 did not exhibit a plat-
eau region at low voltage, resulting in a reversible
specific capacity of only 145.4 mAh g'. POPC-1000
and POPC-1400 anodes show 2 distinctly different
potential regions: the plateau region below 0.1 V and
the slope region above 0.1 V. The initial charging ca-
pacity of POPC-1000 is 251.5 mAh g', the initial
coulombic efficiency (ICE) is only 58.7%, and
the
75.2 mAh g'. When the carbonization temperature is

specific capacity in the plateau region is

raised to 1400 °C, the initial charging capacity was
356.0 mAh g ', the ICE increased to 77.3%, and the
specific capacity in the plateau region increased to
199.6 mAh g'. Fig. S5 shows the comparison of the
electrochemical properties in this work with those of
the reported sodium-ion battery materials. The signi-
ficant improvement in ICE upon temperature increase
demonstrated a reduction in irreversible sodium ion
storage behavior in the first cycle, which may be re-
lated to the reduction in the specific surface area
available for solid electrolyte interphase (SEI) forma-
tion. In addition, the open to closed pore transition
leads to an increase in the closed pores in the material,
increasing the specific capacity of the plateau region.
The rate performance in the current density range of
0.02-2 A g is further given in Fig. 4b. The cycling
performance of all samples at 0.2 A g' current dens-
ity is shown in Fig. 4c, where POPC-1400 shows
100
cycles. POPC-1000 anode showed a capacity of

a high capacity retention of 99.5% after
251.5 mAh g during the first cycle, however, the ca-
pacity was only 226.1 mAh g' after the rate capabil-
ity test, indicating that the sample has a relative weak
ability to resist high-current charging and discharging.
The cycling performance was tested after rate per-
formance, thus POPC-1000 and PC-1400 exhibits the
similar capacity. Fig. S6 illustrates the long-term cyc-
ling performance of POPC-1000, POPC-1400 and PC-
1400 at 0.5 A g'. Notably, after 500 cycles, POPC-
1400 exhibited a capacity retention rate of over 99%,
showcasing exceptional cycling stability. Fig. S7

shows the electrochemical performance of both

POPC-1200 and POPC-1600. Meanwhile, POPC-
1200 exhibited intermediate performance between
POPC-1000 and POPC-1400. As for POPC-1600, the
further reduction of micropores led to a decline in the
specific capacity of the slope region, resulting in no
further increase in its reversible specific capacity. Fig.
S8 illustrates the relationship between the carboniza-
tion temperature of POPC-x and the composition of
their reversible capacity. It can be seen that changing
the carbonation temperature increases the Na' storage
capacity of POPC-x by increasing the specific capa-
city of the plateau region.

The reaction kinetics were investigated by cyclic
voltammetry (CV) measurements to better understand
the storage behavior of Na" in POPC-1400. As shown in
Fig. 4d, POPC-1400 shows a retained shape and well-
defined peaks over a range of scan rates from 0.1 to
0.8 mV s, indicating the small polarization and high
stability of the fabricated electrode. Scanning to
around 0.1 V, a pair of oxidation/reduction peaks ap-
pear, which are attributed to the reversible sodium
storage reaction of the hard carbon and correspond to
the plateau region. The weak peaks in the wide poten-
tial range of 0.2—1 V correspond to the slope region.
Indeed, the area of the CV loop indicates the com-
bined energy storage of pseudo-capacitive behavior
and diffusion-controlled processes®”. The respective
energy storage mechanism can be investigated by ana-
lyzing the log-linear relationship between the peak
current (i) and the scan rate (v), as described as fol-
lows:

log (i) = log(a) + blog(v) 2)
where a, b are adjustable parameters. b values are well
defined: » = 0.5 for diffusion-controlled processes and
b = 1.0 for pseudo-capacitive behavior. According to
Fig. S9a-b, the b values for the anode and cathode
peaks are close to 0.5, indicating that pseudo-capacit-
ive behavior dominates the POPC-1400 electrode.
Specifically, the contribution of pseudocapacitance to
sodium storage at different scan rates can be quantitat-
ively assessed according to Equation (3):

i=kiv+kv'"? 3)

where k,v and k,v'” denote the contribution of pseudo-
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capacitance behavior and diffusion control processes,
respectively. The results of the calculation are shown
in Fig. 4e. As the scan rate increases from 0.1 to
0.8 mV s, the contribution of the capacitive process
increases from 43% to 66%, indicating that the POPC-
1400 anode has good kinetic behavior even at high
rates.

Further comprehension of the storage mechan-
ism of Na' in hard carbon, galvanostatic intermittent
titration technique (GITT) measurements were per-
formed on both POPC-1400 and PC-1400 anodes at a
pulsed current of 0.02 A g ' to evaluate the apparent
diffusion coefficient (Dy,") of Na“ during charging
and discharging. The diffusion coefficient was de-
termined according to Equation (4):

o- 2]
nt\ MpS | \ AE;
where 7 (s), mg (g), Vy (cm’ mol™), M, (g mol™") and

4)

S (cm?®) represent the pulse duration, the active mass
of the electrode, the molar volume, the molecular
weight and the active surface area of the electrode, re-
spectively. And AEg and AE, are derived from the
GITT curves. The apparent diffusion coefficient
(Dy,) curves during the discharge-charge process are
shown in Fig. 5a-b. During the discharge process of
the POPC-1400 anode, the adsorption sites on the

electrode surface decreased and the Dy, continued to

(a) 1.2

0.8 N

0.4}

D,,.(107" cm? s7)
./
Y
:-.';n.

26/(°)

0.
%.8 0.6 0.4 0.2 0.
Voltage/(vs. Na/Na*)/V

decrease. At discharge to 0.1 V, D, increases, indic-
ating a change in the sodium storage process. In the
low voltage plateau region, Dy,  first decreases in the
initial phase and then increases near the cut-off
voltage. The abrupt decrease in Dy, at 0.05 V may be
attributed to the sluggish kinetics of Na" insertion in-
to the closed nanopores. Conversely, the subsequent
rise near the cut-off voltage may result from the ad-
sorption and aggregation of Na“ within these closed
nanopores. However, due to the absence of enclosed
pores in PC-1400, its diffusion coefficient curve did
not exhibit a reverse increase near the cutoff voltage.
The changes in the electrode structure of POPC-
1400 during charging and discharging were further ef-
fectively monitored using time-resolved in-situ XRD
(Fig. 5¢). In the initial slope region, the (002) peak po-
sition is not shifted. With the discharge in the plateau
region and being sodiated, the peak position shifts
slightly to a lower angle, suggesting an expansion of
the interlayer distance. Once the electrode starts the
charging process, the (002) peak shift returns to a
higher angle, indicating a shortening of the interlayer
distance. More detailed graphical results are presen-
ted in Fig. S10, indicating the intercalation sodium
storage behavior in the material. By combining the
GITT and in-situ XRD results, the conclusion drawn

is that the plateau capacity is primarily arises from in-

(b) 2.0
L —#— POPC-1400

—~ 1.6} . —=— PC-1400
A A
NE 1.2 I\
s [ &
“_‘c_> 0.8 T l".
504 i

0.0} i e

00 05 10 15 20 25
Voltage/(vs. Na/Na*)/V

R /

0 25 20 15 10 05 00
Voltage/(vs. Na/Na*)/V

Fig. 5 Na' apparent diffusion coefficients calculated from the GITT potential profiles of POPC-1400 for (a) discharge process and (b) charge process during

the second cycle. (c) In situ XRD mapping of POPC-1400 at various stages during the first charge-discharge process
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terlayer intercalation and pore filling. Derived from
the theoretical specific capacity of sodium metal
(1 128 mAh cm™) and the closed pore volume, the
maximum possible capacity resulting from full closed
pore filling can be calculated. The plateau capacity
of the POPC-1400 electrode is 199.6 mAh g ', sur-
passing the maximum capacity calculated by fully
filling the closed pore volume (96.6 mAh g ). There-
fore, part of the platform capacity must originates
from the intercalation contribution. This is also con-
with  the
mechanism reported in the literature”®**. Thanks to
the high platform capacity, POPC-1400 exhibits a

high reversible capacity.

sistent “adsorption-intercalation-filling”

4 Conclusion

In summary, we have developed a disordered
hard carbon anode for SIBs based on a simple mixed
acid treatment and high-temperature carbonization
strategy. Using low-cost PC as the precursor, we dis-
rupted the microcrystalline structure of PC through
mixed acid treatment, expanded the carbon interlayer
spacing, and introduced a significant quantity of oxy-
gen functional groups. The oxygen functional groups
were then decomposed at high temperature to form
open pores, followed by a carbon rearrangement pro-
cess that resulted in a transition from open to closed
pores, thereby inducing a disordered carbon structure
rich in closed pores. POPC-1400 has sufficient Na"
diffusion layer spacing and a large number of
closed pores, showing a high reversible capacity
(356.0 mAh g at 0.02 A g')with an initial cou-
lombic efficiency of 77.3%, which is much better than
the long-range ordered pristine petroleum coke de-
rived carbon. The mechanism of charge storage and
sodium ion storage was also investigated, and it was
proved by GITT and in-situ XRD to be consistent
with the “adsorption-intercalation-filling” mechanism.
This study not only reports a simple method to apply
low-cost petroleum coke to SIBs, but also provides a
reasonable design strategy for high-performance hard

carbon materials.
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