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Abstract

Improving the volumetric energy density of carbon electrode materials for supercapacitors is of significance to
reducing the size of energy storage devices, and eliminating the ineffective pores in porous carbon electrode
materials is the key to achieving dense storage of ions. Herein, we reconstruct the pore structure of commonly
activated carbon via a facile high-energy mechanochemical process, by which modified activated carbon exhibits a
much-increased packing density with an ultra-low specific surface area of 33 m? g" without sacrificing the
gravimetric specific capacitances, thereby enabling high volumetric capacitances up to 602 F cm”. Gas adsorption
characterization and small angle X-ray scattering tests collectively reveal the regulatory mechanism of
mechanochemical process on pore structure reconstruction that high-energy mechanochemical treatment
significantly eliminates the excess meso-/macro-pore volume to configure a compressed carbon skeleton structure
and simultaneously increases proportions of micropore volume in the total pore volume, ultimately resulting in a
cross-linked dense pore network structure. Benefitting from the optimized pore network and oxygen atoms
introduced by mechanochemistry, the assembled aqueous symmetric supercapacitor in KOH electrolyte delivers a
maximum volumetric energy density of 11.32 Wh L' when the volumetric power density is 223 W L. This work
systematically reveals the effects of mechanical force on the pore reconstruction of carbon materials, and provides
a simple method for enhancing the volumetric performances of carbon-based porous electrode materials.

Keywords: Activated carbon, mechanochemistry, pore reconstruction, volumetric capacitance, carbon-based
supercapacitors
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INTRODUCTION

Carbon materials are widely used as supercapacitor electrodes because of their tunable multi-scale
structure”. The ion storage and transport mechanisms are closely related to the porous structure of
electrode materials. In previous studies, increasing the specific surface area of carbon materials has been
regarded as an effective strategy to improve the capacitances of electrical double-layer supercapacitors.
Therefore, using coal®”, biomass'®’ and polymers"” as carbon precursors, porous carbon with a high
specific surface area prepared by the activation method is commonly used for supercapacitor electrodes.
However, the high porosity and packing density of porous carbon are often contradictory, resulting in a low
volumetric energy density of porous carbon materials, which is not conducive to reducing device sizes.
Specifically, commercial activated carbon used for supercapacitors usually provides a gravimetric
capacitance of 200 F g, while the volumetric capacitance is commonly lower than 200 F cm™ due to the low
packing density caused by rich porosity. In addition, methods for preparing porous carbon materials such
as template method"' ", vapor deposition"*'* and in-situ bottom-up synthesis"”"*' all face the bottleneck of
balancing gravimetric and volumetric energy density simultaneously. Optimizing the pore structure of
porous carbon to achieve dense ion storage is the key to improving the volumetric performances of carbon-
based electrodes and supercapacitors.

For common activated carbon electrode materials, pores often exhibit disordered or chaotic distribution,
and not all of them are conducive to ion storage and transport. It has been widely accepted that the
micropores in porous carbon are considered to be effective ion storage sites””, while the meso-/macro-
pores act as ion transport channels, which facilitate the rapid diffusion of electrolyte ions”". Therefore,
hierarchical porous carbon is considered to be the preferred structure for achieving rapid ion transport and
storage'>*?*.. Furthermore, the researchers believe that when the pore diameter is close to the ion size, ions
in the electrodes can achieve high-density storage due to the confinement behavior of the pore wall*.
s> using solvent tension and
capillary condensation”, or preparing composite materials***"! have been explored to optimize the pore
structure distribution and improve the material density. However, these methods generally involve complex
preparation processes and costly raw materials, and it is difficult to adjust and reconstruct the pore structure
that has been formed in the materials. In addition, the current research consensus is that the closed pores do
not contribute to the ion storage capacity”>*”, but occupy the space and lead to low density. Therefore, it is
highly desirable to develop a simple post-treatment strategy to eliminate ineffective pores by deeply
adjusting and modifying the pore structure already formed in porous or activated carbon.

Therefore, many strategies such as adopting graphene-based raw material

Ball milling technology is mainly used in industry as a means of particle refinement or homogenization
through the strike, friction and rolling between the balls and the materials under the action of mechanical
force™.. In recent years, mechanochemistry has been found to play a role in micro-nano scale structure
regulation of carbon materials, such as heteroatom doping or microcrystalline structure modulation. For
example, a mechanochemically-assisted method has been reported for preparing B, N co-doped porous
carbon, and the mechanical action facilitates the homogeneous dispersion of B and N dopants into the
whole composite due to the hydrogen-bond interaction". In addition, smaller and thinner graphitic-like
nanodomains and more disorder structure can be obtained by mechanical ball milling of hard carbon.
Previous research by our team found that the CO,-assisted mechanical ball milling method can achieve
precise doping of carboxyl groups in the microcrystalline structure of carbon materials and high reversible
capacity storage of sodium ions"””. In the mechanochemical process, grinding, shearing and other forces can
be introduced to break the chemical bonds on the surface of the material, while the local transient high
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temperature is generated, which contributes to the diffusion of microcrystalline defects and the

rearrangement of atoms"*

l. Therefore, it can be expected that the energy provided by the
mechanochemical process can cause the pore walls of the activated carbon to collapse, and further lead to
the rearrangement of the pore structure through the recombination of unsaturated bonds, so as to achieve

the deep adjustment of the pore structure.

In this work, we demonstrate for the first time that a convenient mechanochemical post-engineering
approach can reconfigure and optimize the pore structure and doping environment of traditional activated
carbon, thereby achieving a significant increase in the volumetric performances of carbon-based electrodes
and supercapacitors. Specifically, a cost-effective, low-grade coal precursor was first physically activated to
prepare porous carbon, which was then experienced a sealed ball milling procedure to achieve porosity
regulation. Notably, mechanochemistry (high-energy ball milling) can significantly increase the material
skeleton density of activated carbon from 1.0° to 1.79 g cm™ by reducing porosity, specific surface area and
pore volume, and the reduced pores are mainly ineffective ones. The obtained modified carbon maintained
high gravimetric specific capacitances of 337 F g". Gas adsorption and desorption characterizations, SAXS
tests and closed pore analysis collectively revealed the evolution of the pore structure of activated carbon by
mechanochemical treatment. As the ball milling process proceeded, the proportions of micropore volume in
the total pore volume increased, and the ineffective intergranular meso-/macro-pores and intragranular
closed pores were significantly eliminated followed by intragranular pores further development and
reorganization, ultimately forming more cross-linked dense porous network structure. In addition, the
mechanochemical process introduces oxygen atoms into the carbon matrix to provide extra
pseudocapacitances. Benefiting from the increased packing density, the optimized porosity and introduced
oxygen atoms, the obtained dense carbon demonstrates excellent volumetric specific capacitances up to
602 F cm”. The constructed aqueous symmetric supercapacitor with 6M KOH electrolyte delivers a
maximum volumetric energy density of 11.32 Wh L when the volumetric power density is 223 W L.

EXPERIMENTAL SECTION

Preparation of CAC and CAC-x

Baorixile lignite was selected as raw coal for subsequent activation. Pulverized coal was sieved into 160-200
mesh (74-96 um) followed by one-step activation at 800 °C for 1 h under the composite atmosphere
containing CO, and N,, in which the concentration of CO, was 40 vt-%. The obtained products were washed
in HCI (5 mol L") and HF (10 wt-%) to remove the ash components. The obtained CO,-activated carbon
(CAC) was then subjected to mechanical ball milling process in an agate tank with a rotation rate of
500 r/min, and the ratio of balls to materials was 50 to 0.1 g. The obtained samples after ball milling were
noted as CAC-x, where x is the ball milling time. To remove the oxygen atoms in the materials, the samples
of CAC, CAC-4 and CAC-24 were annealed at 800 °C for 1h in a hydrogen-argon mixture atmosphere, and
the products were noted as CAC-H, CAC-4H and CAC-24H, respectively.

Material characterization

The field-emission scanning electron microscope (FE-SEM, Hitachi SU8010, Japan) and transmission
electron microscope (TEM, FEI Tecnai G2 F20) were used to obtain the morphology and microstructure
characteristics of the samples. Particle size distribution was measured by a laser particle analyzer (Malvern
Mastersizer 2000). Information about the microcrystalline structure was gathered through X-ray diffraction
(XRD) and Raman testing. The XRD patterns were recorded using a Panalytical Empyrean Intelligent X-ray
diffractometer equipped with Cu Ka radiation (operating at 40 kV, 100 mA, with a wavelength of 1.54178 A)
on a Rigaku UltimalV system. Meanwhile, Raman spectra were acquired using a Renishaw inVia confocal
Raman system, employing a 50% objective lens with a numerical aperture of 0.75, and a laser power set at
0.15 mW with a wavelength of 532 nm. The material's carbon and oxygen element content was determined
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through X-ray photoelectron spectroscopy (XPS) analysis, utilizing an Al Ko radiation source on a Thermo
Scientific K-Alpha instrument. The pore structure was tested by N, adsorption-desorption installation, CO,
adsorption-desorption installation and SAXS device. At 77 K, nitrogen isotherms were conducted using the
BSD-PM2 surface area and a microporous analyzer manufactured by Beishide Instrument Technology
(Beijing) Co., Ltd. At 273.15 K, carbon dioxide isotherms were performed using Quantachrome Instruments
software version 3.0. The Brunauer-Emmett-Teller equations were utilized to calculate the specific surface
area, while the pore size distribution was derived using the nonlocal density functional theory approach.
SAXS was measured by Anton Paar SAXSess MC2 using a copper target light tube (A = 0.1542 nm),
operating at 40 kV and 40 mA. A little sample was filled in Paste Cell, sealed and put into the sample holder
of the instrument. After vacuuming to 10 Pa, the measurement of small-angle X-ray scattering was
performed at 25 °C for 20 min.

Electrode fabrication and electrochemical measurements

For the preparation of the testing electrode, a mixture of CAC-x, carbon black, and
poly(tetrafluoroethylene) in a mass ratio of 8:1:1 was compressed onto a nickel foam current collector
(suitable for the three-electrode system and symmetrical aqueous electrolyte system) or aluminum foil
(appropriate for the ionic liquid electrolyte system). The electrode was then dried in a vacuum oven at
110 °C for a duration of 12 h. The active mass is about 0.8 mg for each single electrode. All electrochemical
measurements were conducted at room temperature using a Bio-Logic VMP3 workstation. In the standard
three-electrode configuration, the synthesized sample served as the working electrode, the saturated calomel
electrode (SCE) as the reference electrode, and a Pt foil as the counter electrode. A 6M KOH aqueous
solution served as an electrolyte at room temperature. Cyclic voltammetry (CV) measurements were
conducted at various scanning rates, while galvanostatic charge/discharge (GC) curves were recorded at
different current densities. The gravimetric capacitances could be derived from the CV curves using

¢y =1 F g M

2mvv

where C, stands for gravimetric specific capacitance (F g"), the variable i represents the response current
(A), v denotes the potential scan rate (V s), V corresponds to the range of applied voltage (V), and m
represents the mass of active material on each electrode (g).

The gravimetric capacitances can alternatively be derived from the GC curves using

C, === (Fg) @)

mAvV

in which I represents the constant charge/discharge current (A), At stands for the discharge time (s), m is
the weight of active material (g), and AV refers to the voltage range during the discharging process,
excluding the potential drop (V).

The skeleton density reflects the density of the active material when accounting for pore volume, as
calculated by

Pum (g em™) A3)

T vr+ Y,
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where p,, is material skeleton density (g cm™), V; refers to the total pore volume (cm’ g"') measured by
nitrogen adsorption, and p; indicates the true density of carbon (2.0 g cm™)"*"*.

The volumetric capacitances can be calculated using
Cv = Cg x Pm (F Cm-s) (4)
where C, is volumetric specific capacitance (F cm?).

The symmetric aqueous supercapacitors were built in the CR2032 coin-type cell using two equal electrodes
(with nickel foam current collector), a glassy fibrous separator and 6M KOH electrolyte (voltage range of
0-1.0 V). For the EMIMBEF, ionic liquid electrolyte, the symmetric supercapacitors were constructed
utilizing two identical electrodes with NKK-TF4030 as a separator and aluminum foil as a current collector.
These devices were tested in a two-electrode cell configuration with a voltage range spanning from 0 to
3.6 V. The specific capacitance of the symmetric supercapacitor was calculated from the galvanostatic
discharge curve according to

— 9, J8t -1
Cs =2x——(Fg?) )

where I represents the constant charge/discharge current (A), At is the discharge time (s), m is the mass of a
single electrode (g), and AV is the discharging potential range excluding any potential drop (V).

The energy density and power density of symmetric supercapacitors were calculated using

11 3
Ey = x-=CV? (Whkg) (©6)

P, = § x 3600 (W kg %)

where E, refers to gravimetric energy density (Wh kg™), V represents the working voltage of the cell (V), and
t denotes the discharge time (s). Correspondingly, the volumetric performances were calculated by

E,=E xp, (WhL") (8)
Pv:ngpM(WLrl) (9)

Additionally, the compressed electrode density under a pressure of 10 MPa within a cylindrical mold
reflects the compaction potential of the electrode in practical applications, and can also be calculated using

m

Pe = (gem™) (10)

hxmxr2

in which m denotes the total mass of the electrode, which comprises the active materials, binder, and
conductive agent (g); h represents the thickness of the electrode (cm), and r signifies the radius of the
electrode (cm).



Page 6 of 19 Wu et al. Energy Mater. 2025, 5, 500055 | https://dx.doi.org/10.20517/energymater.2024.164

RESULTS AND DISCUSSION

Preparation and multi-scale structure characterization of CAC-x

The schematic illustration from a coal precursor to CAC and CAC-x is depicted in Figure 1A. First, the
crushed lignite was physically activated to obtain the pristine CAC under a composite atmosphere of CO,
and N,. Afterward, the obtained CAC experienced the mechanochemical process to achieve porosity
regulation, and the carbon materials obtained at different ball milling times were denoted as CAC-x. The
following physicochemical structure characterization and comparative analyses elucidate the deep
adjustment effects of mechanochemistry on the multi-scale structure of activated carbon. As shown in
Figure 1B and Supplementary Figure 1, the pristine activated carbon CAC appears to block morphology
with irregular rough textures on the surface of the particles, which may be caused by CO, gas etching. After
the post-treatment of mechanical ball milling, significant differences can be seen in the particle size and
dispersion morphology with the extension of ball milling time. When the activated carbon experienced
short-time ball milling such as one or 4 h, the average size of particles decreased significantly, as can be seen
in Figure 1C and Supplementary Figures 2 and 3. With the extension of ball milling time, there is a
significant agglomeration phenomenon between particles, resulting in uneven particle size and reduced
dispersion. Figure 1D shows the morphological characteristics of the CAC-24 sample, from which
compared to CAC-4, the particle size becomes larger due to the agglomeration, and some smaller particles
adhere to the surface of the larger ones. As can be seen in Supplementary Figures 4-7, similar results can be
obtained for samples with ball milling time of more than 8 h. With the extension of milling time, the
agglomeration degree of particles becomes higher, resulting in larger average particle sizes. The ball milling
process not only significantly changes the particle size, but also affects the microcrystalline structure.
Figure 1E-G, Supplementary Figures 8 and 9 show the effects of mechanochemical process on
microcrystalline structure of activated carbon. Overall, the microcrystalline structure of all samples exhibits
an amorphous state, and the anisotropy of microcrystalline lattices increases with the extension of ball
milling time. To be specific, a high-resolution transmission electron microscopy (HRTEM) image in
Figure 1E shows an isotropic microcrystalline structure for CAC, in which the microcrystalline lattices are
distributed in short order, and the enclosed regions between microcrystals form the closed pores'*’. As the
ball milling proceeds, a partially disordered microcrystalline structure gradually becomes ordered with
increased microcrystalline size. For CAC-24 which experienced the longest ball milling time, certain regions
of the microcrystals exhibit long-range ordered structure with a decrease in the content of closed pores.

To further reveal the influences of mechanochemistry on particle aggregation morphology, particle size
distribution characteristics of CAC and CAC-x were characterized, as shown in Figure 1H and I. As can be
seen, the particle size distribution of pristine CAC presents a normal distribution and the cumulative
particle size distribution of 50% (D50) is 12 pm. When the milling time is extended to 4 h, particle size no
longer exhibits a concentrated distribution but rather a multimodal distribution. The D50 particle sizes for
CAC-1 and CAC-4 are calculated to be 1.40 and 0.95 um, showing a precipice decline compared to CAC.
Further extending the ball milling time to 24 h, the particle size distribution shows unimodal normal
distribution again with the D50 particle sizes for CAC-24 increasing to 8.67 um, which can be ascribed to
the cold-welding between small particles and agglomeration into larger ones*. On the whole, the above
morphology and particle size characterizations suggest that with the introduction of ball milling process and
the extension of ball milling time, the size of activated carbon particles does not decrease monotonically, but
rather involves the aggregation and recombination of smaller particles, which will cause profound changes
in the pore structure of activated carbon. In addition to the variations in particle size and uniformity, the tap
densities of activated carbon have also been changed during the ball milling process. The volume of 0.07 g
CAC and CAC-x samples after vibration is shown in Figure 1] and Supplementary Figure 10. Compared to
the pristine CAC, the tap density of CAC-24 has been greatly increased by nearly twice.
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Figure 1. Preparation and structure characterizations. (A) Schematic illustration of the synthesized procedure of CAC-x.(B) SEM image
of CAC. (C) SEM image of CAC-4. (D) SEM image of CAC-24. (E) TEM image of CAC. (F) TEM image of CAC-4. (G) TEM image of
CAC-24. (H and I) Particle size distribution of CAC-x measured by laser particle analyzer. (J) The volume of 0.07 g CAC and CAC-x
samples after vibration.

To gain deeper insights into the carbon microcrystalline characteristics resulting from the
mechanochemical process, we conducted XRD and Raman spectroscopy tests. Supplementary Figure 11 and
Figure 2A depict the overall and deconvoluted XRD patterns of CAC and CAC-x samples, respectively. The
two broad diffraction peaks observed correspond to the (002) and (100) planes of a non-graphitized
isotropic carbon structure®. The asymmetric (002) peak can be further decomposed into a y-band subpeak
at approximately 20°, indicative of a less-developed crystalline structure with a higher number of aliphatic
carbon atoms, and an H-band subpeak at about 26°, indicative of a more-developed crystalline structure
with a higher number of aromatic carbon atoms“*”. Based on these patterns, we calculated the
microcrystalline parameters, including interlayer spacing (d,,,), lateral size (L,), and stacking height (L,) for
CAC and CAC-x samples, using the Bragg and Scherer equations [Supplementary Figure 12 and
Supplementary Table 1]. On the whole, peaks (002) of CAC-x in the XRD curves become sharper with the
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Figure 2. Microcrystalline and surface chemical structure characterization. (A) XRD patterns of CAC, CAC-4 and CAC-24. (B) Raman
spectra of CAC, CAC-4 and CAC-24. (C) The values of d,,, and A,/A; of CAC-x.(D) XPS overall scans of CAC, CAC-4 and CAC-24.
(E) Deconvoluted CTs spectra of CAC-24. (F) The content of C-O of CAC-x.

extension of ball milling time, and the d,,, values decrease significantly, which is attributed to the
progressively increasing degree of graphitization. Specifically, d,,, parameter for CAC is calculated to be
0.437 nm, while for CAC-4 and CAC-24 the values are 0.362 and 0.349 nm, respectively. These results align
well with the values obtained from the HRTEM analysis in Figure 1E-G and Supplementary Figure 9.

As illustrated in Figure 2B, Supplementary Figures 13 and 14, the Raman spectra of CAC-x exhibit two
prominent peaks that can be precisely decomposed into four subpeaks. Specifically, the T band centered at
approximately 1,200 cm™ corresponds to the A, breathing mode of an sp*-sp” hybrid structure or C-C/C=C
stretching vibrations. The D band at about 1,350 cm™ represents the A,, breathing mode of a disordered
graphite lattice. The D, band at roughly 1,500 cm™ indicates an organic molecular amorphous structure,
while the G band at approximately 1,580 cm™ is associated with the E,, stretching vibration mode of a
graphite lattice”*\. By calculating the area ratio of the D band to the G band (A,/A,), it is observed that
CAC-4 exhibits a higher A,/A, value (2.29) compared to CAC (1.30). This may be due to the introduction
of oxygen-containing functional groups during the ball milling process, as described in detail subsequently.
However, the trend reverses when the ball milling time lasts longer [Figure 2C and Supplementary Table 2].
The A, /A value of CAC-8 decreases to 1.94 and continues to decline to 1.30 for CAC-24. This may be
because the content of oxygen-containing functional groups is almost constant after longer ball milling
time, while microcrystalline layer spacing is gradually reduced. To gain further insight into the variations in
the concentration of oxygen-containing functional groups during the mechanochemical process, XPS
analyses were conducted. Figure 2D and Supplementary Figure 15 display the XPS survey scans of CAC and
CAC-x samples, revealing distinct C1s and O1s signals. As indicated in Supplementary Table 3, as the ball
milling duration increases, the content of oxygen-containing functional groups exhibits an upward trend,
rising from 5.75 at.% for CAC to 12.21 at.% for CAC-4. This elevated content remains relatively stable, with
similar values of 12.33 at.% for CAC-8, 12.38 at.% for CAC-12, and 12.16 at.% for CAC-24. The high-
resolution C1s spectra [Figure 2E and Supplementary Figure 16] of the samples can be decomposed into six
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subpeaks, each representing distinct configurations of oxygen doping within the carbon matrix. These
configurations include the C-C sp? peak (284.7 V), C-C sp’ peak (285.4 eV), C-O peak (286.2 eV), C=0
peak (287.3 eV), O-C=0 peak (288.9 V), and z-z* transition peak (291.2 eV)""**l. As shown in Figure 2F,
the content of C-O functional groups shows a trend of increasing first and then decreasing, which is
consistent with the changing trend of A,/A.. This is mainly attributed to the strong collision between the
balls and the carbon materials, which produces many highly active sites at the edges of the microcrystalline
structure, and these sites are oxidized in the air to form oxygen-containing functional groups'*”. With the
extension of ball milling time, the mechanical cold-welding process causes the microcrystalline structure
recombination, and the oxygen atoms originally at the edges of the structure may be eliminated or released
in the form of gas during the recombining process, resulting in a decrease in C-O content.

The storage behavior of ions in the carbon electrode of supercapacitors is closely related to the pore
structure. In order to study the pore structure evolution of activated carbon during mechanochemical
treatment, we adopted gas adsorption-desorption tests and SAXS characterizations. The porosity
development of CAC-x influenced by ball milling time is illustrated through the N, adsorption-desorption
isotherms and pore diameter distribution curves presented in Figure 3A and B, Supplementary Figure 17.
Among the six tested samples, pristine CAC demonstrates the highest porosity, characterized by a specific
surface area of 605 m’ g"' and a pore volume of 0.5 cm’ g"' [Supplementary Table 4], which is the typical
pore characteristic of CAC. With the extension of ball milling time, the obtained CAC-x samples exhibit
gradually decreased porosity and pore parameters (specific surface area and pore volume). For CAC-24, the
specific surface area is only 33 m* g"' with the pore volume of 0.06 cm’ g based on N, adsorption-
desorption test. As shown in Figure 3A and Supplementary Figure 17, when the milling time is short
(1~8 h), the N, adsorption content with P/P, below 0.15 which refers to intragranular pore” has a slight
reduction for CAC-1, CAC-4 and CAC-8, but for the range of P/P, above 0.15 which refers to interparticle
pore®™, there is a significant decrease. It is indicated that the short-time ball milling process mainly changes
interparticle porosity, and has limited effect on the internal porosity of the particles. However, for CAC-12
and CAC-24, both the N, adsorption content with P/P, below and above 0.15 was significantly reduced,
indicating that long-time ball milling has an important effect on both intergranular and intragranular pores
of activated carbon.

In order to further obtain a smaller-scale micropore evolution picture, CO, adsorption-desorption tests
have been performed. As shown in Figure 3C and Supplementary Figure 18, the calculated specific surface
area and pore volume of the samples slightly increase after short-time ball milling compared with the
pristine CAC based on CO, adsorption-desorption tests (specifically, 537 m* g* and 0.151 cm® g for CAC
and 647 m’ g’ and 0.187 cm® g for CAC-4). However, the specific surface area and pore volume of CAC-24
obtained with longer milling time decreased significantly compared to CAC. In addition, it can be seen
from Figure 3D and Supplementary Figure 18 that the micropore size distribution curves of all samples
exhibit a trimodal distribution, indicating that the samples mainly contain three kinds of micropores with
diameters of 0.38, 0.50 and 0.80 nm. Furthermore, based on the N, and CO, adsorption characterizations,
the sum of the micropore volume (V’,,,) obtained by CO, adsorption and the meso-/macro- pore volume

micro

(V peromeso) Obtained by N, adsorption was calculated as the total pore volume (V) of the samples, and the

ratios of micropore volume to the total pore volume of the samples were further calculated. As shown in
Figure 3E and Supplementary Table 4, the ratios increase gradually with ball milling time.

To further explore the effects of ball milling process on the closed pores inside the activated carbon, the true
densities of CAC-x were tested, by which the volume of the closed pores can be calculated. As shown in
Figure 3F, as the milling time extends, the true densities of CAC-x gradually increase (from 0.63 g cm™ for
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Figure 3. Pore structure characterizations. (A) N, adsorption-desorption isotherms of CAC, CAC-4 and CAC-24. (B) Pore size
distribution of CAC, CAC-4 and CAC-24 by N, adsorption test. (C) CO, adsorption-desorption isotherms of CAC, CAC-4 and CAC-24.
(D) Pore size distribution of CAC, CAC-4 and CAC-24 by CO, adsorption test. (E) Micropore volume ratio of CAC-x.(F) True density
and closed pore volume of CAC, CAC-4 and CAC-24. (G) SAXS patterns of CAC, CAC-4 and CAC-24. (H) Fitted SAXS pattern of
CAC-24 in the low-q range. (1) Fractal dimensions of CAC-x.

CAC to 2.13 g cm” for CAC-24), indicating a significant decrease in the closed pore volume. Therefore, it
can be inferred that the ball milling process can eliminate or transform the closed pores in the activated
carbon into open ones, improve the density of the materials and facilitate the high-density storage and
transportation of ions. In addition, the fractal dimensions of CAC, CAC-4 and CAC-24 were fitted by SAXS
characterization by which the cross-linking degrees of pores can be revealed. Figure 3G shows the SAXS
overall scans of CAC, CAC-4 and CAC-24, from which these samples present typical structure
characteristics of porous carbon materials. Therein, CAC possesses an obvious peak around 0.1 A",
indicating high content of closed pores in the structure™. The intensity values of peaks around 0.1 A™* of
CAC-x decrease with the extension of ball milling time, indicating a gradual decrease in the content of
closed pores'. Pore structure evolution and development process is further characterized by pore fractal
dimension fitting which can help understand the fractal information of the pore network®*". The
calculated pore fractal dimension including open pores and closed pores can be used to describe the surface
roughness of pore structure (surface fractal, 3 < P < 4 in which P represents the slope of the fitted line) or the
aggregation of smaller pore network (pore fractal, 1 < P < 3)***\. The fractal dimensions of mesopores from
SAXS tests are presented in Figure 3H and I, Supplementary Figure 19. Specifically, the value of fractal
dimension is 1.40 for CAC, which becomes higher to 2.31 for CAC-24 with the extension of ball milling
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sl when the fractal dimension increases closer to 3, it indicates that

time. As reported in the literature!
pores are distributed in a network of pore clusters of a particular size that become more sponge-like and
branched during the ball milling process. Therefore, it can be concluded from the pore fractal analysis that
the mechanical force in ball milling process could transform the sheet-like pore structure in pristine CAC

into a more three-dimensional and cross-linked pore network in CAC-x.

In this paper, low-cost coal with wide sources and high carbon content was used as the initial carbon source,
and through the physical activation process of CO, gas mild etching, the initial coal was transformed into
porous carbon materials with rich pore structure. The formation of pores leads to the decrease of material
skeleton density. In order to increase the material density and simultaneously optimize the multi-scale
structure of the material to make it conducive to the high-density storage of ions, the mechanical ball
milling process was adopted to realize the reconstruction of the full-scale structures of the material through
the high-speed impact of the balls on the material. The synthesis process is environmentally friendly and
convenient to operate, which has the value of popularization.

The evolution mechanism of pore structure of CAC during ball milling can be depicted, as shown in
Figure 4. The original CAC was obtained through the CO, activation process, in which CO, molecules react
with the coal skeleton from the outside to the inside. CO, activation process causes local etching to form
porous channels filled with micropores and meso-/macro- pore clusters, which finally form a porous
network with low fractal dimension. The pores of CAC are mainly composed of intragranular pores
(micropores) and interparticle pores (meso-/macro- pores). In addition, there are a large number of
ineffective closed pores inside the material. After the treatment of ball milling within a short period of time
(less than 4 h in our study), the ineffective interparticle pores of CAC are eliminated with particle size
decreasing. At the same time, the ineffective closed pores are transformed to open pores under the action of
mechanical shear force, resulting in a significant increase in fractal dimension of CAC-24. Benefitting from
the elimination of ineffective pores, the densities of CAC-x increase and the pores become more cross-
linked and three-dimensional.

Electrochemical performance in a three-electrode system

Hereto, we have demonstrated that mechanochemistry can profoundly alter the multi-scale structure of
activated carbon, especially in eliminating the ineffective pores and increasing the skeleton density of
activated carbon. Next, the supercapacitor performances of obtained CAC-x were evaluated with emphasis
on examining the volumetric capacitance and energy density. Initially, in a three-electrode setup with
6M KOH aqueous solution serving as the electrolyte, CV curves at varying scan rates and GC profiles at
different current densities were recorded [Supplementary Figures 20 and 21]. As depicted in Figure 5A, the
CV curve of CAC-24 exhibits a larger integrated area compared to the other samples, hinting at its superior
gravimetric capacitance. Furthermore, the deviation from a perfect rectangular shape in the CV curves
suggests the contribution of pseudocapacitance. For the GC tests conducted at a current density of 0.5 A g
within the potential window of -1 to 0 V vs. the SCE, as shown in Figure 5B, CAC-24 demonstrates the
longest discharge duration. Similarly, the charge-discharge curves are not strictly triangular, indicating that
ions are not completely stored in the form of electric double-layers, which is consistent with the conclusion
of Figure 5A. Furthermore, the first-cycle Coulombic efficiency of the CAC-24 electrode at various current
densities has been investigated, with results shown in Supplementary Figure 22. At a low current density of
0.5 A g, oxygen-containing functional groups of CAC-24 may undergo side reactions with the electrolyte,
leading to incomplete discharge. However, as the current density increases, the electrochemical process is
predominantly influenced by the adsorption behavior, thereby leading to an increase in Coulombic
efficiency. Figure 5C shows the CV curves of CAC-24 at various scan rates from 10 to 1,000 mV s™. Further,
the specific gravimetric capacitances of CAC-x at different current densities calculated based on GC curves
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Figure 5. Electrochemical performances of CAC and CAC-x electrodes in a three-electrode system using 6M KOH as electrolyte. (A)
CV curves at 10 mV s and (B) GC curves at 0.5 A g of CAC and CAC-x.(C) CV curves of CAC-24 at various scan rates from 10 mV's™
t0 1,000 mV s™.(D) Gravimetric capacitances of CAC-x calculated from GC curves. (E) Volumetric capacitances of CAC-x based on

material skeleton densities. (F) Comparison of the volumetric and gravimetric capacitances of CAC-24 electrode with other reported
carbon electrodes.

and at various scan rates calculated based on CV curves were respectively shown in Figure 5D and
Supplementary Figure 23, showing that the specific gravimetric capacitances gradually increase with the ball
milling time. Notably, although mechanical ball milling process reduces the overall porosity and specific
surface area of activated carbon, the obtained CAC-x samples exhibit higher specific capacitances than
pristine CAC. Particularly, the specific surface area of CAC-24 is only 33 m* g, but the specific gravimetric
capacitance is calculated to be 337 F g7 at the current density of 0.5 A g, which is nearly three times that of
CAC (121 F g"). As expected, the volumetric capacitances based on material skeleton density (p,,) and
electrode density (p;) were calculated as given in Figure 5E, Supplementary Figures 24 and 25,
Supplementary Table 5, from which the volumetric capacitances of CAC-x are greatly improved compared
to pristine CAC. Notably, the volumetric capacitances of CAC-24 are up to 602 F cm™ (based on p,,) and
390 F cm” (based on p;), which are five times those of pristine CAC and are also located at the highest level
among the reported porous carbon electrodes in similar systems****“ [Figure 5F and
Supplementary Table 6].
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To further elucidate the ion storage mechanism, the relative contributions of the capacitive-controlled and
diffusion-controlled charge storage of CAC and CAC-x have been calculated. Quantitative charge storage
can be obtained according to'**

i=aV’ (11)

where i and v are the peak current and the scan rate of CV curves, respectively, and a and b are adjustable
parameters'). As shown in Supplementary Figure 26, the corresponding b value of CAC is calculated to be
0.866, indicating that the storage process of ions in CAC electrode follows a typical capacitive-controlled
storage behavior. However, the b values change with the increase of ball milling time, indicating that
mechanochemical process changes the ions storage mechanism by reconstructing the multi-scale structure
of material, as shown in Supplementary Figure 27. Additionally, the quantification accuracy of the ratios of

diffusion- to capacitive-controlled processes was improved by

i = kv + k,v'/? (12)
Lo k,v'? + kv (13)

p1/2

where k, and k, are constants that can be calculated from CV curves at different scan rates.

As can be seen from Supplementary Figure 28, the calculated contributions of capacitive-controlled and
diffusion-controlled ion storage processes of CAC-x samples indicate that the diffusion-controlled ratios of
CAC-x first decrease from 42% for CAC to 37% for CAC-8 and then increase to 45% for CAC-24. Further
analysis of the correlation between the capacitances and pore parameters reveals a highly positive
correlation between the specific gravimetric capacitances and the proportions of micropore volume in
CAC-x (V’,10/ Vs Shown in Figure 3E).

To further demonstrate the contributions of oxygen atoms to capacitances, the samples of CAC, CAC-4 and
CAC-24 have been annealed at 800 °C for 1 h in hydrogen-argon mixture atmosphere to remove oxygen
atoms in the material, and the obtained samples were noted as CAC-H, CAC-4H and CAC-24H,
respectively. As shown in Supplementary Figure 29A and B, after mild treatment by H, reduction, CV
curves of CAC-H have the largest area at various scan rates, while the area of CV curves of CAC-4H and
CAC-24H are significantly reduced. It can also be seen from Supplementary Figure 29C and D that the GC
curves of CAC-H have the longest discharge time at different current densities. Further, the specific
gravimetric and volumetric capacitances of CAC-H, CAC-4H and CAC-24H at various scan rates were
calculated. As presented in Supplementary Figure 29E and F, CAC-H has the highest specific gravimetric
capacitances due to its high specific surface area and pore volume, while CAC-4H and CAC-24H have
almost the same specific capacitances although their specific surface area and pore volume are more than
ten times different. Therefore, it can be inferred that, in addition to the pseudocapacitances caused by the
doped oxygen atoms, the optimization of the pore structure also has an important contribution to the
capacitances.

Therefore, based on the above analyses of pore evolution pathway, although mechanical ball milling reduces
the overall specific surface area and pore volume of activated carbon, the optimization of pore network, the
increase in the proportions of micropore volume and the introduction of oxygen atoms in the ball milling
process significantly improve the ion storage and transportation dynamics, endowing the CAC-24 with
improved gravimetric capacitances. More importantly, the dense carbon skeleton of CAC-x can make great
improvements in the volumetric capacitances.
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Electrochemical performance in symmetrical supercapacitors

To delve deeper into the electrochemical characteristics of CAC-x, a set of two-electrode symmetrical
supercapacitors were constructed using 6M KOH as the electrolyte. Figure 6A and Supplementary Figure 30
showcase the CV curves of the CAC-x-based symmetrical supercapacitors at different scan rates, from
which the CV curves in the voltage window ranging from 0-1.0 V present approximately rectangular
structure and there are no significant redox peaks, indicating the typical capacitive behavior. Figure 6B and
Supplementary Figure 31 show the GC curves of CAC-x-based symmetrical supercapacitors at various
current densities, from which the GC curves present symmetrical triangles at various current densities. The
first-cycle Coulombic efficiency of the CAC-24-based symmetric supercapacitors at various current
densities has been investigated, with results shown in Supplementary Figure 32. As higher current densities,
the adsorption behavior primarily governs the electrochemical process, resulting in improved Coulombic
efficiency. In comparison, the Coulombic efficiency of symmetric supercapacitors is higher than that of
three-electrode systems, possibly because the two electrodes of symmetric supercapacitors are identical in
structure and material, which can reduce internal resistance and polarization during charging and
discharging processes. Figure 6C and D shows the Ragone plots of the gravimetric and volumetric energy
densities and power densities for the CAC-x-based symmetrical supercapacitors at different current
densities. As can be seen, both the gravimetric and volumetric energy densities of CAC-x-based
symmetrical supercapacitors are higher than those of pristine CAC-based symmetrical supercapacitors at
the same power densities. Furthermore, relations of the capacitance, energy density, and power density in
terms of mass and volume are shown in Supplementary Figure 33. Due to its highest capacitance and
density, the CAC-24-based symmetrical capacitor possesses the highest gravimetric energy density and
volumetric energy density. The conductivity and electrochemical reaction kinetics of CAC-x electrodes were
evaluated from the electrochemical impedance spectroscopy (EIS) spectra as shown in
Supplementary Figure 34. The z" axis intercept and the semicircle diameter at high frequency are related to
the intrinsic ohmic resistance (Rs) and the charge-transfer resistance (Rct), respectively, while the slope of
the oblique line at a low frequency represents the diffusion impedance. Due to the more suitable and cross-
linked pore structure distribution characteristics, CAC-24 has the smallest Rs, Rct and ion diffusion
impedance, which results in excellent electrochemical properties. In addition, the EIS profiles of CAC and
CAC-24 obtained before and after CV and GC tests were compared as shown in Supplementary Figure 35.
Compared with the EIS profiles before CV and GC tests, the slope of the oblique line at a low frequency of
CAC decreased after CV and GC tests, indicating an increase in ion diffusion resistance. For CAC-24, ion
diffusion resistance was almost constant whether before or after the CV and GC tests, which may be due to
the more connected pore structure.

For the volumetric energy storage characteristics emphasized in this work, the CAC-24 symmetrical
supercapacitor delivers a maximum volumetric energy density up to 11.32 Wh L™ based on skeleton density
of the active material when the volumetric power density is 223 W L [Figure 6E], which is higher than
those of the reported aqueous supercapacitors constructed by activated carbon or porous carbon'**"#+%<7,
Even at a high power output of 4.36 kW L7, the volumetric energy density can still maintain 8.48 Wh L,
demonstrating an excellent rate performance. Figure 6F further shows the cycling stability of CAC-24-based
symmetrical supercapacitors at the current density of 5 A g, which demonstrates an outstanding long-term
cycling stability with 85% capacitance retention after 30,000 cycles compared with other carbon-based
symmetric supercapacitors in Supplementary Table 7. The above electrochemical tests manifest that simple
mechanochemical post-treatment modification is an effective method for optimizing multi-scale structure,
with a focus on eliminating ineffective pores to achieve pore reconstruction and material density
improvement, thereby significantly improving the volumetric energy storage performances of carbon-based
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Figure 6. Electrochemical performances of symmetric supercapacitors using 6M KOH as electrolyte. (A) CV curves at various scan
rates of CAC-24-based symmetric supercapacitors in 6M KOH aqueous solution. (B) GC curves at various current densities of CAC-
24-based symmetric supercapacitors. (C) Gravimetric energy densities of CAC and CAC-x-based symmetric supercapacitors. (D)
Volumetric energy densities of CAC and CAC-x-based symmetric supercapacitors calculated by material skeleton densities. (E) Ragone
plots of CAC-24-based symmetric supercapacitors compared to some reported carbon-based supercapacitors in aqueous systems. (F)
Cycling performance at 5 A g of CAC-24-based symmetric supercapacitor.

porous electrodes. In addition, the electrochemical performances of CAC-x-based symmetrical
supercapacitors assembled with EMIMBE, as electrolytes with voltage windows ranging from 0-3.6 V have
also been tested with results shown in Supplementary Figures 36-38. Different from the results in aqueous
systems, it is not the CAC-24 with the longest ball milling time that shows the best gravimetric and
volumetric performances simultaneously. Among the obtained CAC-x, CAC-4-based symmetrical
supercapacitors have the highest gravimetric energy density of 34 Wh kg", while CAC-24-based
symmetrical supercapacitors have the highest volumetric energy density of 42.3 Wh L due to their high
density. It may be due to the mismatch between the ultra-micro pores of CAC-24 and the ions in the ionic
liquid system. It implies that pore structure optimization by mechanochemical modification should match
the target ions in the electrolyte.

CONCLUSION

In summary, we report that the multi-scale structure of activated carbon can be adjusted by a simple
mechanical ball milling post-treatment method, and the deep optimization of the pore structure has been
achieved. Ineffective pores such as intergranular and closed pores were eliminated to achieve higher
proportions of micropore volume in the total pore volume, more cross-linked pore structure distribution
and higher material density, simultaneously. In addition, oxygen atoms introduced by the ball milling
process also contribute to the pseudocapacitances. The obtained dense carbon material has a higher
volumetric specific capacitance of up to 602 F cm™ at 0.5 A g with an ultra-low specific surface area of
33m’ g'. The aqueous symmetric supercapacitor assembled with 6M KOH as the electrolyte delivers a
maximum volumetric energy density of 11.32 Wh L when the volumetric power density is 223 W L. This
work proposes a simple and universal post-treatment method to optimize the pore structure of porous
carbon for compact energy storage.
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