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ABSTRACT

To explore new pathways for the resource utilization of pharmaceutical solid waste, activated carbon was pre-
pared using Western medicine residues as raw materials through a pre-carbonization-deashing-KOH activation
process, and the effect of the alkali-to-carbon ratio on material structure and capacitance performance was sys-
tematically studied. The results show that with the increase of the alkali-to-carbon ratio, the crystallinity of the
activated carbon decreased, defect concentration increased, specific surface area increased from 357.96 m2/g
to 3131 m2/g, total pore volume increased from 0.325 cm3/g to 2.8 cm3/g, and micropore ratio reached a
maximum of 39.89%. When the alkali-to-carbon ratio was 3:1, the resulting activated carbon exhibited a specific
capacitance of 326 F/g at a current density of 0.5 A/g and maintained 245 F/g at 10 A/g, with a rate capability of
75.1%. The symmetric supercapacitor assembled from it showed a specific capacitance of 248.6 F/gat 0.5 A/g in
6 M KOH electrolyte and a capacitance retention of 96.01% after 10,000 cycles; in 1 mol/L Et4NBF4/PC organic
electrolyte, the device achieved an energy density of 26.74 Wh/kg and a power density of 4988.5 W/kg. This pro-
cess achieves the transformation of Western medicine residues into high-performance energy storage materials.

Keywords: Western Medicine Residue; Biomass; Solid Waste Resource Utilization; Supercapacitor; Electrode
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Introduction

With the improvement of health awareness, the continuous
growth of people’s demand for pharmaceutical products drives the
rapid development of the pharmaceutical industry, and the prosperi-
ty of the pharmaceutical industry is also facing severe environmental
challenges, the data shows that the annual output of pharmaceutical
residue in the country has exceeded 10 million tons, of which 70 mil-
lion tons of traditional Chinese medicine residue and about 1.9245
million tons of Western medicine residue. According to the “National
Hazardous Waste List 2025 Edition”, Western medicine residue is a
hazardous waste and needs to be disposed of harmlessly through ef-
fective resource utilization. At present, conventional treatment meth-
ods for drug residue include landfill, incineration and open stacking.
However, these methods have significant disadvantages: they can
easily lead to groundwater and soil pollution, occupy a large amount
of land resources, and are accompanied by potential environmental
risks such as the release of heavy metal leachate and greenhouse gas
emissions. The core of the harm of Western medicine residue lies in its
residual active drug ingredients, especially antibiotics and hormones.
Once these ingredients enter the environment, they can pollute water
and soil, disrupt ecological balance, give rise to drug-resistant bac-
teria, and ultimately threaten human health and food safety through
various channels.

Therefore, the development of drug residue resource utilization
technology with both economic and environmental benefits has be-
come a hot area of interdisciplinary research. The existing resource
utilization methods of chemical residue mainly include soil ecologi-
cal amendments, biofuels, feed additives, composting treatment, and
anaerobic fermentation to prepare biogas. Although these methods
have achieved the recycling of drug residues to a certain extent, they
still have problems such as low treatment efficiency and easy to cause
secondary pollution. The residue is rich in cellulose, lignin, crude
protein, crude fat and a variety of trace elements, which provides a
material basis for its high-value utilization, and the pyrolysis and con-
version of it to prepare biochar can not only effectively overcome the
shortcomings of long treatment cycle and low utilization rate of tradi-
tional methods, but also have good applicability to complex Chinese
medicine residue and Western medicine residue. Supercapacitors are
energy storage devices between traditional capacitors and chemical
batteries, which store electrical energy through electric double-layer
capacitors and pseudocapacitor mechanisms, and are considered one
of the most promising energy storage systems due to their excellent
power density, reliable cycle life, ultra-fast charging rate, and wide
range of operating conditions.

At present, supercapacitors have formed large-scale applica-
tions in many fields such as transportation, electronic equipment,
and power systems, and continue to expand emerging scenarios. The
core of supercapacitors lies in electrode materials, which are mainly
conductive polymers, metal oxides, and carbon-based materials. As

the mainstream material of current supercapacitor electrodes, car-
bon-based materials can efficiently transport electrons and absorb a
large amount of charge due to their high conductivity, large specific
surface area and excellent chemical stability, and occupy a dominant
position in supercapacitor applications. Common carbon-based ma-
terials include carbon nanotubes (CNTs), graphene, activated carbon
(AC) and other new carbon materials. It is particularly noteworthy
that activated carbon occupies more than 90% of the supercapacitor
electrode material market share due to its extremely high specific
surface area, adjustable pore structure, and low cost. The key to the
preparation of activated carbon lies in the selection of precursors, and
the main sources include polymers (synthetic polymers and natural
polymers), minerals (coal, asphalt and oil) and biomass.

Among them, widely available and environmentally friendly re-
newable biomass and biomass waste have been widely recognized
as highly potential carbon precursors due to their sustainability and
structural characteristics, for example: Han, et al. [1] prepared acti-
vated carbon from herbaceous waste (specific surface area >2000
m?/g), with a specific capacitance of 127 F/g (retention rate of 92%
at 30 mA/cm?); Du, et al. [2] developed nitrogen-doped porous car-
bon from celery, achieving 402 F/g in 1 M H,SO, (1 A/g) with a 97%
retention after ten thousand cycles; Nattapat [3] assembled symmet-
ric capacitors using cashew shell-derived carbon, reaching an ener-
gy density of 2.43 Wh/kg (1002 W/kg) with 87% cycle stability (1.0
A/g, 10,000 cycles). Therefore, biomass-based precursors, due to
their renewability, abundant natural heteroatom resources, and di-
verse structural features, have become the ideal choice for preparing
high-performance activated carbon electrodes for supercapacitors.

In view of this, this study uses Western medicine residues as
precursors to prepare activated carbon for supercapacitors through
high-temperature carbonization, deashing treatment, and chemical
activation, investigates the effects of the alkali-to-carbon ratio on the
microstructure and morphology of the activated carbon, evaluates
its electrochemical performance as supercapacitor electrode ma-
terial, and studies the structure-property relationship between the
microstructure and electrochemical performance of activated carbon
derived from Western medicine residues. This study achieves the
conversion of Western medicine residue waste into functional car-
bon materials, significantly reducing the environmental risks of solid
waste while creating considerable economic added value, perfectly
aligning with the concept of sustainable development. At the same
time, it demonstrates that activated carbon derived from waste bio-
mass has great application potential as a low-cost, high-performance
electrode material. This work provides important experimental ev-
idence and theoretical support for developing widely available, in-
expensive, and high-performance biomass-derived carbon materials
and has positive significance for promoting the development of green
energy storage devices.
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Experiment
Reagents and Instruments

Hydrochloric acid (35% wt), Yantai Shuangshuang Chemical Co.,
Ltd.; anhydrous ethanol (99.5%), Tianjin Comeo Chemical Reagent
Co., Ltd.; deionized water, Jiaozuo Xinbailong Trading Co., Ltd.; aque-
ous electrolyte (6 mol/L KOH solution, homemade); PTFE emulsion
(60%), Dongguan Kelude Innovation Technology Co., Ltd.; superca-
pacitor electrolyte (1 M Et,NBF,/PC), Dongguan Kelude Innovation
Technology Co., Ltd. Tube furnace (SK-G06123K, Tianjin Zhonghuan
Electric Furnace Co., Ltd.); vacuum drying oven (DZF-6020AB, Beijing
Zhongxing Weiye Instrument Co., Ltd.); electronic analytical balance
(BS-224S, Baijing Saiduosi Instrument Company); electrochemical
workstation (CHI 760E, Shanghai Chenhua Instrument Company);
button cell sealing machine (MSK-110, Shenzhen Kejing Zhida Tech-
nology Co., Ltd.); vacuum glove box (Super(1220/750), Shanghai Mi-
cro-Na Electromechanical Technology Co., Ltd.).

Preparation of Activated Carbon from Chemical Medicine
Residues

Weigh 500 g of Western medicine residue, put it in a solid sample
crusher (model XA-3) for 1 minute, and sift it with a 200-mesh sieve.
20 g of sieve was weighed in a tube furnace (SK-G06123K), heated
to 600 °C for 2 h at a heating rate of 5 °C/min under N, atmosphere,
and the carbonized material (initial ash fraction was 42.76%) after
natural cooling. Hydrochloric acid (35 wt.%) was used to deminer-
alize the carbonized material. Weigh 15 g of carbonized material in a
1000 mL beaker, add 500 mL of dilute hydrochloric acid solution (the
volume ratio of deionized water to hydrochloric acid is 3:1), stir in a
water bath at 60 °C for 3 h, then wash and filter, collect and purify the
activated carbon for drying, reduce the ash content from 42.76% to
8.6%, and label it as BC. Weigh 5 g BC, mix with KOH according to the
alkali-carbon ratio of 1:1, 2:1, 3:1, 4:1, and grind for 10 minutes. Then
put into a tubular furnace and activate at a heating rate of 5 °C/min to
800 °C for 2 h in an N, atmosphere, and collect the activation materi-
al after natural cooling. The activation material was pickled and pre-
pared with 500 mL of hydrochloric acid solution (the volume ratio of
deionized water to hydrochloric acid was 3:1), then the activation ma-
terial was added, heated in a water bath at 60 °C for 3 h, then filtered,
and the filter cake was repeatedly washed with deionized water until
the filtrate was neutral (pHx7). The washed samples were placed in a
blast drying oven and dried at 80 °C for 12 h. The resulting activated
carbon was named AC-800-1, AC-800-2, AC-800-3 and AC-800-4, cor-
responding to alkali-carbon ratios of 1:1, 2:1, 3:1 and 4:1, respectively.

Material Characterization

The microstructure of the activated carbon materials was char-
acterized using a scanning electron microscope (SEM, Merlin Com-

pact). The crystal structure was analyzed using an X-ray diffractom-
eter (XRD, SmartLab (9 kW)), with the testing conditions: Cu target
Ka radiation (A=0.15406 nm) as the radiation source, scanning range
of 10°-80°, scanning rate of 10°/min, and scanning step of 0.02°. The
pore structure parameters of the samples (specific surface area, pore
volume, pore size distribution) were measured using an independent
four-station micropore physical adsorption analyzer. The defect de-
gree of the materials was evaluated using a high-resolution confocal
laser Raman spectrometer (alpha300R) with a laser wavelength of
532 nm and a testing range of 400-4000 cm™.

Preparation of Supercapacitor Electrode Materials and
Evaluation of Electrochemical Performance

Mix activated carbon, conductive carbon black (Super-P), and the
binder polytetrafluoroethylene (PTFE) in a mass ratio of 8:1:1 in an
agate mortar. Add a small amount of anhydrous ethanol and grind
for 30 minutes until a uniform paste is formed. Press the paste into
sheets and then cut into round electrodes with a diameter of 10 mm.
Dry the electrode sheets in a vacuum oven at 80 °C for 12 hours, weigh
them, and set aside (mass range: 2-4 mg).

Three-Electrode System Testing: A 6 M KOH solution was used
as the electrolyte. Working electrode preparation: cut a piece of nickel
foam measuring 1x3 cm? wrap the above circular electrode sheet, and
press it into a sheet using an electric powder press at a pressure of 10
MPa. The counter electrode was a platinum foil (1x1 cm?), and the
reference electrode was a Hg/HgO electrode. Testing was conducted
using a Shanghai Chenhua Electrochemical Workstation (CHI760E).
Galvanostatic charge/discharge (GCD) was performed over a poten-
tial range of -1-0 V, with current densities of 0.5 A/g, 1 A/g, 2 A/g,
3A/g, 4A/g 5A/g and 10 A/g. Cyclic voltammetry (CV) was per-
formed over a potential range of -1-0 V, with scan rates of 5 mV/s, 10
mV/s, 20 mV/s, 50 mV/s, and 100 mV/s. Electrochemical impedance
spectroscopy (EIS) measurements were conducted with an amplitude
of 5 mV and a frequency range of 0.01-100 kHz.

Aqueous Two-Electrode System Testing

Assembling CR2032-type symmetric supercapacitors: Use 6 M
KOH solution as the electrolyte, glass fiber (Whatman, GF/C) as the
separator, and select two circular electrodes with similar mass as the
positive and negative electrodes. Let the assembled cell stand for 10
hours to allow the electrolyte to fully infiltrate. Perform GCD, CV, and
EIS tests using the Shanghai Chenhua CHI760E workstation (param-
eters are the same as those in the three-electrode system, with the
potential range set to 0-1 V). Use the LANDBlue (LAND) testing sys-
tem for long-cycle performance testing: carry out 10,000 GCD cycles
at a current density of 1 A/g. Set CV and GCD potential ranges to 0-1
V, with other testing parameters kept consistent with the three-elec-
trode system.
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Organic Two-Electrode System Testing

Assemble CR2032-type symmetric supercapacitors in an ul-
tra-high purity argon glove box (H,0 < 0.01 ppm, O, < 0.01 ppm), with
the electrolyte being supercapacitor electrolyte (Et,NBF,/PC) and the
separator being glass fiber (Whatman, GF/C). After assembly, use a
hydraulic press (MSK-110) to encapsulate and mold the cells. After
standing for 10 hours, electrochemical testing is carried out using a
Shanghai Chenhua CHI760E workstation (with the potential range
set to 0-2.5 V, and other test parameters the same as those in the
three-electrode system). The specific capacitance of the symmetric
capacitor is calculated from GCD data, as shown in equation (1):

=22 (1)
mAV

In the formula, I, At, AV, and m represent the discharge current
(A), discharge time (s), voltage change (V), and mass (g) of the single
electrode active material, respectively.

The specific capacitance of the three-electrode testing system is

calculated using formula (2):
AN
Cc= W (2)

In the formula, I is the discharge current (A), At is the discharge
time (s), AV is the potential change (V), and m is the mass of the active
material (g). The formulas for energy density E (in Wh/kg) and power
density P (in W/kg) are shown in equations (3) and (4):

2
_cav )
8x3.6
3600E
iy )

In the formula, C is the specific capacitance of the capacitor (F/g);
[ is the charge-discharge current (A); At is the discharge time (s); m
is the mass of the active material of a single electrode (g); AV is the
voltage window during the discharge process (V).

Results and Discussion

Study on the Fundamental Physicochemical Properties of
Chemical Medicine Residues

Proximate Analysis and Cellulose Analysis of Chemical Medi-
cine Residues: The Western medicine residue used in this study was
obtained from Henan Tianfang Pharmaceutical Co., Ltd., and its prox-
imate analysis and cellulose analysis are shown in Tables 1 & 2. The

volatile matter content of the Western medicine residue is 60%, the
fixed carbon content is 13%, the ash content is 17%, and the moisture
content is 10%. The contents of cellulose, hemicellulose, and lignin
are 8.1%, 3.9%, and 9.8%, respectively. The data in Table 2 were de-
termined by high-performance liquid chromatography (HPLC) com-
bined with the NREL method. The total mass proportion of cellulose,
hemicellulose, and lignin in the Western medicine residue is 21.8%,
which is much lower than the total proportion of organic components
in typical dry biomass, indicating that the Western medicine residue
contains a higher proportion of ash and a large amount of volatile
matter. The results of the proximate analysis in Table 1 (ash content
17%, volatile matter content 60%) also confirm this.

Table 1: Proximate Analysis (Mass Fraction).

. Volatile Fixed
Sample Moisture/% | Ash/% Matter/% | Carbon/%
Chemicall Medicine 10 17 60 13
Residue
Table 2: Cellulose Analysis (Mass Fraction).
Sample Cellulose/% | Hemicellulose/% | Lignin/%
Chemical. Medicine 81 39 98
Residue

Thermogravimetric Analysis of Chemical Medicine Residues:
Thermogravimetric analysis (TGA) was used to study the thermal
decomposition behavior of pharmaceutical residue (Figure 1). Anal-
ysis of the TG curve shows that the pyrolysis process of the phar-
maceutical residue can be divided into three main stages: The first
stage is from room temperature to 170 °C, attributed to the release
of water; this stage is mainly accompanied by the volatilization of
low-molecular-weight compounds and adsorbed water, resulting in
a sample mass loss of about 7%. The second stage occurs between
200-600 °C, corresponding to the large-scale removal of volatiles; this
stage is mainly dominated by the thermal decomposition of cellulose
and hemicellulose, while high-molecular-weight compounds under-
go bond cleavage, generating small-molecule volatile products. The
maximum decomposition rate occurs at 310 °C (0.34 %/min), and the
cumulative weight loss in this stage reaches 56%. The third stage is
above 600 °C, belonging to the formation and stabilization of the car-
bon skeleton, mainly involving the slow decomposition of lignin and
the rearrangement of aromatic structures.
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Figure 1: TG/DTG curve of Western medicine residue.

A decomposition rate peak appears at 670 °C (0.05 %/min), and
as the temperature continues to rise, pyrolysis approaches comple-
tion and the carbonization process ends. In the carbonization process,
too low a temperature easily causes incomplete removal of volatiles,
affecting subsequent activation; too high a temperature will increase
energy consumption. Therefore, reasonably selecting the carboniza-
tion temperature is crucial. Based on the above analysis, 600 °C is
chosen as the carbonization temperature, which is more appropriate:
at this temperature, the volatiles have been fully released, the carbon
skeleton is initially formed, and energy consumption from high tem-
peratures can be avoided.

Characterization of Activated Carbon Structure and Prop-
erties

X-ray Diffraction and Raman Spectroscopy Analysis: Figure
2(a) shows the XRD spectra of biochar (BC) and activated carbon
samples (AC-800-1, AC-800-2, AC-800-3, and AC-800-4) activated
with different alkali-carbon ratios. All samples had diffraction peaks
at about 24° and 43°, and there were no other heterogeneous peaks,
indicating that the resulting materials were all high-purity carbon
materials. BC presents widened and weak diffraction peaks at the
corresponding positions, which belong to the (002) crystal plane
of graphite-like structure and the (100) crystal plane of amorphous
carbon, respectively [4], indicating that BC is dominated by highly

disordered amorphous carbon, with a low degree of crystallization
and a small graphite crystalline size [5,6]. With the increase of the
alkali-carbon ratio (from AC-800-1 to AC-800-4), the diffraction peak
(002) gradually widens and shifts slightly to the lower angle, indicat-
ing that KOH activation significantly destroys the ordered structure
of graphite microcrystals, resulting in a further decrease in material
crystallinity, an increase in carbon layer spacing d(ooz), and a signifi-
cant increase in defect density and pore structure [7].

The above analysis showed that increasing the alkali-carbon ratio
could effectively promote the pore development and specific surface
area of activated carbon, and reduce the degree of graphitization. The
continuous widening of the diffraction peak further confirmed the
decrease of crystal size and the increase of structural defects, indicat-
ing that the amorphous carbon characteristics of the material became
more significant with the deepening of activation. The Raman spectra
in Figure 2(b) show two distinct characteristic peaks near 1350 cm™!
and 1600 cm?, corresponding to the D-band for disordered structures
or defects in carbon materials, and the G-band for oscillating with-
in the lattice plane of sp? hybrid carbon atoms [8,9]. The D-band to
G-band strength ratios (I,/1.) of BC, AC-800-1, AC-800-2, AC-800-3,
and AC-800-4 were 0.89, 0.95, 1.01, 1.04, and 0.96, respectively, and
the I /1, values of activated activated carbon were higher than those
of BC, and lower I /I values usually indicated a high degree of graphi-
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tization [10], indicating that the activation of KOH reduced the degree
of graphitization. It was shown that the activation process improved
the porosity of the activated carbon structure and enhanced the dis-

order of the material, and more defects provided more adsorption
sites for ion adsorption, while graphitized carbon with good conduc-
tivity also promoted charge transfer.

(a)
| acsnos " TNl
AC-800-4
1,/1,=2.01
AC-800-3
1y/l=1.72
AC-800-2
Iyl =143
AC-800-1 ! |
| BC TN el
1 1 1 1 1 1 1 1 L 1
10 20 30 40 50 60 70 80 300 1000 200 2000 T30
240 Raman shift/cm™
Figure 2:

a)  XRD pattern and
b)  Raman spectrum of activated carbon.

Adsorption Isotherms and Pore Structure Analysis: According
to the classification criteria of the International Union of Pure and Ap-
plied Chemistry (IUPAC), the N, adsorption-desorption isotherms of
BC, AC-800-1, and AC-800-2 exhibit typical I-type characteristics (Fig-
ure 3a), and their adsorption capacity increases rapidly in the lower
relative pressure region (P/P, < 0.01), indicating that the sample is
dominated by microporous structure [11], which is consistent with
the higher microporosity in the pore size distribution (Figure 3b)
and the corresponding pore structure parameters (Table 3). In con-

Table 3: Pore structure parameters of activated carbon.

trast, the isotherms of AC-800-3 and AC-800-4 show the composite
characteristics of type I and type IV: the adsorption capacity increas-
es sharply at very low relative pressure, indicating the presence of
significant micropores. In the medium-pressure region (0.4~0.95 P/
P0), a significant lag ring appears, indicating capillary cohesion and
revealing the existence of mesopores [12]. The adsorption capacity
continued to rise when approaching saturated vapor pressure (P/
P ~1), suggesting that there were a small number of macropores in
the material.

Sample Sy /m>51 V,o/cm’-g? V o/cm’-g? Voo Vil 0 Daverage/nm
BC 357.968 0.3254 0.116 35.6 5.185
AC-800-1 2017.58 1.201 0.575 47.88 3.31
AC-800-2 3388.825 2.176 1.21 55.6 2.568
AC-800-3 3525.199 2.74 1.207 44.05 3.109
AC-800-4 3131.602 2.8 1.117 39.89 3.577
Copyright@ : Zhang Xin| Biomed ] Sci & Tech Res | BJSTR.MS.ID.010157. 57375
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Figure 3:

a) N, adsorption-desorption isotherms and
b)  Pore size distribution diagram of activated carbon.

This hierarchical porous structure, which is dominated by mi-
cropores and has both mesoporous and macroporous, has significant
advantages: micropores contribute a high specific surface area and a
large number of adsorption sites, mesopores serve as low-resistance
ion transport channels, and macropores act as ion buffers, and the
synergistic effect of the three jointly improves the specific capaci-
tance and rate performance of electrode materials [13]. From the data
listed in Table 3, it can be seen that with the increase of alkali-carbon
ratio, the specific surface area and micropore ratio of the sample in-
crease first and then decrease, while the average pore size gradually
increases. This phenomenon can be attributed to the fact that mod-
erate increase in alkali-carbon ratio contributes to the formation of a
large number of micropores, thereby increasing the proportion of mi-
cropores and specific surface area. However, when the alkali-carbon
ratio is too high, the violent activation reaction leads to the collapse of
some microporous walls or the merger of adjacent micropores, trans-
forming into mesoporous or even macroporous. Therefore, although
the total pore volume continued to increase, the proportion of micro-
pores decreased, and the mesoporous pore volume increased, and the
average pore size also increased.

Scanning Electron Microscopy Analysis: The scanning elec-
tron microscope (SEM) image of BC in Figure 4(a) shows an overall
smooth and dense surface, with only a few sparse pores, a morpho-
logical feature consistent with its relatively low specific surface area
(357.97 m?/g), indicating that the high-temperature carbonization
process alone contributes little to the pore structure. After KOH acti-
vation, the surface morphology of the material changes significantly.
AC-800-1 and AC-800-2 (Figures 4b & 4c) exhibit rich and well-devel-
oped porous structures, forming a continuous porous network. This
morphological difference is consistent with the significant differences
in specific surface area and total pore volume between BC and the

two activated carbons shown in Table 3. This significant change main-
ly originates from the strong chemical etching effect on the carbon
framework during the KOH activation process. This reaction creates
a large number of pores, which not only significantly increases the
specific surface area but also provides more active sites for ion ad-
sorption. With the further increase of the alkali-to-carbon ratio, the
surface of AC-800-3 (Figure 4d) exhibits an open pore structure with
significantly enlarged pore sizes, an increased number of pores, and
interconnectivity, indicating that the intense chemical corrosion at a
high alkali-to-carbon ratio leads to the merging of some micropores
to form mesopores and a small number of macropores.

This observation strongly corresponds with the significant de-
crease in micropore ratio of AC-800-3 shown in Table 3. In AC-800-4
(Figure 4e), the morphology further evolves into a continuous net-
work structure composed of super-large pores intertwined with fine
internal pores, with some pore walls showing signs of breakage and
reorganization. This morphological feature indicates that its pore
system is more open and has stronger connectivity. The evolution
pattern of pore structures observed by SEM (micropore formation
— micropore merging to form mesopores/ macropores — excessive
pore expansion) is highly consistent with the pore structure param-
eters in Table 3 (such as increased average pore size and decreased
micropore proportion), indicating that KOH activation can effectively
generate abundant micropores through carbon etching, significantly
enhancing the specific surface area and the number of adsorption
sites; under higher alkali-to-carbon ratio conditions, it further induc-
es micropore merging to form mesopores and macropores, thereby
broadening ion transport pathways and reducing diffusion resistance.
This controllable hierarchical pore system synergistically provides a
structural basis for improving the electrochemical performance of
electrode materials.
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Figure 4: SEM image of activated carbon:

a) BC,

b) AC-800-1,
o AC-800-2,
d)  AC-800-3,
e)  AC-800-4.

Electrochemical Performance Testing

To systematically evaluate the electrochemical performance of ac-
tivated carbon samples, tests were conducted using a three-electrode
system in 6 M KOH electrolyte. As shown in Figure 5(a), the CV curves
of all samples at different scan rates exhibit an almost rectangular
shape, indicating their typical double-layer capacitance behavior,
with good reversibility and reaction stability [14]. Among them, the
CV curve of AC-800-3 encloses the largest area, indicating its superior
capacitance performance, which is closely related to its higher specif-
ic surface area and well-developed microporous structure, providing
abundant active sites for ion migration and adsorption [15]. GCD test
results (Figure 5b) further confirmed the capacitive behavior of the
material. All curves exhibited highly symmetrical triangular shapes,
with no significant voltage drop, reflecting low internal resistance and
good reversibility. AC-800-3 showed the longest charge-discharge

time, corresponding to the highest specific capacitance. According to
formula (2), at a current density of 0.5 A/g, the specific capacitances
of BC, AC-800-1, AC-800-2, AC-800-3, and AC-800-4 were 155.44 F/g,
195.02 F/g, 255.06 F/g, 326.03 F/g, and 301.47 F /g, respectively.

The slight distortion of the GCD curves at high potential regions is
also consistent with pseudocapacitive behavior. With increasing scan
rate and current density, the CV curves of AC-800-3 still maintained
a good rectangular shape (Figure 5c¢), and the GCD curves showed no
obvious deformation (Figure 5d), indicating excellent rate perfor-
mance. This phenomenon can be attributed to its hierarchical pore
structure: micropores (providing a specific surface area up to 3096.3
m?/g) contribute a large number of adsorption sites, while meso-
pores/macropores provide efficient pathways for rapid ion diffusion,
jointly optimizing charge storage and transport Kkinetics. As shown in
Figure 5(e), AC-800-3 exhibited the highest specific capacitance in the
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range of 0.5-10 A/g, and maintained a capacity of 75.22% at a high  curve and the real axis represents the equivalent series resistance Rs
current density of 10 A/g, showing excellent rate performance. The [16], and the Rs values are sorted from largest to smallest: AC-800-2
dynamic properties of the electrode process were further explored > AC-800-4 >BC>AC-800-1>AC-800-3, where AC-800-3 has the low-
by EIS analysis (Figure 5f). The intercept between the high-frequency  estRs (0.56 Q), indicating that it has the best electronic conductivity.
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Figure 5:
a) CV curve at a scanning rate of 5mV/s;

b)  GCD curve at an current density of 0.5A/g;

c¢)  CV curves of AC-800-3 at different scanning rates;

d)  GCD curves of AC-800-3 at different current densities;
e)  Specific capacitance at different current densities;

f) Electrochemical impedance spectroscopy.
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The diameter of the semicircle in the mid-frequency region rep-
resents the charge transfer resistance Rct [15], and the Rct of AC-
800-3 and AC-800-4 is the smallest. All samples have near-vertical
curves in the low frequency region, indicating ideal capacitance char-
acteristics, with AC-800-3 having the largest slope and representing
a faster ion diffusion rate. Comparing the specific capacitance value
of AC-800-3 with the waste biomass-derived activated carbon in the
existing literature (Table 4), it can be seen that the residue-based
activated carbon prepared in this study has obvious advantages in
specific capacitance and shows good application potential. To further

evaluate the performance of activated carbon samples in practical
supercapacitors, symmetric supercapacitors were assembled using 6
M KOH aqueous solution as the electrolyte, and their electrochemical
properties were systematically tested (Figure 6). As shown in Figures
6(a) & (b), all samples exhibited typical electric double-layer capac-
itance behaviour, with the supercapacitor assembled from AC-800-3
showing the largest CV curve integration area and the longest GCD
charge-discharge time, indicating that it possesses the highest charge
storage capacity.

Table 4: Comparison of specific capacitance between biomass-derived activated carbon and AC-800-3.

Carbon Precursor Activator Specific Capacitance (E/g) Electrolyte Current Density Reference
Waste Rice Husk KOH 147F/ g 6 M KOH 0.1A/g [25]
Waste Bamboo KOH 258 F/g 6 M KOH 01A/g [26]
Pea Pod KOH 192.7F/g 6 M KOH ImA/cm? [27]
Lotus Seedpod Shell KOH 165F/g 3 M KOH 0.5A/g [28]
Banana Tissues KOH, ZnCl, 66F/g 1M NaSO, 05A/g [29]
Pinus Roxburghii KOH 78F/g 1M Na,SO, 1A/g [30]
Purple Corncob KOH 195F/g 1MH,SO, 0.5A/g [31]
Chemical Medicine Residue KOH 326.03F/g 6 M KOH 05A/g This work
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Figure 6:
a) CV curves at a scan rate of 5 mV/s;
b)  GCD curves at a current density of 0.5 A/g;
c)  Specific capacitance at different current densities;
d) 5000 cycles of the AC-800-3 symmetric capacitor at a current density of 1 A/g.
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According to Equation (1), at a current density of 0.5 A/g, the spe-
cific capacitance based on the total mass of electrode materials was
calculated to be: BC (85.21 F/g), AC-800-1 (138.15 F/g), AC-800-2
(176.85 F/g), AC-800-3 (248.6 F/g), AC-800-4 (234.34 F/g). The ex-
cellent capacitive performance of AC-800-3 is mainly attributed to its
optimized hierarchical pore structure, which not only provides abun-
dant ion adsorption sites but also ensures efficient transport of elec-
trolyte ions. Figure 6(c) shows the rate performance of the capacitor
at current densities ranging from 0.5 to 10 A/g. AC-800-3 consistently
exhibits the highest specific capacitance, and even at a high current
density of 10 A/g, its specific capacitance still retains 77.51% of the
capacity at 0.5 A/g, demonstrating excellent rate performance. This
result is closely related to its well-developed porous structure, which
effectively facilitates rapid ion transport at high currents and miti-
gates diffusion limitations. In addition, the symmetric capacitor as-
sembled with AC-800-3 maintains a Coulombic efficiency of approxi-
mately 99.99% after 5,000 cycles at a current density of 1 A/g (Figure
6d), fully demonstrating the capacitor’s outstanding electrochemical
cycling stability.

Using 1 M Et,NBF,/PC as the electrolyte, a symmetric AC-800-3

capacitor was assembled in a super-purified glove box, and its elec-
trochemical performance was tested at a high operating voltage of
0-2.5 V. The results are shown in Figure 7. The cyclic voltammetry and
galvanostatic charge-discharge curves in Figures 7(a) & (b) maintain
good rectangular and symmetric triangular shapes, respectively, and
even at higher scan rates and current densities, no significant distor-
tion is observed, indicating that the capacitor still exhibits excellent
capacitance behaviour and electrochemical reversibility in organic
electrolytes [17]. As shown in Figure 7(c), the specific capacitance
of the AC-800-3 symmetric capacitor decreases only slightly as the
current density increases, with a specific capacitance of 225.75 F/g
at 0.5 A/g and still maintaining 214.03 F/g at 10 A/g, resulting in a
capacitance retention rate as high as 94.8%, demonstrating excellent
rate performance. Figure 7(d) shows the relationship between the
device’s energy density and power density. According to calculations
using formulas (3) and (4), the energy density reaches 45.3 Wh/kg
at a power density of 309.23 W/kg; even when the power density in-
creases to 4988.5 W/kg, the energy density can still be maintained at
26.74 Wh/kg. Compared with other biomass-based carbon materials
[18-24], this device shows a significant advantage in terms of both
energy and power characteristics [25-31].
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Figure 7:
a)

b) GCD curves at different current densities;
c)  Specific capacitance at different current densities;
d)  Ragone plot (energy density vs. power density.

Power density/W-kg!

CV curves of the AC-800-3 symmetric capacitor at different scan rates;
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Conclusions

This study successfully transformed hazardous waste pharmaceu-
tical residues into high-performance porous carbon materials through
a pre-carbonization-deashing-KOH activation process, systematical-
ly revealing the regulatory mechanism of the alkali-to-carbon ratio on
the material’s structure and electrochemical performance. As the al-
kali-to-carbon ratio increases, the degree of graphitization of the ma-
terial decreases, defect density significantly increases, and the pore
structure is effectively optimized; however, an excessively high alka-
li-to-carbon ratio can also cause partial collapse of the microporous
structure, leading to an increase in the proportion of mesopores and
macropores. Electrochemical test results indicate that the prepared
Western medicine residue-based capacitive carbon exhibits excellent
specific capacitance and rate performance in a three-electrode sys-
tem, outperforming most reported biomass carbon materials. This is
mainly attributed to its high specific surface area, hierarchical porous
structure, and possibly existing surface functional groups.

The further assembled symmetric supercapacitors demonstrate
high specific capacitance, excellent cycling stability, and high ener-
gy density in both aqueous and organic electrolytes, showing good
potential for practical applications. This study achieved a high-value
conversion of hazardous pharmaceutical waste residue into high-per-
formance capacitive carbon by constructing a hierarchical porous
structure through adjusting the alkali-to-carbon ratio and optimizing
electrochemical performance. It exhibited excellent comprehensive
performance in various electrolyte systems. This provides a feasible
technical pathway for the resource utilization and high-value applica-
tion of pharmaceutical solid waste, and has important reference value
for the development of green and economical biomass-based energy
storage materials.
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