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Conventional disposal methods of chromium-tanned leather waste (CTLW) pose significant environmental
pollution and potential leaching of heavy metals into soil and water. To address this issue, we designed a sus-
tainable recycling method to convert CTLW into value-added products through chromium extraction and acti-
vated carbon production. Three different approaches, including two solution-phase extractions using HoSO4 and
NaOH, and a solid-phase physical separation using CHCl3-H20, were introduced to remove Cr from the chemi-
cally activated biochar. The physicochemical analysis shows no trace of Cr in the final carbon sample, which is
highly microporous and has a specific surface area of 1934 m? g~!. The activated carbon was then used in a
symmetric supercapacitor and tested in organic and aqueous electrolytes. The cell exhibits a maximum specific
capacitance of 181.4 F g™! in 6 M KOH, and 112.8 F g™! in 1 M TEABF4/ACN electrolytes at 1 A g~'. The
extracted Cr in the form of Cro03 was used to produce high-voltage cathode material, LiMnCrOy4. The prepared
Li-half cell shows a high specific capacity of 192.7 mAh g ! along with notable stability and coulombic effi-
ciency. This dual-functional approach mitigates environmental hazards and promotes sustainable resource uti-

lization for energy storage applications.

1. Introduction

Leather manufacturing is indisputably a major industry with a sig-
nificant economic impact on an international scale. The tanning process
plays a significant role in leather production, improving the durability
and versatility of hides and skins. Chromium(III) salts, such as chro-
mium sulfate (Cr(OH)SO4), are widely utilized in the leather tanning
industry, and 80-90% of global leather is processed using the chrome
tanning method. [1-3] The process of chromium tanning alters the
collagen structure in animal skin, leading to the bonding of collagen
subunits into crosslinks, which results in the formation of a colla-
gen-chromium complex. This intricate structure arises from the chemi-
cal interaction involving the Cr(IlI) complex and the carboxyl groups
present in aspartic and glutamic acids within the collagen framework.
[4-6] As a result, the tanning agent reinforces the macromolecular
framework of collagen in the hide, enhancing the durability of leather
against environmental factors and various forms of biological degrada-
tion. In the processes of trimming, shaving, and finishing stages of
leather production, a significant quantity of chromium-tanned leather

waste (CTLW) is produced. [7,8] Under different environmental condi-
tions, the residual Cr(III) from leather waste oxidizes to form toxic Cr
(VI), which is carcinogenic and mutagenic to living organisms. [9] The
existing methods for the disposal of CTLW comprise incineration and
landfilling. This method of disposal leads to significant environmental
issues, including air pollution and contamination of underground water
resources. [10,11] These health and environmental concerns necessitate
the development of sustainable large-scale recycling strategies for
CTLW. Various approaches for managing chrome-tanned leather scraps
have been documented, including the use of leather waste as a rein-
forcement agent, the synthesis of polymer-based composites, the re-
covery of collagen, and the implementation of thermal treatment
processes for absorbent materials, among others. [12,13] Nonetheless, it
is essential to remove the Cr from tanned leather before reuse to avert
further environmental contamination.

Multiple approaches, such as alkaline and acid hydrolysis, oxidation-
reduction reactions, physicochemical methods, and biological tech-
niques, have been reported for the extraction of Cr from leather. Under a
strong alkaline environment, the collagen fibers break and release Cr,
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making this approach particularly efficient for Cr extraction. [14]
Simultaneously, strong acid hydrolysis using H2SO4 and HCl will
effectively solubilize the Cr present in the tanned leather. [15,16] These
conventional acid and alkaline hydrolysis approaches present chal-
lenges, including the breakdown of collagen or a notable reduction of
collagen in the hydrolysate, making it difficult to reuse. [17] However,
the recent report proves that the NaOH hydrolysis with potassium
tartrate effectively separates Cr from the Cr-tanned leather shavings
without extensive hydrolysis of collagen fibers and the possibility of
reuse of the Cr-rich liquor as a retaining solution. [18] Other methods,
such as the oxidation or reduction of Cr using agents like NaOy or
KMnOy, carry the risk of forming carcinogenic Cr(VI) and require careful
handling. [19] An alternative way to efficiently repurpose CTLW is by
producing activated carbon. Collagen contains significant amounts of
carbon, oxygen, and nitrogen, which aid in the formation of highly
porous, nitrogen-rich carbon with a high specific surface area. This
porous carbon exhibits a wide range of applications, including its use as
a catalyst in the oxidation of organic molecules, in microbial fuel cells,
as a dye adsorbent, and beyond. [2,20-25] There are ongoing initiatives
to utilize carbonized leather waste in energy storage applications, such
as electrode material in Li-ion batteries, sulfur-host cathode for Li—S
batteries, and supercapacitor electrodes. [20,26-29] The leather waste
activated carbon (LWAC) used as a supercapacitor electrode material
offers advantages, such as affordability, high porosity, excellent elec-
trical conductivity, and robust chemical stability. [26] The chemical
activation of LWAC facilitates the creation of microporosity within the
structure, enhancing both the specific surface area and the kinetics of
charge transport. Additionally, large surface area and microporosity
establish ion-transport pathways that exhibit reduced resistance and
minimized diffusion distances. [30-32] Consequently, carbon featuring
hierarchical porous channels is considered a promising electrode ma-
terial for use in electric double-layer capacitors (EDLCs). However, the
existing studies did not deliberately remove Cr or other inorganic resi-
dues from the activated carbon, resulting in Cr leaching, high inactive
surface content, and diminished electrochemical performance.

Cr is extensively utilized in the metallurgical sector as chromite ore,
particularly in the production of stainless steel to enhance corrosion
resistance. [33] CTLW serves as an essential resource for Cr, enabling its
reuse in the production of ferrochrome and offering an alternative to
chromite ore. On the other hand, various techniques exist for extracting
Cr from CTLW and waste tanning solutions in the form of soluble
chromate, including oxidation, alkaline treatment, and ultrasound
removal. [17,34,35] The extracted Cr is subsequently used to create a Cr
(ITT) sulfate tanning solution. [19] The residue from incinerated tanned
leather contains Cr (III) oxide, Cr20s, and is considered a suitable sub-
strate for producing sodium chromite and high-carbon ferrochrome al-
loys. [36-38] Wang et al. described a two-step method that involves a
leaching phase followed by an ion exchange phase to extract Cr from
tanned waste, enabling the recycling of the chromium solution. [37] In
electrochemical energy storage, Cr can be incorporated into high-
voltage spinel-type cathode material, LiMnyOy4, to replace some Mn
and achieve high energy density by increasing the cell voltage to 5 V.
[39-41] Li et al. reported a series of Li-Mn-Cr-O spinel-type oxide
cathode materials and examined the benefit of Cr three-electron transfer
cr*t o crfh during lithium insertion and extraction. [41] Neverthe-
less, there are no reports regarding the extraction of Cr from waste
leather-derived activated carbon and its application in high-voltage
cathode materials.

This study focuses on the sustainable recycling of the CTLW, sourced
from Bata a.s. in Dolni Ném¢i, Czech Republic, which reduces the
ecological footprint of tannery byproducts while enhancing their eco-
nomic value. We used tanned leather waste to produce chemically
activated, highly porous carbon, followed by the extraction of Cr. The
final activated carbon was used in symmetric supercapacitors, and their
performances were compared in organic and aqueous electrolytes. The
applicability of this activated porous carbon, with a uniform
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microporous structure, can be extended to various fields such as catal-
ysis and sensors. The extracted Cr, in the form of Cr20s and Cr
(OH)3-xH20, obtained through acidic hydrolysis, physical separation,
and alkaline hydrolysis, was used to synthesize high-voltage cathode
materials, thereby enhancing the production of value-added products.
The synthesized Cr in the form of Cr20s exhibits high purity and sta-
bility, which extends its applicability beyond electrochemical energy
storage.

2. Materials and methods

Chromium-tanned blue leather waste (CTLW) was collected from
Bata a.s. Dolni Ném¢{, Czech Republic. KOH (ACS reagent, >85%, pel-
lets), NaOH (ACS reagent, >97.0%), NaSO4 (ReagentPlus®, >99.0%),
Chloroform (CHCls, for analysis EMSURE ACS, ISO, Reag. Ph Eur), HCl
(ACS reagent, 37%), HoSO4 (98%, for analysis EMSURE), r-ascorbic acid
(ACS reagent, >99%), NH3-Ho0 (28-30%, for analysis EMSURE ACS,
Reag. Ph Eur), Mn(CH3CO3)2-4H20 (98%), LiOH (>98%), tetraethy-
lammonium tetrafluoroborate (TEABF,, for electrochemical analysis,
>99.0%), 1.0 M LiPFg in PC battery electrolyte, Lithium difluoro(oxa-
lato)borate (LiDFOB), polytetrafluoroethylene (PTFE, 60 wt% disper-
sion in H»0), and N-Methyl-2-pyrrolidone (NMP, anhydrous, 99.5%)
were all purchased from Sigma-Aldrich. Carbon black (Super P
conductive, Alfa Aesar, 99 + %) and acetonitrile (ACN, 99.9%, Extra
Dry) were purchased from Thermo Scientific Chemical. Polyvinylidene
fluoride (PVDF) was purchased from MSE Supplies (USA).

2.1. Experimental section

Fig. 1 schematically illustrates the preparation steps of two CTLW-
derived energy materials: (i) activated carbon for supercapacitor ap-
plications and (ii) high-voltage cathode materials for Li-ion batteries.

2.1.1. Carbonization and activation of CTLW

The CTLW powder was carbonized at 500 °C in an argon atmosphere
inside a tubular furnace (GSL-1600x, MTI, USA) for 3 h at a heating rate
of 5 °C min~!. This biochar product was ground using a pestle and
mortar, then mixed with KOH solution (1:1 weight ratio), and dried at
80 °C overnight. The black powder was further carbonized and activated
in an argon atmosphere at 800 °C for 3 h inside the tubular furnace at a
heat rate of 5 °C min . This leather waste activated carbon (LWAC) was
then mixed with 0.1 M HCI solution and filtered several times using
deionized water, and the yellow solution was collected for Cr extraction.
The remaining black powder was collected, dried at 80 °C for 12 h, and
named as leather waste activated carbon-water washed (LWAC-WW).
For the electrochemical test comparison, the CTLW was carbonized
without KOH activation at 800 °C for 3 h, and the sample is named as
CTLW-800.

2.1.2. Acid hydrolysis

To remove the remaining inorganic residues, especially the Cr in the
LWAC-WW powder, the sample underwent acidic and alkaline hydro-
lysis. Initially, 10 g of the LWAC-WW was treated with 25% H,SO4 and
continuously mixed using a magnetic stirrer for 12 h at 90 °C. After the
reaction, the blue colored filtered solution was collected using vacuum
filtration for further processing to extract Cr (shown in Fig. 1). The
remaining black powder was then washed several times with deionized
water, dried at 80 °C for 12 h, and named as LWAC-AH (acid hydro-
lyzed). After the acid hydrolysis and washing, the remaining material
yield is reduced to 78%.

2.1.3. Physical separation

A physical separation method was used to remove CrO3 from LWAC-
AH by using a CHCl3/H20 immiscible mixture. Briefly, LWAC-AH
powder was added to the mixture and shaken continuously for a few
minutes. Due to the polarity difference between the materials, LWAC
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Fig. 1. Representation of the inorganic residue separation step from activated carbon and the reaction procedure for the preparation of Cr,Os3,

particles adhered to the CHCls-water interface, while CryO3 partitioned
into the water phase. The water phase was filtered, and fresh water was
then added. This separation process was repeated five times until the
water phase became clear. The recovered green color-CroO3 was dried at
80 °C overnight. The separated LWAC powder was further filtered,
dried, and labeled as LWAC-PS (physically separated). The yield of
LWAC after the physical separation method is 96%. Here, the filtered
CHCl3/H20 mixture can be easily separated using a separator funnel due
to the immiscible nature of the liquids and reused for other purposes.

2.1.4. Alkaline hydrolysis

To remove the remaining Cr residues, LWAC-PS was treated with 6 M
NaOH at 90 °C for 24 h. The resulting mixture was vacuum filtered, and
the yellow solution was collected for the recycling of Cr. The final LWAC
powder was collected and washed several times with deionized water
until the pH became 7, and the sample was named as LWAC-final
(LWAC-F). The yield of the LWAC sample after alkaline hydrolysis is
96%.

2.1.5. Extraction of Cr from the filtered solution

The filtered blue and yellow solutions were mixed for further Cr
extraction. The mixture turned green and had a pH of 14. The pH of the
solution was then adjusted to 2 by adding HCI, changing the solution
color to transparent green (see Fig. 1). A mild reducing agent, r-ascorbic
acid, was added to this solution at 40 °C, and the reaction continued for
2 h to reduce any Cr®" in the mixture. The pH was adjusted to 7 using
NHj3-H»0, and the precipitated sage green Cr-hydroxide (in Fig. 1) was
filtered and dried at 80 °C overnight.

2.1.6. Preparation of LiMnCrOy4 for high-voltage battery cathode

The prepared Cr-hydroxide and physically separated CrpO3 were
mixed using a pestle and mortar and calcinated at 600 °C in air for 3 h.
LiMnCrO4 was prepared through a two-step calcination. Initially, the
precursors 0.01 M recycled CryOs, 0.01 M Mn(CH3COO),-4H50, and
0.01 M LiOH (5% in molar ratio excess) were mixed using a pestle and
mortar by adding a few drops of deionized water. This mixture was dried
at 80 °C, and the dried powder was ground again and calcinated at
450 °C for 5 h in air. The resulting powder was collected, ground, and
further calcinated at 850 °C for 10 h in air to obtain the final product.

2.2. Characterization

The X-ray diffraction (XRD) analysis of the activated carbon and
other samples was recorded on a Rigaku MiniFlex 600 diffractometer
equipped with a CoKa (k = 1.7903 A) radiation in a range from 5° to
120° at a scan rate of 5° min~'. The thermal degradation of the prepared
samples was estimated using thermogravimetric analysis (TGA, TA
Q500, TA Instruments, USA), carried out under an air atmosphere (100
mL min~!) from 25 to 700 °C with a heat rate of 10 °C min~'. The
morphology and elemental analysis of the prepared samples were
confirmed by scanning electron microscopy (SEM) using Nova Nano
SEM 450 (FEI, USA), together with an energy-dispersive X-ray detector
(EDX). X-ray photoelectron spectroscopy studies (XPS) were conducted
using NEXSA-G2, a monochromated high-performance XPS spectrom-
eter (Thermo Scientific, UK), to examine the Cr residues, chemical
composition, and binding energy of the prepared samples. The nitrogen
adsorption/desorption isotherms were obtained using BELSORP-mini II
volumetric sorption surface area and porosity analyzer.

2.2.1. Electrochemical characterization

2.2.1.1. Supercapacitor cell assembly and testing. The supercapacitor
electrodes were prepared by mixing the LWAC-F sample (80 wt% of
active material) with 10 wt% of carbon black and 10 wt% of PTFE with a
pestle in an agate mortar. The resulting mixture was pressed and rolled
to obtain a film. Its thickness was modulated to obtain the desired
electrode mass loading. Finally, the film was cut into discs with a
diameter of 8 mm and 0.16 mm thickness and pressed onto stainless-
steel meshes. The average mass loading of the working electrode is
9.3 mg cm 2. The electrochemical performance of the prepared LWAC-F
working electrodes was initially investigated using an Ag/AgCl refer-
ence and a platinum wire counter electrode system. For comparison,
CTLW-800 and LWAC-WW electrodes were prepared in the same
method. The cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) analysis were carried out in 6 M KOH electrolyte using
an Autolab PGSTAT 128 N potentiostat (Metrohm, Prague, Czech Re-
public). The symmetric cells using aqueous solutions of 6 M KOH, 1 M
NayS0y4, and 1 M HySO4 were assembled in a Swagelok cell using cel-
lulose separators. The symmetric cells with 1 M TEABF4/ACN organic
electrolyte were assembled using LWAC-F free-standing films with a
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diameter of 12 mm and a thickness of 0.16 mm in coin cells (CR2032).
The electrochemical performance of the symmetric cells was carried out
using an Autolab PGSTAT 128 N potentiostat and a BCS-810 battery
cycler (BioLogic, Seyssinet-Pariset, France).

2.2.1.2. Li-ion coin cell assembly. The electrochemical testing of high-
voltage LiMnCrO4 was conducted using CR2023 coin cells. Briefly, the
working electrode was prepared by mixing the LiMnCrO4 active mate-
rials, conductive carbon black, and PVDF in a mass ratio of 8:1:1 dis-
solved in NMP to form a slurry. Subsequently, the prepared slurry was
evenly coated on Al foil using the doctor blade method and dried in a
vacuum at 120 °C for 12 h. The dried electrode sheet was cold pressed
using a rolling machine and cut into a circular shape with a 14 mm
diameter and 0.15 mm thickness. The mass of the electrode material is
2.5 mg cm~ 2. The coin cells were assembled in an Ar-filled glovebox
with Li-metal as counter electrode and reference electrode, 1 M LiPFg in
PC as an electrolyte (called the BASE electrolyte), and 1% LiDFOB added
BASE electrolyte using Whatman GF/A as a separator. The half-cells
were analyzed using cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) techniques in two different voltage ranges of
2.0t04.95V and 3.5 to 4.95 V, using a Bio-Logic BCS-810 battery cycler
at room temperature.

3. Results and discussion
3.1. Cr extraction mechanism and recycling method of CTLW

By integrating experimental observations (shown in Fig. 1) with
comprehensive characterization data, we elucidate the Cr extraction
mechanism and demonstrate an efficient CTLW recycling strategy. Fig. 2
presents the structural and compositional evolution of CTLW throughout
the purification process, highlighting the significant chemical reactions
involved. During the tanning of leather using Cr (III) salt, Cr coordinates
with the carboxylic groups of aspartic and glutamic acids, and the
collagen molecule is expected to function as a compact ligand, main-
taining its tertiary structure upon coordination. The Cr-bridging is pre-
dominantly intermolecular rather than intramolecular, and at the final
stage of tanning, the stability of the collagen fibers is enhanced through
the formation of hydroxyl (OH) bridges between neighboring Cr(III)
complexes. At 500 °C in an Ar atmosphere, collagen fibers undergo
decomposition and carbonization, forming a solid carbonaceous residue
known as biochar, while the Cr complex bridge experiences dehydra-
tion. Consequently, the CTLW transforms into a composite of biochar
and dehydrated chromium organic complexes (C/D-Cr-OC), as illus-
trated in Reaction 1. The formation of Cr inorganics does not occur at
this temperature, as Cr continues to be strongly coordinated with the
nitrogen and oxygen functional groups found in biochar. The C/D-Cr-OC
undergoes treatment with KOH at 800 °C to improve carbonization and
graphitization while completing the chemical activation of the biochar,
leading to the formation of LWAC (Reaction 2). Concurrently, the D-Cr-
OC undergoes decomposition and crystallization, leading to the forma-
tion of Cry03. Most of the CryO3 likely adheres to the surface of activated
carbon because of concentration gradients during the tanning process.
Nonetheless, the reducing environment established by pyrolysis gases
(including CO and Hjy) along with the carbon leads to the partial
reduction of Cry03 to CrO (Reaction 3). CrO is expected to form at the
interface between CroOsz and activated carbon, as shown in the
composition diagram of LWAC-WW (Fig. 2). In the process of acid hy-
drolysis, CrO interacts with HySO4 (Reaction 4), leading to the dissolu-
tion of Cr?t in the solution, which exhibits a blue color (pH < 7), as
shown in Fig. 1 (acid hydrolysis). However, Cr0O3 becomes unable to
react with HpSO4. Due to the removal of the CrO interface, Cr,O3 de-
taches from the carbon surface, as shown in supplementary information
(SI) Fig. S1 and the composition diagram of LWAC-AH in Fig. 2.
Consequently, CrpO3 can be separated physically using CHCl3-H20
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because of the difference in polarity between the materials. The LWAC
particles adhere to the CHCl3-H,O interface, while Cr,O3 moves into the
water phase, as shown in Fig. 3(a)&(b). The separated Crp,Osz-water
mixture and Carbon-CHCl3-H2O are displayed in Fig. 3(c)&(d), respec-
tively. A detailed video illustrating the physical separation method is
provided in SI video 1. This physical separation can reduce the forma-
tion of hazardous Cr(VI) during alkaline hydrolysis while enhancing the
removal of CryOs, which typically reacts at a slower rate due to its sta-
bility. Considering the physical characteristics of CroO3 and activated
carbon, including variations in density, different separation techniques
like centrifugation may be employed.

Fig. 3(e) illustrates the CryOg3 that is isolated from the carbon skel-
eton via centrifugation. The LWAC-PS sample is subjected to further
hydrolysis in an alkaline environment with 6 M NaOH to ensure the
complete removal of CryO3 from the LWAC. This hydrolysis process
leads to the oxidation of Cry03 (Reaction 5). The Cr%* becomes CrOﬁ’ in
NaOH solution with a pH of 14, resulting in a dark yellow color as shown
in Fig. 1 (alkaline hydrolysis). After the alkaline hydrolysis process, the
Cr is completely extracted from the LWAC. This final sample (LWAC-F) is
used as a suitable electrode material for supercapacitors. The filtered
yellow (CrO‘zf) and blue (Cr*") solutions were combined to recycle the
Cr, resulting in a color change to green [Cr(OH)4]™ (Fig. 1) due to the
reaction between CrO‘zf and Cr2* (Reaction 6). To achieve a complete
reduction of hazardous Cr(VI), r-ascorbic acid is used as a reducing
agent, as shown in Reaction 7, where Cr® is generally present as Cro03~
in acidic solution. Cr(OH)3-xH,0 is precipitated in the solution (pH ~ 7)
as shown in Reaction 8. The obtained Cr(OH)3.xH20 was subsequently
subjected to calcination at 600 °C to produce Cry0s3, which is then used
for the preparation of battery cathode material, LiMnCrO4.

3.2. Physicochemical analysis

Fig. 4(a) displays the XRD patterns for the prepared CTLW, LWAC-
WW, LWAC-AH, and LWAC-F samples. The distinct diffraction peaks
observed at 20° and 45° indicate the presence of carbon in the samples.
Minor peaks noted between 25° and 30° in the CTLW sample result from
impurities during leather production, which are eliminated after acti-
vation and water washing. Following the chemical activation, diffrac-
tion peaks were noted at 21.12°, 29.29°, 37.04°, and 45.03°, identified
as the presence of KAISiO4. During the activation process, KOH reacts
with the Al and Si impurities present in the tanned leather, initiating the
formation of KAISiO4. This indicates that the impurity in CTLW is
associated with compounds of Al and Si, including silica and alumina.
The minor diffraction peaks observed at 24.7°, 34.1°, 36.8°, 41.5°, and
58.24° in the LWAC-WW sample show the presence of CryO3. An addi-
tional diffraction peak at 35.4° indicates the existence of CrO, due to the
reduction of Crp0s. Following the acid hydrolysis, the peak corre-
sponding to KAlSiO4 disappeared, but minor diffraction peaks repre-
senting Cry03 are still present. The XRD pattern of the LWAC-PS shows
no peaks corresponding to CryOs, confirming that Cr,O3 was success-
fully removed from the LWAC-AH through the physical separation
method. The XRD pattern of LWAC-F after alkaline hydrolysis does not
show any peaks representing Cry03 or CrO, confirming that the sample is
pure carbon, as further verified by TGA and XPS analysis.

The nitrogen adsorption-desorption isotherm analysis was per-
formed to determine the surface area and pore size distribution. All the
prepared samples exhibit a type 1 isotherm characterized by a rise and
plateau at high relative pressures (P/Py), as provided in Fig. 4(b). This
type of isotherm suggests that the sample contains micropores with a
pore diameter less than 2 nm. Our prior investigation demonstrates that
KOH chemical activation markedly increases the specific surface area of
the material. [42] The alkaline hydrolyzed final carbonized sample,
LWAC-F, shows a specific surface area (Sggr) of 1934 m? g’l. The surface
areas measured for LWAC-WW, LWAC-AH, and LWAC-PS samples are
1383 m? g’l, 1814 m? g’l, and 1836 m> g’l, respectively. The Sggr of
the samples increases after hydrolysis due to the significant extraction of
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Fig. 2. Presents the structural and compositional evolution of CTLW throughout the purification process, along with the key associated chemical reactions.

Cry03 and CrO and the removal of other inorganic residues from the
LWAC-WW. The pore size distribution of the samples is shown in the
supporting information, Fig. S2, and the average pore diameter is
calculated using BJH analysis. There is no difference observed in the
pore size distribution of the samples, indicating that the proposed Cr
removal methods do not affect the physical characteristics of the sam-
ples. The BET specific surface area, BJH pore volume, and r, (area) re-
sults are provided in SI Table S1.

Thermogravimetry analysis was conducted to confirm the weight
loss of LWAC samples after each chemical and physical reaction step.
The thermograms of the prepared samples are provided in Fig. 4(c),
excluding the absorbed water loss (< 120 °C). A significant weight
reduction of 72% was noted in the LWAC-WW sample up to 400 °C,
attributed to the combustion of carbon in the air atmosphere. There was
no notable weight loss after 430 °C, leaving an inorganic residue of 28
wt%, which includes Al, K, Si, and Cr. The LWAC-AH exhibits a weight
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Fig. 3. (a)&(b) Physically separated Cr,O3 and LWAC in CHCl3/H0 solution and their illustration, respectively, (¢) Cro03 in H,0 solution, (d) LWAC-PS in CHCl3/

H-0 solution, and (e) Cry03 and LWAC-PS after centrifugation in HyO.
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Fig. 4. Physicochemical analysis of LWAC samples. (a) XRD pattern for the prepared CTLW and LWAC samples, (b) BET surface area analysis, (c) TGA thermograms

for the LWAC samples, and (d) SEM-EDX spectra for the LWAC samples.

loss of 91.4% starting at 348 °C and remains stable at 475 °C with 8.09
wt% inorganics or Cr residues. After the physical separation of CryOs,
the LWAC-PS sample shows a weight loss that begins at 375 °C and
stabilizes at 475 °C with a remaining 4.8% Cr residue. In the LWAC-F
sample, the thermal decomposition begins at 350 °C, losing 99.11% of
its weight by 530 °C, with 0.89 wt% inorganic residues remaining as ash.
The analysis reveals that Cr and other inorganic impurities were pro-
gressively eliminated throughout each phase of hydrolysis and separa-
tion. Table S2 illustrates activated carbon weight loss and inorganic
residue balance in the sample after each reaction process.

The SEM-EDX spectroscopy analysis was performed to verify the
extraction of Cr and other inorganic residues, as well as to confirm the
presence of elements on the surface of LWAC samples. The results of the
SEM-EDX spectra for all the samples are illustrated in Fig. 4(d). The EDX
spectrum of the LWAC-WW sample displays residual peaks, such as Cr,
K, Si, and Al, in addition to carbon, which aligns with the XRD results.
Followed by acid hydrolysis, Al and K are washed out from the carbon
skeleton, leaving Cr and Si behind. The LWAC-PS sample exhibits similar
residues as seen in LWAC-AH, even at a reduced percentage. The

physical separation method effectively removes Cry03 from the surface
of activated carbon, while the CryO3 particles, which are trapped within
the pores, continue to remain. These trapped Cry03 cannot be washed
out through a simple physical separation process. Following alkaline
hydrolysis, the spectra show no residual peaks, indicating only the
presence of C and O in the structure. The presence of elements on the
LWAC surface is further clarified with SEM-EDX elemental mapping
shown in Fig. 5 and Fig. S3. The mapping results of LWAC-WW (Fig. 5
(a)-(g)) revealed a significant distribution of chromium and aluminum
on the surface, with potassium and silicon throughout the entire scan
region. Fig. S3(a)-(e) presents the mapping results of LWAC-AH samples,
indicating the presence of Si and Cr along with C and O. After the
physical separation of CrpOs, only trace amounts of Cr and Si are
observed on the surface of the sample, as shown in Fig. S3(f)-(j). How-
ever, the mapping results of LWAC-F (Fig. 5(h)-(k)) indicate a notable
elimination of residue elements along with a minimal presence of Si,
which remains undetectable in the EDX elemental analysis due to the
low trace level of the element. Consequently, the inorganic ash content
in the TGA thermogram of the LWAC-F sample was mainly attributed to
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Fig. 5. SEM-EDX elemental mapping for (a-g) LWAC-WW sample, (h-k) LWAC-F, SEM images of (I-m) CTLW, (n-0) LWAC-WW, (p-q) LWAC-AH, (r-s) LWAC-PS, (t-u)

LWAC-F, and (v-w) CryO3 physically separated.

the Si residue.

The surface morphology of the samples was analyzed using SEM, and
the results are presented in Fig. 5. The CTLW contained well-packed
collagen-fibrous tissues, shown in Fig. 5(1)&(m). After carbonization
and activation with KOH, the fibrous structure collapsed, fused, and
pores were formed on the surface of the carbon skeleton, as shown in
Fig. 5(n)&(0). The SEM images of LWAC-WW samples (in Fig. 5(n)&(0))
reveal significant pits and voids on the surface, attributed to the inter-
action between carbon and KOH. The interaction between metallic K
and carbon leads to gasification and pore formation within the carbon
structure. Generally, the micro- and mesopores created during KOH
activation at elevated temperatures are prone to merging due to the
breakdown of carbon walls. This leads to the formation of macropores.
Here, the presence of Cr203 on the carbon surface (detailed in Fig. S1(a))
contributes to structure stabilization and maintains the microporous
characteristics of the LWAC. Small, flake-like inorganic residues that
accumulate on the carbon surface after carbonization and activation at
800 °C cannot be removed through simple water washing. A detailed
SEM image of the inorganic particles on the surface of LWAC-WW is
provided in Fig. S1(b)&(c). From the SEM images of the LWAC-AH
sample (Fig. 5(p)&(q)), the presence of aggregated flake-like struc-
tures on the surface of the carbon skeleton is significantly reduced
compared to the LWAC-WW sample. The morphology of the LWAC-PS
samples is provided in Fig. 5(r)&(s), revealing a similar structure to
that of LWAC-WW and LWAC-AH. A negligible percentage of flaky
particles on the surface indicates that most of the Cr and Si are washed
out from the carbon surface. The etched-like surface morphology of the
LWAC-PS sample (shown in Fig. S1(d)) arises from the physical sepa-
ration of Cry03 and exposure of the inner surface of carbon due to the
reaction between CrO and HySO4. The morphology of the LWAC-F

sample is illustrated in Fig. 5(t)&(u). This final sample exhibits no
morphological differences compared to the others, and the high-
magnification SEM image verifies that there are no aggregated inor-
ganic structures present on the surface (Fig. 5(t)). The morphology of the
physically separated flake-like Cry03 from the carbon skeleton is shown
in Fig. 5(w)&(v), revealing a flake-like non-aggregated particle
structure.

Fig. 6(a) presents the XPS survey spectra for the LWAC-WW and
LWAC-F samples. The prominent peaks of Cls, Cr2p, and Ols were
detected in the LWAC-WW sample, in addition to N1s and S2s peaks.
Notably, the XPS spectrum of the LWAC-WW sample contains minor
impurity peaks corresponding to Si, Al, K, and Cr, which are absent in
the LWAC-F spectrum. A new peak was observed in the LWAC-F sample
spectrum at 537.2 eV, which signifies the Auger electron peak for Na
KL1, due to the alkaline hydrolysis. The comprehensive spectrum for
Cls, Ols, N1s, Si2p, and Al2s in the LWAC-WW sample is provided in
Fig. 6(b)&(c). The Cls spectrum displays multiple peaks, C—C (284.4 eV
and 284.8 eV), C—O (286.0 eV), C=0 (287.2 eV), NC=0 (288.3 eV),
and O-C=0 (289.9 eV), corresponding to graphitic carbon, hydroxyl,
carbonyl, and carboxyl groups, respectively. The increase in oxygenated
carbon groups is attributed to the oxidative chemical activation method,
and similar behavior is observed in the Cls spectrum of the LWAC-F
sample (Fig. 6(d)). The Cr2p state in the LWAC-WW sample was vali-
dated by the peaks observed at 577.2 eV (Cr2ps,2) and 587.0 eV (Cr2p;,
2), as shown in Fig. 6(b). The intensity of the Si2p spectrum shows a
significant reduction in the LWAC-F sample compared to LWAC-WW.
The atomic percentages for each element in both samples can be
found in Table S3 in the SI.

Fig. 7(a) illustrates the XRD pattern of the physically separated Cr
from the LWAC-PS using CHCl3/H2O solution. The (hkl) planes
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Fig. 6. (a) XPS survey spectra for LWAC-WW and LWAC-F samples, (b) deconvoluted spectrum of Cls, Ols, N1s, and Cr2p state in LWAC-WW sample, (c) Si2p and
Al2s states in LWAC-WW, and (d) deconvoluted Cl1s, Ols, N1s, and Si2p state in LWAC-F sample.

correspond to CrpOs3, characterized by the rhombohedral Bravais lattice
belonging to the R-3c space group. The additional signals at 30.3°, 36.0°,
44.05°, and 58.6° further validate the existence of CrO in the sample. As
provided in Fig. S4, the XRD pattern of the Cr extracted from the
vacuum-filtered solution is identified as Cr(OH)s;.xH20. Following
calcination at 600 °C in air, the extracted Cr(OH)3.xH20 and the phys-
ically separated CryO3-CrO undergo a complete transformation into
Cry03. The Rietveld refined XRD pattern of the calcinated CrpOj3 is
presented in Fig. 7(b), confirming that there is no trace of CrO remains in
the sample. The composition and structure of the prepared LiMnCrO4
were analyzed through Rietveld refinement powder diffraction data
using Co-g, source, and the result is shown in Fig. 7(c). This pattern of
the LiMnCrO4 spinel-derived structure is classified within the ortho-
rhombic crystal system. All the (hkl) planes validate the presence of
LiMnCrOg4, showing no signs of impurity peaks or secondary phases in
the refined pattern.

The morphology of the Cry03 particles obtained through calcination
of Cr-precipitate at 600 °C is shown in Fig. 7(d), confirming that the
Cr,03 consists of aggregated nanoparticles. SEM images of the prepared
LiMnCrO4 are presented in Fig. 7(e)&(f), revealing uniform primary
particles with an average size of 200 nm. These nanosized particles are
beneficial for enhancing the lithium diffusion during the high-rate per-
formance of LiMnCrOy4 as a battery cathode material. The SEM images
reveal a typical spinel phase morphology with a truncated octahedral
grain along with (111) faceted planes of LiMnCrOy. In the inset of Fig. 7
(f), the diagram of a standard truncated octahedron is presented for
comparison. The XPS survey spectrum for the LiMnCrO4 sample is
provided in Fig. 7(g), highlighting the peaks that signify the presence of
Mn2s, Mn2p, Cr2s, Cr2p, and O1ls states. The binding energy values of
642.6 eV and 654.5 eV, shown in Fig. 7(h), are associated with the
Mn2p3,, and Mn2p; /5 states, respectively. The Cr2p spectrum shows
two peaks representing Cr2ps,» and Cr2p; /5 at 576.0 eV and 585.9 eV,
respectively (in Fig. 7(h)). The deconvoluted Ols spectrum reveals a
prominent metal-oxygen bond at 529.7 eV, an oxygen vacancy at 531.5
eV resulting from high-temperature calcination, along with a hydroxyl
bond C—O at 532.6 eV. Table S2 presents the atomic percentages of each
element derived from the XPS analysis.

3.3. Electrochemical charge storage behavior of LWAC-F

Three distinct electrodes were prepared with CTLW-800, LWAC-

WW, and LWAC-F and tested in a 6 M KOH using a three-electrode setup
to assess the impact of KOH activation and the removal of inorganic
residues on electrochemical performance. Fig. 8(a) illustrates the CV
performance of the CTLW-800, LWAC-WW, and LWAC-F electrodes at 5
mV s~ ! scan rate. The current response of the LWAC-F within the po-
tential range of —1.1 to —0.1 V is significantly higher compared to that
of CTLW-800 and LWAC-WW. The CV curve of LWAC-F at various scan
rates is provided in Fig. 8(b), and for the CTLW and LWAC-WW elec-
trodes are shown in Fig. S5(a)&(b), respectively. As the scan rate in-
creases, the rectangular CV shape of the CTLW-800 electrode becomes
distorted, pointing out that the material is losing its capacitive behavior.
Compared to the CTLW-800, the LWAC-WW and LWAC-F electrodes
show a better CV performance and rate capability at scan rates above 50
mV s~ 1. Here, the KOH activation introduces oxygenated surface func-
tional groups and enhances the wettability of the LWAC-F and LWAC-
WW electrode surfaces. The presence of these oxygenated functional
groups enhances the pseudocapacitance, and electrodes with KOH
activation will have improved rate performance. Additionally, removing
unwanted inorganic residues like Al, K, Cr, and Si from the carbon
structure helps enhance electrochemical performance. Consequently, to
optimize the utilization of the LWAC from the CTLW for energy storage
applications, it is strongly advised to remove the inorganic residues. In
addition to this, Cr compounds can be oxidized at high potential in KOH
and released into the electrolyte, as shown in Fig. S7(a)-(c). Due to the
toxicity of high valence Cr, aqueous supercapacitors using the LWAC
with Cr residue require careful recycling, emphasizing the importance of
the upcycling method presented in this study.

The charge-discharge performance of the electrodes at 0.5 A g1 is
illustrated in Fig. 8(c). The LWAC-F electrode exhibits the maximum
specific capacitance of 205 F g~! at 0.5 A g~1. The charge-discharge
performances of CTLW-800, LWAC-WW, and LWAC-F at different cur-
rent densities are plotted in Fig. 8(d) and Fig. S5(c)&(d), respectively.
The observed voltage drop with current density is higher for CTLW and
LWAC-WW electrodes than for LWAC-F. This IR drop shows an increased
electrode resistance with current density. Fig. 8(e) presents the rate
performance of the electrodes, where the LWAC-F electrode maintains
the highest capacitance retention of 84% at 15 A g~'. Conversely, the
capacitance retention for CTLW-800 and LWAC-WW electrodes is 40%
and 72.4% at 10 A g~ ! and 15 A g ! current densities, respectively. From
the Nyquist plot given in Fig. 8(f), the initial x-intercept signifies the
solution resistance (R;), which is reduced for the LWAC-F, compared to



N. Joseph et al.

Journal of Energy Storage 150 (2026) 120397

Cr,0, # 38-1479
* Cr-O # 06-0532

(104)

() (b)

@
-
=

(012)

Intensity (a.u.)
Intensity (a.u.)

Cr,0, # 38-1479 + Experimental

Experimental (C) ——— Calculation
Calculated —— Difference
—— Difference | Bragg position

| Bragg position
2=57903A b =5.7807A ¢ = 8.1957A

Intensity (a.u.)

N AN O O BT

v L]
1 L L

50

Ots LiMnCrO,

Mn2p

Cr2p Cr2s Mn2s

Intensity(a.u.)

Cis

Mn3;
robt Na KL1

[) 100 200 300 400 500 600 700
Binding Energy (eV)

800

20 (degree)

60 80 100
20 (degree)

60 80 100 120

120

7

LiMnCrO,
(h) Mn2p Cr2p ofs
Mn2p,; Cr2p, M-O/Motal-Oxygen
Mn2p,, \Cr2pz
Oxygen vacancy
o0 6% 0 o5 e e e S S5 s s S0 s ss S0 S5 s s

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 7. (a) Powder XRD pattern for the physically separated Cr,O3 particles, (b) Rietveld refined powder XRD pattern for Cr,O3 calcinated at 600 °C, (c) refined XRD
pattern for the LiMnCrO,4 cathode material, (d) SEM morphology of the physically separated Cr,03, and (e)&(f) LiMnCrO4 particles, and (g)&(h) XPS survey spectrum

for the LiMnCrO4 and spectrum for Mn2p, Cr2p and Ols, respectively.

that of LWAC-WW and CTLW-800 electrodes (the high-frequency re-
gions provided in the inset Fig. 8(f)). Here, CTLW-800 and LWAC-WW
electrodes show similar charge transfer resistance (R.) and diffusion
characteristics. However, the LWAC-F electrode exhibits a reduced Rt
value and enhanced capacitive characteristics, indicated by the linear
response observed in the high-frequency domain. This suggests that the
LWAC-F electrode material possesses an enhanced ionic conductivity
due to the removal of inorganic residues.

Symmetric cells were fabricated using LWAC-F, and their perfor-
mances were evaluated in 1 M HpSO4, 6 M KOH, 1 M NaySOy4, and 1 M
TEABF,4/ACN electrolytes. Fig. 9(a) presents the CV performances of the
cells at 20 mV s~ ! scan rate in the aqueous electrolytes. The cell exhibits
an increased current response and a well-defined rectangular curve in
KOH electrolyte compared to others. Furthermore, the rectangular CV
behavior is maintained at a high scan rate of 200 mV s~ (shown in
Fig. S7(a)), indicating reduced charge transport resistance in 1 M KOH
electrolyte. From the CV profile of the symmetric cell in 1 M NaySO4
provided in Fig. S7(b), the cell cannot sustain its capacitive behavior
even at a lower scan rate of 50 mV s, due to the larger hydrated ion
radius and the low ionic conductivity of Na;SO4 electrolyte. The CV
performance of the cell in 1 M H»SO4 and 1 M TEABF4/ACN is provided

in Fig. S7(c)&(d), respectively. During the lower potential scan, the cells
maintain an equilibrium rectangular shape in both electrolytes, and as
the scan rate increases, the CV profile deviates from its rectangular
shape. Compared to the 1 M HySO4 electrolyte, the cell becomes more
resistive even at 50 mV s~ in the 1 M TEABF4/ACN electrolyte due to
the larger ionic radii of the organic electrolyte ions. The charge-
discharge performance of the LWAC-F cell at various current densities
in different electrolytes is illustrated in Fig. S7(e)-(h). The charge-
discharge profile of the cell in 1 M NaySO4 exhibits a more pro-
nounced voltage drop at a lower current density when compared to
other electrolytes.

The charge-discharge performance of the symmetric cell at 1 A g~*
current density in aqueous electrolytes and the specific capacitance as a
function of the current density in various electrolytes are provided in
Fig. 9(b)&(c), respectively. In 1 M NaySO4 electrolyte, the LWAC-F
symmetric cell achieves a specific capacitance of 94.54 F g* at 0.5 A
g1 and maintains 13.7% of its capacitance at 5 A g~1. The cell has a
specific capacitance of 148.0 F g™}, 112.8 F g in 1 M HySO4, and 1 M
TEABF4/ACN electrolytes at 1 A g~! and retains 51.4% and 32.7% of its
capacitance at 10 A g™, respectively. The cell exhibits the highest
specific capacitance of 181.4 Fg ' at 1 A g~ ! in 6 M KOH electrolyte and
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density and power density plot.

maintains 85% of its initial capacitance even at an elevated current
density of 15 A g1

Factors including ionic conductivity and the hydration sphere radius
of the electrolyte directly influence the rate performance of the cell. The

10

significant variation in performance, encompassing cell capacitance and
rate in the KOH electrolyte, is ascribed to the superior conductivity and
ionic mobility of K™ and OH™ ions in contrast to SO3~ ions. In the HySO4
electrolyte, despite the H' ion exhibiting a greater molar ionic
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conductivity compared to K ions, the rate and capacitance are con-
strained by the larger hydration sphere radii. Additionally, the ionic
mobility of SO ions restricts their penetration into the porous structure
of the LWAC-F. The poor performance of the cell in the NaySO4 elec-
trolyte is due to the lower molar ionic conductivity of Na* compared to
K" and H' ions, higher hydration sphere radii, and lower ionic con-
ductivity of SO3~ ions within the electrolyte. The rate performance of
the supercapacitor in the organic electrolyte 1 M TEABF4/ACN is limited
due to the large ionic radii of the electrolyte ions, which restrict the
accessibility of pores on the LWAC-F during high current charge-
discharge cycles.

The cycle stability of the cell in different electrolytes was tested for
10,000 charge-discharge cycles at 3 A g~!. The capacitance retention
over cycle number and the corresponding coulombic efficiency are
shown in Fig. 9(d). Here, the performance of the cell in 6 M KOH is
reduced to 89.5% (99.9% efficiency) after 10,000 cycles compared to
95.7% (100% efficiency) in acidic and 112.6% (100% efficiency) in
neutral electrolyte. There are several reasons for the decrease in specific
capacitance of the supercapacitor in both aqueous and organic electro-
lytes. The pH of the electrolyte is a crucial factor; in acidic and alkaline
electrolytes, the risk of electrode material corrosion during continuous
charge-discharge cycles will reduce capacitance retention. Here, the
highly concentrated alkaline electrolyte accelerates electrode corrosion
and surface functional group breakdown. The rise in the specific
capacitance in NapSO4 with cycling results from the activation of pores
or improved wettability of the electrode material. The excellent cycle
stability of the cell in 1 M H2SO4 depends on the electrolyte concen-
tration and conductivity. In the organic electrolyte, 1 M TEABF4/ACN,
the cell retains 93.2% of its capacitance after 10,000 cycles with 94.2%
coulombic efficiency. The decrease in capacitance and efficiency results
from the oxidation of acetonitrile and the formation of a passivation
layer on the electrode surface. This reduces the effective surface area
and blocks pore accessibility, leading to performance degradation.
Despite the minimal decline, LWAC-F demonstrates good stability dur-
ing 10,000 cycles of high current cycling. This is due to its fine micro-
porous structure by chemical activation and high purity after the
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removal of Cr and other inorganic residues. Table S4 compares the
electrochemical performance of the bio-waste-derived carbon reported
previously with the current work. The Ragone plot of the LWAC sym-
metric cell is provided in Fig. 9(e). The cell delivers the maximum en-
ergy densities of 6.4 Wh kg™ ! and 5.0 Wh kg~! with 0.3 kW kg~! and
0.25 kW kg ! power densities in 6 M KOH and 1 M H,SO4 electrolyte at
1 A g™}, respectively. The cell exhibits a high energy density of 23.7 Wh
kg~ ! with 0.6 kW kg~! power density in the organic electrolyte. Energy
density of the cell in the aqueous electrolyte lags that of the TEABF4/
ACN electrolyte due to the operating voltage limitations.

3.4. High-voltage Li-ion battery cathode application

The prepared LiMnCrO4 cathode material was tested using a Li-metal
reference/counter electrode in a coin cell format, with an upper cutoff
voltage of 4.95 V. Typically, Cr-substituted spinels exhibit semi-
conductor properties, and the energy required for charge transfer tends
to increase with higher Cr content in the LiMnCrOj4 structure. [43] The
synthesized LiMnCrO4 cathode material exhibits a Mn: Cr ratio of 1:1.
The lithium extraction and insertion properties of the cathode half-cell
were tested within two distinct voltage ranges, from 2.0 to 4.95 V and
3.5t04.95 V. The experiments were carried out using a BASE (1 M LiPFg
in PC) and a modified electrolyte using 1 wt% LiDFOB electrolyte ad-
ditive. The first five charge-discharge cycles of the cathode half-cell in
LiDFOB modified electrolyte within the voltage range of 2 to 4.95 V are
shown in Fig. 10(a). In the charge-discharge curve, a small voltage
plateau around 4.0 V is associated with the Mn>*/Mn** redox process
involving the insertion and extraction of Li" ions into the 8a tetrahedral
site. [43,44] The wide plateau region above 4.8 V is the Cr®>* to Cr** and
a few Cr** to Cr®" redox reactions associated with the three electron
transfers. [45] A wide charge-discharge plateau appears below 3.0 V due
to the reduction of Mn** to Mn>", involving Li-ion insertion into the 16¢
octahedral site of the spinel structure. [44,46] The discharge specific
capacity from the first cycle for the LiMnCrO4 cathode at 0.1C in LiDFOB
modified electrolyte within the potential window of 2.0-4.95 V is 192.7
mAh g1, with an efficiency of 67.8%. The significant reduction in
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efficiency and the variations in charging and discharging capacities are
due to the irreversible side reactions occurring during the initial
charging at 4.95 V. Earlier investigations using XPS reveal that charging-
discharging in the LiMnCrO4 cathode material beyond 4.88 V results in
an irreversible change to Cr®* and Mn>" states, subsequently leading to
the creation of defect or interface oxygen states. [47,48] This irrevers-
ible transformation of Cr and Mn will decrease the capacity of the
cathode material. The differential capacity (dQ/dV) of the cathode half-
cell within the potential window of 2.0 to 4.95 V during the first three
cycles is shown in Fig. 10(b). The positive scan of the LiMnCrOy4 elec-
trode reveals three main peaks that align with the charge-discharge
curve. The intensity of the peaks at 4.75 V drops sharply after three
cycles, indicating that cell operation above this potential causes a
partially irreversible conversion of cr*t to CrbF. This Cr¥t to Crft
conversion disrupts the charge balance in the spinels, and to maintain
electroneutrality, more Mn** is converted to Mn3*. [49] Hence, the
peak observed at 4.0 V, which corresponds to this Mn reduction, in-
creases with cycling. Fig. 10(c) displays the cyclic voltammograms for
the LiMnCrO4 cathodes recorded at different scan rates from 0.1 to 2 mV
s~1. The CV diagram shows distinct peaks corresponding to the LiMn-
CrO4//Li redox at their respective potentials. During the higher scan
rate, there is a notable loss in the redox behavior of the cathode material.
Fig. 10(d) displays the first five charge-discharge cycles of the half-cell
within the potential window of 3.5 to 4.95 V using the LiDFOB-
modified electrolyte. The initial discharge capacity of the half-cell is
reduced to 76.7 mAh g~ ! with 41.4% efficiency. Over half the capacity is
lost in this voltage window because the major capacity contribution
comes from the Mn®>*/Mn** redox below 3.0 V. The lower potential
capacity of the cathode material limits its use in full cells due to the low
energy resulting from the small cell voltage. Therefore, we chose a
voltage range of 3.5 to 4.95 V for further rate capability and cycle sta-
bility tests. Fig. 10(e) shows the charge-discharge and rate performance
of the half-cell with different C rates from 0.2 to 1C in the BASE and
LiDFOB-modified electrolyte. We observed a capacity loss of 8.9 mAh
g~ ! from 0.2 to 0.3C and an overall capacity loss of 27.2 mAh g~! when
the C rate increased to 1C from 0.2C, which accounts for 35.5% of the
total capacity lost. This high-capacity loss is mainly due to the structural
changes linked to the spinel LiMnCrO4 material and the formation of an
electrochemically inactive secondary phase. Charging the LiMnCrO4
cathode above 4.88 V causes the formation of an inactive surface phase
and impedes Li diffusion into the remaining active phase. The cycle
stability and coulombic efficiency of the half-cell were tested over 50
cycles, and the results are shown in Fig. 10(f). In the first 25 cycles, the
capacity loss is significant in the LiDFOB modified electrolyte, main-
taining only 48.9% of the initial capacity. In contrast, the cathode ma-
terial retains 54% of its capacity in BASE electrolytes after 25 cycles.
During the next 25 cycles, capacity retention drops to 32.6% for the
LiDFOB modified cell and 43% of the initial capacity in the BASE elec-
trolyte. The significant capacity loss during initial cycling mainly results
from chemical and structural changes related to Cr and Mn conversion
during high-voltage operation. More effort should be put into the
development of high-voltage electrolytes and the modification of
LiMnCrO4 to improve the cell performance based on the LiMnCrO4
cathode. Meanwhile, the application of recycled Cr from CTLW for other
energy storage could be studied as well.

4. Conclusion

This present work details the preparation of activated carbon and
Cry03 from chromium-tanned leather waste. Three distinct techniques,
acid hydrolysis, physical separation, and alkaline hydrolysis, were
employed to extract chromium from the carbonized leather waste. The
extraction process efficiency was validated through various physico-
chemical analyses. The activated carbon, after removing the inorganic
residues, including Cr, was used as an electrode material for a symmetric
supercapacitor. The prepared supercapacitor shows a high specific
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capacitance of 181.4 F g ' at 1 A g~! in 6 M KOH electrolyte. The
operating window of the cell is extended to 2.7 V using 1 M TEABF4/
ACN organic electrolyte, and it shows a high energy density of 23.7 Wh
kg~! and a power density of 0.6 kW kg™ !. The recycled Cry03 derived
from leather waste does not contain any impurities, enhancing its po-
tential reuse in a range of applications. This CryO3 is used for the
preparation of the LiMnCrO4 cathode material, and the Li-ion half-cell
tested using 1 wt% LiDFOB in 1 M LiPF¢/PC electrolyte shows a high
specific capacity of 192.7 mAh g~! in the voltage window 2-4.95 V.
Hence, this works provided a sustainable, low-cost recycling method for
Cr-tanned leather waste and its potential, but not limited to, futuristic
applications.
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