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Bourbon, an iconic American whiskey, is primarily produced in Kentucky, which accounts for 95% of the
world's supply. Between 2000 and 2024, bourbon output in Kentucky increased sixfold, creating
significant sustainability challenges, particularly the disposal of spent grains (stillage), a high-volume
byproduct generated at 6-10 times the volume of bourbon produced. This study presents a scalable
strategy to upcycle bourbon stillage into high-performance carbon materials for energy storage
applications. The process involves different thermal and chemical treatments to obtain both activated
and hard carbons. The resulting activated carbons assembled into symmetric electric double-layer
capacitors (EDLCs) deliver outstanding electrochemical performance: 96 + 2% capacitance retention
after 10 000 cycles, with energy densities of 23.8—-1.9 Wh kg™t and power densities of 0.27-9.2 kW kg™2.
Single-source hybrid lithium-ion capacitors (LiCs) assembled with bourbon whiskey-derived hard carbon
and activated carbon achieve superior performance, with energy densities of 135-48 Wh kg™ at power
densities of 0.215-22 kW kg~ LiCs also exhibit good galvanostatic retention at 3 A g, losing only 17 +
3% of capacitance and capacity after 5000 charge/discharge cycles and an additional 14 + 2% after
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into advanced energy-storage materials, with broad applicability across the spirits and ethanol
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1. Introduction

Since May 4, 1964, bourbon whisky has been legally recognized
as a distinctive product of the United States of America.' This
spirit is produced domestically from a fermented grain mash
containing >51% corn, aged in charred new oak barrels at
<62.5% v/v, and bottled at >40% v/v ethanol.? Today, ~95%
of global bourbon production occurs in Kentucky, where this $9
billion industry filled 2.7 million new barrels in 2022.> How-
ever, for every unit volume of bourbon produced, 6-10 volumes
of spent grain (stillage) are generated, creating a major waste
management challenge. In Kentucky alone, annual stillage
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generation exceeds 3.8 x 10° L and continues to rise with
industry growth.*

Traditionally, distillery by-products such as bourbon stillage
have been used as livestock feed or soil amendments.” Wet
stillage is often delivered directly to farms at minimal cost or
processed via solid-liquid separation and drying to enable
transport. Stillage processing and transportation are energy-
intensive and costly operations, making them economically
prohibitive for small distilleries (<1.89 x 10° L year '), which
account for ~60% of Kentucky distillation facilities.>” More-
over, stillage production far exceeds regional cattle feed
demand, increasing disposal costs and posing operational
constraints for many distilleries.* Consequently, conventional
valorisation routes are increasingly unsustainable both eco-
nomically and environmentally.

Stillage’s high water content (~90%) further complicates
handling, as drying requires substantial energy (2.88 MJ kg™ *).%
Conversely, this property makes stillage an ideal feedstock for
hydrothermal carbonization (HTC), which converts wet bio-
mass into carbon-rich hydrochar under subcritical water con-
ditions (<374 °C, <22.064 MPa). HTC typically operates at
180-260 °C and 2-6 MPa for 5-240 min.” Hydrochar can serve
as a solid fuel, soil amendment, pollutant adsorbent, or
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precursor for electrochemical Additionally,
further treatments can be applied to produce suitable hard
carbon (HC) and activated carbon (AC) materials featuring
increased added value for energy storage applications, such
as supercapacitor electrodes.'"?

Supercapacitors store energy via ion adsorption (electric
double-layer capacitors, EDLCs), rapid surface redox reactions
(pseudocapacitors), or hybrid mechanisms.'* They offer high
power density, fast charge-discharge rates, and long cycle life,
though with lower energy density than batteries."> EDLCs
typically use high-surface-area carbons such as AC, while hybrid
devices combine AC with battery-type electrodes."® Symmetric
EDLCs employ two AC electrodes in aqueous or organic electro-
lytes, whereas pairing lithiated HC with AC in Li-based electro-
lytes yields lithium-ion capacitors (LiCs), bridging the gap
between EDLCs and Li-ion batteries."*'®'” LiCs typically dis-
play energy densities 3 to 5 times greater than that of EDLCs (5-
10 Wh kg™"), while retaining 10 times the power density and
exceeding the cycle life of lithium-ion batteries (less than 1 kW
kg~ ' and usually 4000 cycles).®

Here, we demonstrate the valorisation of bourbon stillage
into HC and AC for fabricating single-source symmetric EDLCs
and dual-carbon LiCs, a novel application for this biomass
waste. The process involves HTC of bourbon stillage to produce
hydrochar, followed by high-temperature carbonization under
N, flow and chemical activation with KOH to obtain HC and AC
materials. We systematically characterize the structural and
electrochemical properties of these materials and evaluate
device performance using commercial electrolytes. This work
introduces a scalable, eco-friendly strategy to repurpose dis-
tillery waste into advanced energy-storage materials, thereby
promoting a circular economy and yielding a value-added
product with potential applicability across other spirits and
ethanol production sectors.

2. Experimental

2.1. Synthesis of materials

Bourbon stillage was sourced from Wilderness Trail Distillery
(Danville, Kentucky) and stored in high-density polyethylene
(HDPE) wide-mouth 1 L jars. Immediately after collection, the
sample underwent hydrothermal carbonization (HTC) at 200 °C
for 45 min under constant pressure and stirring in a 10 L Parr
Instrument stirred reactor (model 4556), filled to 50% capacity.
The resulting hydrochar served as the precursor for the synth-
esis of HC and AC.

For the synthesis of HC, hydrochar was carbonized at
1000 °C for 3 h under a nitrogen flow of 110 L h™', with a
heating rate of 500 °C h™", in a tubular reactor (Thermconcept
ROT 60/300/12). The carbonized material was ground in an
agate mortar, followed by ball milling in a planetary mill
(Fritsch Pulverisette 7) for 2 h at 800 rpm. Milling was per-
formed in four 30 minute cycles with 5 minute rests, maintain-
ing an HC:ball mass ratio of 1:6.

Mater. Adv.

View Article Online

Materials Advances

In the production of the activated carbons, hydrochar was
first carbonized at 500 °C for 2 h under a nitrogen flow of 110 L
h™' and a ramp rate of 300 °C h™'. Then, the carbonized
hydrochar was ground together with potassium hydroxide
(KOH, Carl Roth GmbH, 90.0%) in an agate mortar using a
hydrochar : KOH mass ratio of 1:4. Lastly, the hydrochar/KOH
was heated at 800 °C for two hours under a nitrogen flow of
110 L h™" and a ramp rate of 300 °C h™ . The pre-carbonization
step at 500 °C and the activation at 800 °C were both conducted
in the same tubular reactor described for HC synthesis. The
resulting AC was neutralized with a 0.1 M HCI (Sigma-Aldrich,
37.6%) solution and washed at least four times with hot
deionized water (18.2 MQ cm, ELGA, Purelab Flex 2). Finally,
the AC was vacuum-dried (7 x 10" bar) at 85 °C in a Buchi
glass oven (B-585) overnight.

Synthesis yields for hydrochar,
calculated as:

HC, and AC were

Yield (%) = 22 100% (1)
M,
where M, and M; represent the dry weights of product and
precursor, respectively. Moisture content was determined by
weight loss after vacuum drying at 110 °C to constant mass. pH
measurements were performed using a calibrated Thermo
Scientific Orion Star A221 pH meter after overnight equili-
bration of 0.4 g of sample in 20 mL of distilled water.'® More
synthesis details are available in Section S1, supplementary
information (SI).

2.2. Structural characterization

Raman spectra were recorded using a Thermo Scientific DXR
Smart Raman equipped with a 532 nm DPSS laser (9 mW) and a
180° sampling accessory. Each spectrum comprised 120 scans,
which were analysed with Omnic 8.2 software using Gaussian/
Lorentzian fitting (details in Section S2 and Tables S1-S3 of
the SI).

Nitrogen and carbon dioxide adsorption-desorption iso-
therms at 77 K and 273 K, respectively, were measured on a
Micromeritics 3Flex analyser. The Brunauer-Emmett-Teller
(BET) surface area was calculated for N,(g) over the P/P, range
of 0.05-0.35. The pore size distribution is reported based on
both N, and CO, adsorption isotherms (see Fig. S3 and
Section S5 of the SI for details). X-ray diffraction (XRD)
patterns were obtained using a Bruker AXS D8 Discover
diffractometer (CuK, radiation, 20 = 2°-~100°, step size 0.02°%;
details in Section S3, SI). Morphology and elemental composi-
tion were examined via FEI Quanta 250 FEG Environmental
scanning electron microscopy (SEM) equipped with SE/BSE
detectors and an Oxford Instruments X-Max 50 mm® energy-
dispersive X-ray spectroscopy (EDX) sensor at 5-10 kV and
magnifications of 500x-1000x.

2.3. Electrochemical characterization

HC electrodes were prepared from aqueous slurries containing
90 wt% HC, 5 wt% Super C65 conductive carbon, and 5 wt%
sodium carboxymethyl cellulose binder. Slurries were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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homogenized for 20 min at 45 Hz in a Mini-Mill Pulverisette
23, then cast onto copper foil (wet thickness: 50 or 100 pm).
After overnight ambient drying, 12 mm discs were punched
out from the cast. The resulting electrodes were subsequently
vacuum-dried at 85 °C for 24 h, and active mass loadings
were 1.13 £ 0.03 mg cm > for the 50 um cast and 1.90 +
0.07 mg cm~? for the 100 um one. Electrodes were vacuum-
dried at 85 °C for another 24 h and transferred to an argon-
filled glovebox.

AC electrodes were fabricated analogously, using aluminium
foil etched in 5 wt% KOH at 60 °C for 1 min before AC coating.
Films with wet thicknesses of 100 and 150 um yielded active
mass loadings of 1.36 + 0.03 and 1.81 + 0.08 mg cm 2,
respectively, after 12 mm of hole punching and vacuum drying.
Electrodes were vacuum-dried as previously described for HC
electrodes and subsequently stored under argon.

2.4. Devices manufacturing and testing

HC performance was evaluated in three-electrode Swagelok
cells with lithium metal as the counter/reference electrode
and LP30 electrolyte (1 M LiPFs in a 1:1 v/v mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC)) containing
2 wt% vinylene carbonate (VC). Galvanostatic cycling was con-
ducted at 0.05-5C between 0.002 and 2.0 V vs. Li'/Li (1C =
372 mAh g~ ', the graphite theoretical maximum capacity for
lithium intercalation). Symmetric EDLCs were assembled with
two AC electrodes separated by a glass microfiber filter (What-
man) soaked in 1 M Et,NBF, in acetonitrile (Skeleton Technol-
ogies) inside Swagelok cells. AC electrodes were also
independently evaluated in three-electrode Swagelok cells with
lithium metal as the reference electrode and conductive carbon
as the counter electrode in LP30-2VC. Cyclic voltammetry
at 5-50 mV s ' scan rates and galvanostatic cycling at
0.25-20 A g~ " for both EDLC and AC electrodes.

LiCs were constructed by pairing pre-lithiated HC (negative
electrode) with pre-cycled AC (positive electrode) in a three-
electrode Swagelok cell using metallic lithium as reference. Pre-
lithiation involved cycling HC in a half-cell against lithium
between 0.005 and 2.0 V vs. Li'/Li at 0.05-0.1C, followed by a
slow discharge at 0.025C (Scheme S3, SI). AC was pre-cycled in a
half-cell against lithium between 2.0 and 4.2 V vs. Li'/Li in
LP30-2VC. HC and AC electrodes were recovered by disassem-
bling the cells and pairing them in the LiCs at HC: AC mass
ratios of 1.0-1.5. LiCs were cycled between 2.0 and 4.2 V vs.
Li*/Li at current densities of 0.05-30 A g~ '. Electrochemical
tests, including galvanostatic charge-discharge, cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy
(EIS), were performed on a BioLogic VMP-3 potentiostat.
Specific capacity, specific capacitance, and current density
of electrodes were normalized to the total electrode mass (90
wt% hard carbon or activated carbon, 5 wt% sodium carbox-
ymethyl cellulose, and 5 wt% conductive carbon). Specific
capacity, specific capacitance, current density, energy density,
and power density of devices were normalized to the total
mass of combined electrodes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Synthesis of materials

The synthesis of HC and AC began with the HTC of the bourbon
whiskey stillage, which was conducted immediately upon arrival
at the laboratory from the distillery. The collected stillage was a
yellow, acidic dispersion (pH = 3.79 £ 0.03) with 89.95 + 0.03%
water content. HTC yielded 42.8 £+ 0.3% hydrochar, a yield
comparable to previous reported hydrochar obtained from bio-
derived materials under similar hydrothermal conditions.®?%*! A
proposed HTC pathway is shown in Scheme S1 (SI).

The as-obtained hydrochar showed an amorphous structure
(Fig. S1A, SI) with abundant functional groups (Fig. S1B-D, SI).
It also displayed a non-porous or macro-porous structure
(Fig. S1E), with a low surface area (42.7 + 0.2 m”> g ). Its
elemental composition was mainly carbon (61.7 £+ 0.3%) and
oxygen (25.0 = 0.1%), with minor hydrogen, nitrogen, alumi-
nium, and silicon (Fig. S1D and F, SI). SEM revealed hetero-
geneous agglomerates with microcavities and microspheres
(Fig. S1G, SI). The acidic pH (4.12 + 0.02) also indicated
abundant acidic functional groups. To enable its use in energy
storage devices, hydrochar was converted into HC and AC for
capacitor electrodes.

Pyrolysis of hydrochar at 1000 °C produced HC with a yield of
28.05 £ 0.04%. Activation involved carbonizing hydrochar at
500 °C (yield: 34.5 £ 0.3%), followed by KOH activation (1:4
hydrochar: KOH) at 800 °C, yielding AC at 51.6 + 0.1% and a
final total yield of 17.4 £+ 0.1%. Direct activation without pre-
carbonization at 500 °C yielded only 6.7 £ 0.3% of a carbon
material (Scheme S2, SI) that also exhibited inferior electroche-
mical performance (Fig. S2, SI).

3.2. Hard carbon characterization

The physicochemical properties of HCs govern their lithium-
ion storage mechanisms, which ultimately constrain the power
performance of LiC. Acting as a battery-like electrode, HC
enhances LiC energy density through lithium intercalation
within layered structures and adsorption in internal pores and
defects."® However, these storage mechanisms lead to more
pronounced capacity fading at high current densities compared
to AC-based electrodes.**?* Therefore, a deep understanding of
HC’s physicochemical characteristics is essential for improving
high-rate performance without compromising cycling life.
Raman, XRD, and SEM (Fig. 1A-H) confirm the formation of
an amorphous, highly disordered, turbostratic, biomass-
derived HC. The HC experimental Raman spectrum is fitted
to the sum of four first-order (D, G + D/, A, and transpolyace-
tylene (TPA)) and three second-order (2D, G + D, and 2D,)
bands (Fig. 1A). The position, intensity, width, and assignment
of the identified Raman bands are detailed in Table S1 of the SI.
Overall, the D (1338.9 cm™ ') and G + D’ (1602.3 cm™ ') bands
dominate the HC Raman spectrum in terms of intensity. The D
(disordered) band is activated by defects, edges, and small sp®
carbon crystal fragments.>**> The G band corresponds to the
E,, vibrational mode of sp*bonded carbon atoms in graphitic

domains.***® Typically observed between 1520 and 1620 cm ™,
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Fig. 1 Physicochemical characterization of hard carbon (HC). (A) Raman
spectrum of HC with fitted Gaussian/Lorentzian components (TPA, D, A, G
+ D/, 2D, G + D, and 2D, in increasing Raman shift), confirming its
amorphous structure. (B) X-ray diffraction (XRD) pattern showing peaks
at 23.7° and 43.8°, corresponding to the (002) and (100) planes, indicative
of distorted graphitic layers mixed with amorphous regions. (C) and (D)
Scanning electron microscopy (SEM) images displaying the main surface
features, including rod-like structures, numerous cavities, and open chan-
nels with a scale bar of 100 pm. (E) and (F) SEM with 10 pm length markers
detailing the yellow-highlighted areas in C and D, respectively, which show
(E) SiO, inclusions and (F) open channels. (G) Lateral and (H) superficial
views of fibrous structures using 10 um micron bars.

its position, intensity, and width correlate with the degree of
graphitization.”” Here, the G band appears at a high shift
(1602.3 cm™ ") with lower relative intensity (Ip/Ig = 0.93) and a
broad width nearly four times that of pristine graphite
(~15 em™"), indicating substantial defects, turbostratic disor-
der, and low graphitization.>”>® As HC is a very defective carbon,
the D’ (or D,) band, linked to defects within the graphitic planes,
overlaps with the G-band into a broader single peak.*°

Fitting only the D and G Raman bands within the fingerprint
region (400-1800 cm™ ') is challenging, indicating the presence
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of additional signals. Although spectral fitting is not unique, two
extra bands (A and TPA) are commonly introduced to achieve a
better fit, as detailed in Table S1 (SI).***' The A band, also
referred to as the D; band, appears around 1536.5 cm ™ * between
the D and G bands and originates from the amorphous carbon
fraction caused by point vacancy defects in the HC structure.?*??
The high synthesis temperature (1000 °C) likely promotes the
removal of heteroatoms, leaving these vacancies behind. The A
band exhibits a purely Gaussian profile (Table S1, SI), reflecting
the statistical distribution of local environments and structural
configurations around carbon atoms due to point defects.>>*"' In
addition, the TPA band, sometimes denoted D,, emerges near
1191.0 cm™" and is associated with ordered, conjugated TPA
chains (zigzag edge structures) within the HC material.*>** The
coexistence of D and A bands in the Raman fingerprint region
reinforces the amorphous nature of HC and highlights the
degree of local disorder.

The ratios obtained by analysing the integrated band area of
the first-order Raman spectrum in Fig. 1A, serve as indicators of
distinct structural features (Section S2 and Table S3, SI). The
analysis reveals a very low degree of graphitization (y = 0.16)
and a very high concentration of structural defects (6 = 0.84).
Additionally, the data indicate a very low abundance of TPA-like
structures (9 = 0.09), small graphitic crystallite size (/0 = 0.19),
and the presence of amorphous carbon containing both sp*-
and sp>-hybridized bonds (x = 0.31). A detailed Raman spectro-
scopy analysis is provided in Section S2 of the SI.

In the second-order Raman spectrum, which comprises
overtones and combinations of graphitic lattice vibration
modes, two prominent bands appear at 2688.6 cm ' and
2920.3 cm™*, corresponding to the 2D overtone and the G + D
combination, respectively. A weaker band at 3202.1 cm™ "' is
assigned to the 2D, overtone. The presence of the 2D, G + D,
and 2D, bands indicates that HC consists of a network of small,
highly defective, and randomly oriented graphitic domains.?*

The XRD pattern of bourbon whiskey waste-derived HC
(Fig. 1B) exhibits two broad diffraction features centred at 20 =
23.7° ((002) plane) and 43.8° ((100) plane). Both appear as broad
humps rather than sharp peaks, with full width at half max-
imum (FWHM) values of 7.43° for (002) and 5.47° for (100),
indicating poor long-range order, nanometric crystallite size
(consistent with the Raman y/J ratio), high defect density, and
an overall amorphous characteristic.>> The (002) reflection,
nearly Gaussian in shape, corresponds to an average interlayer
spacing of 0.375 nm, characteristic of turbostratic disorder
and variable layer stacking.?® This spacing, larger than that of
graphite (0.333-0.335 nm), is typical of biomass-derived HC
and is expected to facilitate lithium-ion intercalation and
insertion between layers.*>*® The Lorentzian-dominant (100)
reflection suggests the presence of ~3 nm sp> domains
embedded within an amorphous matrix.>’*® Collectively, the
XRD results confirm a turbostratic, few-layer HC structure
(~three stacked graphene layers), which is favourable for
rapid ion and electron transport in alkali-metal-ion storage
applications.'®*® A detailed analysis of XRD parameters is
provided in Section S3 of the SI.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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No distinct XRD peaks from inorganic impurities are
observed in Fig. 1B, suggesting the absence of crystalline
phases that could compromise HC structure and performance.
However, EDX analysis reveals ~10 um silicon oxide (SiO,)
inclusions (Fig. 1C-E and Fig. S3A, SI). The broad (002) hump of
HC may obscure weaker quartz or cristobalite peaks near
20-23°, as well as the characteristic quartz peak at 26.7°.
Furthermore, if present in trace amounts, crystalline SiO,
may remain undetected by XRD. Thus, SiO, is likely present
at a low concentration (~1 wt% at the surface, per EDX) or
exists as amorphous silica, as the sharp 26.7° a-quartz peak is
not clearly discernible.*® The SEM images in Fig. 1C-H reveal a
heterogeneous, hierarchical morphology (Fig. 1C), character-
ized by large tubular or rod-like fragments (50-200 pm) inter-
spersed with cavities (Fig. 1D, F and G), aligned channels
(Fig. 1G), and finer particulate debris (Fig. 1H). Similar tubular
or rod-like structures with internal cavities and channels have
been reported for other plant biomass-derived carbons.*’ The
pronounced surface roughness and open cavities on elongated
rods are expected to enhance electrolyte wetting, while the
aligned channels provide multiple pathways for electrolyte
infiltration and transport.*>

The surface area of HC (91 + 1 m* g~ ') is more than twice
that of its precursor (42.7 £+ 0.2 m* g~ ") (Fig. S1E and $3B, SI).
Nitrogen adsorption at 77 K indicates that gas uptake occurs
primarily in micropores (<2 nm). The steep increase in
nitrogen uptake within pores of subnanometer size suggests
the presence of ultramicropores (<1 nm), which are only
partially accessible to N, leading to an underestimation of
true ultramicroporosity. Micropores and nanopores serve as
key sites for lithium pore filling, contributing to plateau
capacity, while a moderate surface area supports capacitive
ion storage.'® However, excessively high surface areas
(>100 m* g ") can promote solid electrolyte interphase
(SEI) formation and cause irreversible capacity loss.’® To
achieve a more accurate and comprehensive pore structure
analysis, complementary CO, adsorption at 273 K and uni-
fied density functional theory pore size distribution (DFT-
PSD) calculation for N, and CO, gases is performed (Fig. S3B,
SI). The unified CO,/N, DFT-PSD reveals a predominantly
microporous structure for the HC, with the pore volume
concentrated in ultramicropores and a minor contribution
from mesopores and macropores (Fig. S3B, SI).

Under an air atmosphere, TGA analysis (Fig. S3C, SI) shows
an initial 6.45% mass loss below 105 °C, attributed to physio-
sorbed water and volatile species, followed by negligible change
up to 524 °C. Beyond this point, rapid oxidative decomposition
of the carbon matrix occurs between 524 °C and 701 °C,
resulting in an 86.75% mass loss (typical behaviour for dis-
ordered carbons). The residual mass at 800 °C is 6.80%,
corresponding to inorganic ash content (silicates and metal
oxides). Overall, these physicochemical characteristics high-
light the development of an environmentally sustainable and
cost-effective HC material that combines hierarchical morphol-
ogy, pore-filling capacity, and structural stability, making it a
promising candidate for LiC anodes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.1. Hard carbon electrochemical evaluation. The elec-
trochemical performance of HC as an LiC anode was first
assessed in a half-cell configuration using lithium metal as
both counter and reference electrodes (Fig. 2). Fig. 2A shows the
rate capability of three bourbon whiskey waste-derived HC
electrodes tested at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0C (where
1C = 372 mAh g~ ') in LP30-2VC electrolyte over a potential
range of 5 mV to 2 V vs. Li'/Li. Rate capability reflects electrode
performance at high current, where increasing the C-rate limits
the achievable capacity.*® The HC electrode delivered an initial
discharge capacity of 302 &+ 12 mAh g ' at 0.1C. Capacity
decreased markedly from 302 mAh g~ at 0.1C to 90 mAh g~ *
at 5C, retaining 48.8% of its initial capacity at 1C and only
29.8% at 5C. Overall, these values are comparable to those
reported for many hard carbon anodes, indicating that the
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Fig. 2 Electrochemical performance of HC electrodes tested as working
electrodes in Swagelok-type half-cells with lithium metal as both the
counter and reference electrodes in LP30-2VC electrolyte. (A) Discharge
capacity and coulombic efficiency for three independent HC electrodes
cycled at C-rates of 0.1, 0.2, 0.5, 1, 2, and 5 (1C = 372 mAh g%). (B) Long-
term cycling stability at 1C over 200 cycles. Left inset: Schematic of the
half-cell configuration. Right inset: First-cycle charge—discharge profile at
0.05C, highlighting an initial coulombic efficiency (ICE) of 61.4%. Error bars
represent the standard deviation of discharge capacity across the three
electrodes.
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material already exhibits a satisfactory rate capability under the
present conditions.’”*®** Although dedicated optimization was
not performed (e.g., pyrolysis temperature, particle size) to
enhance high-rate performance, the observed results evince
significant potential for further improvement without dimin-
ishing the material’s existing advantageous properties.

HC also demonstrates excellent structural stability and
capacity recovery. When the current was reduced back to
0.1C, the specific capacity returned to 292 + 1 mAh g,
recovering 96.9% of its initial value. This remarkable recovery
confirms that the capacity loss at high rates is primarily due to
kinetic limitations rather than irreversible material degrada-
tion, indicating strong structural integrity. Furthermore, the
low standard deviations (£1-2 mAh g~ ") across all subsequent
measurements (from 0.2C through the return to 0.1C) validate
consistent performance among the three tested electrodes.

The initial galvanostatic charge-discharge profile at 0.05C
(Fig. 2B, right inset) exhibited a first charge capacity of
601 mAh g ' and a corresponding discharge capacity of
369 mAh g, yielding an initial coulombic efficiency (ICE)
of 61.4 + 0.3%. The significant irreversible capacity is asso-
ciated with SEI formation, which stabilizes within the first few
cycles at 0.1C. The high capacity observed in the initial cycles
can be attributed to the HC average d,, spacing of 0.375 nm,
which exceeds the graphite range (0.333-0.335 nm), allowing
large amounts of Li* to access interlayer sites through inter-
calation (plateau region) and surface adsorption (slope
region) (Fig. 2B, inset and Fig. S4, SI). In addition, sp*- and
TPA-structures should provide additional structural defects
for surface Li" adsorption. A detailed analysis of Li-ion storage
mechanisms and SEI development is provided in Fig. S4, SI.
To further assess HC stability, long-term cycling was con-
ducted over 200 cycles at 1C in the same two-electrode cell
configuration (Fig. 2B, left inset). Fig. 2B shows an average
discharge capacity of 177 + 5 mAh g~ for three electrodes over
200 cycles, with nearly 100% coulombic efficiency throughout
most cycles and 96.2% capacity retention. These results demon-
strate exceptional long-term cycling stability and electrochemical
activation behaviour. During extended cycling at 1C, the specific
capacity increased from 170 & 5 mAh g ' during the first
50 cycles to a stable 179 + 2 mAh g ' for the remaining
150 cycles. This gradual increase is attributed to the progressive
wetting of HC’s microporous structure, which improves lithium
access to previously inaccessible active sites. The combination of
high specific capacity, strong performance at elevated C-rates,
and excellent capacity retention indicates favourable kinetics
and the formation of a stable SEI, making this material a suitable
candidate for pairing with an AC cathode in a hybrid energy
storage device. To ensure complete SEI formation, a prelithiation
strategy was employed before LiC assembly (Scheme S3, SI).

3.3. Activated carbon characterization

While HC delivers high energy density for the hybrid device, AC
provides high power capability and rapid charge/discharge by
storing energy through lithium adsorption at the electric dou-
ble layer (EDL). The performance of the AC cathode is
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inherently tied to its structural and textural properties
(Fig. 3), which dictate ion adsorption, charge transfer, and
long-term stability.**** Fig. 3A shows the experimental Raman
spectrum of AC along with a fitted curve representing the sum
of deconvoluted bands. Like HC, the AC spectrum is dominated
by the D and G + D’ bands (Table S2, SI). Additional Raman
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Fig. 3 Physicochemical characterization of AC. (A) Raman spectrum with
experimental data and fitted sum of deconvoluted D, G + D’, A, TPA, 2D, G
+ D, and 2D, bands. (B) N, volume adsorbed (Vaqs) vs. relative pressure (P/
Po) with BET fitting in the 0.05-0.35 P/Pq range, yielding a specific surface
area of 2861 + 4 m? g L. (C) Pore size distribution by the ratio of the first
derivative of the volume (dV) and the first derivative of the average pore
diameter (dD) vs. the average pore diameter (D), showing the abundance
of micro- (<2 nm) and small mesopores (2-50 nm). (D)—(H) SEM images
that illustrate the abundance of heterogeneous motifs present in AC, with
scale bars of (D) 100 um and (E) 50 pm. (F) Details of open cavities
highlighted in yellow in D with a calibrated length of 10 um. (G) Details
of the rounded motif highlighted in yellow in (E) with a magnification
indicator of 10 pm. (H) Further details of surface cavities and heterostruc-
tures highlighted in yellow in (G) with a scale bar of 2 um, illustrating the
dominant surface morphology, heterogeneity, and abundance of variable-
sized cavities.
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features include secondary defect and amorphous A and TPA
bands, as well as 2D, G + D, and 2D, bands in the overtone
region (Table S2, SI).

The D band exhibits high intensity (Ip/Ig = 0.89), confirming
a significant defect density, while its broad width reflects a wide
variety of defect types.”* This strongly indicates aggressive
chemical activation, which introduces vacancies, pores, and
numerous new edge planes into the carbon framework.*® The G
band is shifted to a higher wavenumber than in pristine
graphite (~1582 ¢cm™ "), suggesting the presence of small,
isolated sp® graphitic domains embedded in a disordered
matrix.*” Its relatively narrow full width at half maximum
(FWHM) implies that these nanocrystallites are fairly uniform
despite their disordered surroundings.>’ Nevertheless, the G
band dominates the spectrum around 1580-1620 cm ', mak-
ing the D’ (or D,) band, which has low intensity, visually blend
with it. The D, band is attributed to disorder or defects at the
edges of graphitic crystallites.’® The amorphous A band, with
notable intensity and a pure Gaussian profile, points to a
substantial fraction of amorphous carbon.**> KOH activation
reduces the size of graphitic crystallites into smaller, more
defective nanocrystals, reorganizing the AC structure into a
highly disordered and amorphous structure. Additionally, the
TPA band, associated with zigzag edges, indicates the for-
mation of sp*>-hybridized sites within the carbon network.*?

The 2D band, with its broad FWHM, reflects the highly
disordered nature of AC, indicating the absence of regular
stacking among any graphitic layers that may be present
(Table S2, SI).>” The G + D band further confirms structural
disorder, as its activation requires the presence of defects.*®
The weak 2D, feature reinforces this defect-rich framework.
Overall, Raman analysis (Fig. 3A) demonstrates that AC exhibits
a highly disordered, porous, and defect-dense structure, char-
acteristics that typically translate into an exceptionally large
surface area, essential for high-performance capacitive energy
storage.

Bourbon-derived HC and AC display comparable Raman
features, with nearly identical band positions and equivalent
signal assignations (Tables S1 and S2, SI). However, their
structural characteristics, as determined from deconvoluted
Raman spectra, differ systematically (Table S3, SI). HC shows
greater graphitization and crystallite growth, along with a
higher abundance of sp*-hybridized carbon bonds and TPA-
like structures, compared to AC. In contrast, AC exhibits a
higher defect concentration, along with broader and weaker D-
and G-bands, indicating lower crystallinity and uniformity
relative to HC.

Nitrogen adsorption at cryogenic temperatures (Fig. 3B) for
AC confirms the development of an exceptionally high surface
area of 2861 + 4 m> g~ . As noted earlier, AC electrodes store Li-
ion by adsorption at the EDL. A large surface area promotes
extensive EDL formation, providing more adsorption sites and
thereby enhancing specific capacitance and energy density.*®
However, surface area alone is not sufficient; pore size (Fig. 3C
and Fig. S5A, B, SI) and connectivity are equally critical for
performance, particularly at high power rates.***°
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The N, adsorption isotherm in Fig. 3B exhibits a steep
uptake at P/P, < 0.1, indicating the presence of abundant
micropores (<2 nm), as shown in Fig. 3C. Specifically, a large
abundance of ultra-micropores (<0.7 nm) is confirmed by CO,
adsorption at 273 K (Fig. S5A and B, SI). KOH activation is
highly effective in generating micropores, resulting in both
high surface area and substantial gas adsorption capacity (N,
cumulative pore volume: 1.5 cm® g~ *).”° The pronounced addi-
tional uptake between 0.1 and 0.5 P/P, reflects, in addition to
the micropores, a large abundance of 2-5 nm mesopores,
confirmed by the DFT-PSD in Fig. S5A, SI. In contrast, the lack
of a clear hysteresis loop in Fig. 3B indicates that larger
mesopores (roughly 5-50 nm) are not abundant, which is also
consistent with the limited volume of wider mesopores
observed in Fig. S5A, SI. DFT-PSD shows that around 67% of
the total gas adsorption occurs in micropores (28% in ultra-
micropores), while the remaining 33% occurs in mesopores
(31% in pores 2 to 5 nm wide).

Micropores are essential for maximizing surface area and
EDL formation,>"**> while mesopores facilitate rapid ion trans-
port from the bulk electrolyte to micropores, improving power
density.”>* Macropores act as reservoirs, ensuring electrolyte
saturation.”® The limited development of large mesopores
could limit connectivity between surface-accessible voids and
the internal micropore-small mesopore network, potentially
creating diffusion bottlenecks during high-rate cycling. While
macropores facilitate electrolyte infiltration, insufficient distri-
bution of variable-size mesopores could limit ion transport,
resulting in performance limitations at high current densities.

SEM images (Fig. 3D-H) illustrate AC morphology at differ-
ent magnifications and scale bars of 100 um, 50 pm, 10 pm, and
2 um. The AC structure appears amorphous, featuring (Fig. 3D
and E) fibrous motifs and (Fig. 3E and G) bulky domains. Both
AC and HC display fibrous motifs (Fig. 3D and E) due to the
single-source plant-derived biomass waste. However, AC
features large surface cavities, where HC exhibits SiO, inclu-
sions. Fig. 3D and the details of the yellow-highlighted area in
Fig. 3F show these large surface cavities within the fibrous
structures. Additionally, large macropores are visible in Fig. 3H.
These large surface cavities and macropores act as entry points
and reservoirs for the electrolyte.

3.3.1. Activated carbon electrochemical evaluation. The
electrochemical performance of bourbon-derived ACs was first
assessed in symmetrical EDLCs (Fig. S6, SI). Cyclic voltammetry
(Fig. S6A, SI) at scan rates from 5 to 50 mV s~ shows nearly
rectangular profiles. The rectangular voltammogram profiles
are retained as the scan rate increases from 5 to 50 mV s 7,
indicating good capability to operate at high rates. In good
agreement, galvanostatic charge-discharge measurements
(Fig. S6B, SI) reveal a capacitance retention of 92% from
01Ag ' (2744+08Fg )to1.0Ag ' (251 + 0.3 Fg ). At
higher currents, capacitance gradually declines from 24.2 +
05Fg 'at2.0Ag 'to17 £2Fg 'at 10 Ag !, retaining over
60% of the initial value.

Stability was assessed via a float test at 2.7 V with inter-
mittent cycling at 1 A g~ ' every 10 hours (Fig. S6C, SI). EDLCs
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Fig. 4 Electrochemical performance of AC electrodes in a three-
electrode configuration using Li*/Li as the reference and carbon as the
counter electrode in the LP30-2VC electrolyte. (A) Cyclic voltammograms
at scan rates of 5-50 mV s % the inset shows the three-electrode
schematic. (B) Galvanostatic charge—discharge curves at current densities
from 0.25 to 20 A g~ % the inset highlights profiles at 0.25, 0.50, and 1.0 A
gL Error bars represent the standard deviation of specific capacitance
across three replicates.

retained 90% of their initial capacitance after 100 h and 88%
after 200 h. Long-term cycling (Fig. S6D, SI) over 15 000 cycles at
1 A g7' resulted in only 4% loss after 10000 cycles and an
additional 6% over the final 5000 cycles. Both tests indicate
excellent durability and low fade rates, underscoring AC’s
potential for practical energy storage.

Fig. 4A shows the cyclic voltammetry of AC in a half-cell
configuration using LP30-2VC electrolyte within a 2.0-4.2 V
window vs. Li'/Li. These potential limits were chosen to mimic
the performance of the AC when operating as the positive
electrode in the LiC. The voltammograms exhibit a nearly
rectangular shape across scan rates from 5 to 50 mV s,
indicating ideal capacitive behaviour with negligible faradaic
contributions. Galvanostatic charge-discharge curves (Fig. 4B,
inset) display the characteristic triangular profile with minimal
ohmic drop and no faradaic processes. Fig. 4B shows a gradual
decline in capacitance from 141 = 1 F g ' at 0.3 A g ' to

Mater. Adv.

View Article Online

Materials Advances

92 +7Fg 'at 10 A g7, retaining over 65% of its initial value.
Overall, AC in LP30-2VC delivers a high specific capacitance of
129 + 2 F g ' at 1.0 A g ' and maintains 71% retention at
10 A g ' (92 £ 7 F g !). This robust capacitive behaviour
confirms efficient double-layer formation and excellent rate
capability, guiding the optimization of AC mass loading for
LiC assembly (Fig. S7, SI).

3.4. Lithium-ion capacitor performance

Fig. S7, SI, shows that the specific capacities of HC and AC
electrodes in half-cells are significantly different. HC-based
electrodes exhibit capacities more than 3 times higher than
AC at low current densities. However, when current densities
increase, the capacities of HC and AC approach each other,
with a ratio of 1.2:1 at 2 A g '. Consequently, the LiC
performance is experimentally evaluated using HC:AC mass
ratios ranging from 1:1 to 1.5:1 (Fig. S8, SI). These configura-
tions intentionally oversize the negative electrode to prevent
full capacity utilization and minimize the risk of lithium
plating. Balanced HC/AC ratios are also critical for optimizing
energy, power, and stability in LiCs."’ Fig. S8, SI confirms that a
1:1 ratio delivers superior energy and power densities com-
pared to LiC configurations with higher HC/AC mass ratios.
This ratio was used consistently across all tests shown in
Fig. 5A-C.

LiC devices were assembled using prelithiated HC and
precycled AC electrodes in LP30-2VC electrolyte. Fig. 5 presents
the electrochemical performance of LiCs with optimized mass
loading. One major cause of capacity fade in LiCs is lithium
plating, the unwanted deposition of metallic lithium on the HC
surface when its potential (Eyc) falls at or below 0 V vs. Li*/Li.>*
To confirm the absence of lithium plating (Eyc > 0 Vvs. Li'/Li),
a Li'/Li reference electrode was included during testing at
various current densities as a third electrode (Fig. 5A, right
inset). This configuration also enabled monitoring of the AC
electrode potential alongside the device voltage (Fig. 5A, left
inset).

The left inset of Fig. 5A shows a complete charge/discharge
profile of a model LiC cycled between 2.0 and 4.2 Vat1Ag "
LiCs were tested from 0.05 to 30 A g~ " (Fig. S9 and Table S4, SI),
but only 0.05-6 A g ' are shown in Fig. 5A due to the high
variability of specific capacitance values (relative standard devia-
tion (RSD) > 21%) obtained beyond 6 A g~ *. At 0.05 A g ", LiCs
delivered a specific capacitance of 73.6 & 0.5 F g~ " and a specific
capacity of 44.1 4+ 0.5 mAh g~ * (normalized to the total electrode
mass). At 6 A g, the devices retained 72% of their initial
capacitance (53 = 1 F g~ ') and 52% of their initial capacity
(23 + 1 mAh g™ ).

During the float test (Fig. 5B), LiCs retained 80 + 2% of its
initial capacitance and 67 + 3% of its initial capacity after 200 h
at 1 A g . This behaviour is consistent with parasitic electrolyte
oxidation above 4.0 V, facilitated by the high surface area,
oxygen groups, and microporosity of the AC cathode.”>” The
resulting byproducts may block pores and increase resistance,
which mainly manifests as the observed capacitance fade.’*>®
The somewhat larger loss in specific capacity likely arises from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical performance of LiC devices assembled with a
precycled AC and a prelithiated HC in a three-electrode Swagelok-type
cell. (A) Specific capacitance and capacity retention at 0.05-6 A g~* (error
bars: SD from five devices). Left inset: Galvanostatic profiles at 1 A gt
showing LiC voltage (violet) and AC (red) and HC (blue) potentials vs. Li*/Li,
with HC remaining above 0O V. Right inset: Schematic of the three-
electrode configuration with AC, HC, and the Li reference. (B) Float test
of LiC devices at 1 A g™t over 200 h, with capacitance and capacity
retentions after 200 h test and an average Coulombic efficiency (CE) of
99.9 + 0.1%. Inset: Charge/discharge profiles at 10 h and 200 h. (C) Cycling
stability of LiC devices at 3 A g~% showing capacitance and capacity
retention after 5000 and 10 000 cycles, CE = 99.93 + 0.02%. Inset: Profiles
at the 10th and 999th cycles.
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additional battery-type degradation at the prelithiated HC
anode during float, such as SEI growth and loss of cyclable
lithium.>*®° Consequently, a stronger apparent fade in capacity
than capacitance is expected, even though the overall capacitive
response remains robust. Retaining 80% of the initial capaci-
tance and 67% of the initial capacity after 200 h under a
demanding high-voltage float protocol is highly encouraging
for unoptimized, additive-free, biomass-waste-derived LiCs.

LiCs also exhibited good retention when galvanostatically
cycled for 10000 cycles at 3 A g~ (Fig. 5C), with only 17 4 3%
capacitance and capacity loss after 5000 cycles and an addi-
tional 14 £+ 2% after 10000 cycles. The retention of 83% of
specific capacitance and capacity after 5000 cycles at 3 A g~ "
suggests that high-current cycling is primarily influenced by
reversible resistive and transport changes rather than by dis-
tinct battery-type degradation. This behaviour is advantageous
for high-power applications.®"*

Fig. 6 presents Ragone plots comparing the specific energy
and power of the assembled EDLC and LiC devices. EDLCs
exhibit energy densities from 23.8 + 0.7 Wh kg ' at 270 +
4Wkg 'to1.9+0.7Whkg ' at 9.2 + 5 kW kg™ '. In contrast,
LiCs deliver 135 + 3 Wh kg™ ' at 215 & 5 W kg™, decreasing to
48 + 2 Wh kg™ " at 22 4+ 1 kW kg~ '. While both systems achieve
comparable high-power performance, LiCs provide substantially
higher gravimetric energy densities, ranging from 5 to 25 times
those of EDLCs across 0.05-6 A g '. This combination of
exceptional energy and power density highlights the effective-
ness of the LiC hybrid configuration. The superior performance
of LiCs stems from selecting a single, suitable source of biomass
waste (bourbon stillage) that pairs a high-power, ion-adsorptive
AC electrode with a high-capacity HC electrode. Prelithiation of
HC is a critical step because it minimizes irreversible lithium
loss, lowers the HC operating potential, and widens the LiC
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Fig. 6 Ragone plots comparing the electrochemical performance of the
assembled LiC and EDLC devices. Gravimetric specific energy and power
densities are shown with error bars representing the standard deviation
from independent measurements of each device. Specific energy and
power densities are normalized to the total mass of combined electrodes.
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voltage window. A larger voltage directly translates into higher
energy density while preserving high power, enabled by the rapid
ion kinetics of the AC electrode. When benchmarked against
recent reports using undoped biomass-derived carbons, these
results are highly competitive.'”'8??

3.5.
LiCs

The fitness of bourbon distillery waste valorisation for

Bourbon stillage is distinguished among lignocellulosic distil-
lery wastes by its elevated protein (26 + 2%) and fat (9 £ 2%)
contents.* Its high-water proportion (89.95 + 0.03%) and
inherent acidity (pH = 3.79 + 0.03) make HTC (200 °C,
45 min) an effective single-step process for producing hydro-
char with exceptionally low mineral content (1.58 + 0.02%).
This process induces intrinsic cross-linking defects (which
enforce HC lattice turbostratic disorder) and extrinsic heteroa-
tom functional groups (25.0 £+ 0.1% O and 4.7 £+ 0.2% N), both
of which impact the resulting structures and Li* storage capa-
city of HC and AC. Another distinct class of intrinsic defects,
sp>-hybridized cross-linking carbon bonds and TPA chains at
grain boundaries, has been confirmed by Raman spectroscopy
in both HC and AC. To our knowledge, these structures have
not been reported for purely lignocellulosic or purely protein-
rich derived carbons.

The symmetric EDLCs assembled deliver 23.8 & 0.7 Wh kg™
with 96% capacitance retention after 10 000 cycles in 1 M Et,NBF,
in ACN. This high cycling stability ranks among the best reported
for any distillery- or fermentation-waste-derived activated carbon
in an organic electrolyte (Table S5, SI). The resulting dual-carbon,
single-source LiC achieves 135 &= 3 Wh kg™ ' at 215 + 5 W kg ™'
and 48 + 2 Wh ke ' at 22 + 1 kW kg ' with 69% capacity
retention after 10 000 cycles, outperforming the closest published
biomass single-source analog (Pinus radiata, 111 Wh kg™, 60% at
10000 cycles) without any external dopant, template, or pretreat-
ment (Table S6, SI). Taken together, these results demonstrate
that bourbon stillage is not merely a waste stream amenable to
valorisation, but a chemically self-consistent precursor whose
accidental biochemical composition generates a dual-defect car-
bon architecture that rivals purpose-engineering systems.

4. Conclusions

Bourbon whiskey stillage was successfully upcycled into high-
value carbonaceous materials, hydrochar, HC, and AC. HTC at
200 °C for 45 min provided a cost-effective and environmentally
sustainable route to convert stillage into hydrochar. Subse-
quent carbonization under nitrogen at 1000 °C produced HC,
while chemical activation with KOH (1:4 ratio) at 800 °C
yielded AC. Both HC and AC served as active materials for
high-performance single-source electrochemical capacitors.
Symmetric AC-fabricated EDLCs exhibited exceptional cycling
stability, retaining 96% of their initial gravimetric capacitance
after 10000 charge/discharge cycles. Their performances are
highly competitive, delivering specific energy and power den-
sities of 23.8-1.9 Wh kg™ " at 0.27-9.2 kW kg~ '. Furthermore,
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hybrid lithium-ion capacitors achieved superior energy densi-
ties of 135-48 Wh kg™ " at power densities of 0.215-22 kW kg ™.
These results establish a green chemistry framework for trans-
forming bourbon whiskey waste into single-source electrode
materials for high-performance supercapacitors, with potential
for scalability to other spirits and ethanol-producing industries.
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