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ABSTRACT: Bio-derived carbon cryogels have garnered significant interest as promising electrode materials for
supercapacitors due to their high specific surface area (SSA), hierarchical porosity, and eco-friendly synthesis methods.
In this study, a tannin-modified phenolic hydrogel was synthesized using a sustainable tannin-phenol precursor
system and subsequently subjected to three distinct drying methods-freeze-drying (FD), supercritical drying (SCD),
and ambient pressure drying (APD)-to systematically evaluate their influence on structural integrity, porosity, and
electrochemical behavior. Among these, the sample obtained via freeze-drying (TPUF-FD) maintained the most
intact porous network, minimizing structural collapse during sublimation of ice under vacuum. This preservation
of hierarchical micro- and mesopores facilitated enhanced ion diffusion, leading to the highest SSA and favorable
nitrogen/oxygen functionalities that contribute to both electric double-layer capacitance and pseudocapacitance. The
TPUF-FD electrode exhibited a high specific capacitance of 127.6 F ¢! at 0.5 A g"!, maintaining 107.0 Fg™' at 10 A g*,
which corresponds to a rate retention of 83.9%. When assembled into a symmetric device, the supercapacitor achieved
an energy density of 8.47 Wh kg™ at a power density of 562.5 W kg™'. Notably, the device retained 100% of its initial
capacitance after 9000 charge-discharge cycles at 10 A g with excellent coulombic efficiency (108.3%). These results
underscore the crucial role of freeze-drying in preserving both the microstructural features and surface chemistry of
biomass-derived carbon cryogels, which enhances ion accessibility and contributes to the stable, high-performance
supercapacitor applications.

KEYWORDS: Tannin-derived carbon cryogels; freeze-drying; porous structure engineering; biomass-based electrode
materials; supercapacitors; electrochemical performance

1 Introduction

The excessive reliance on fossil fuels has led to severe environmental degradation and the rapid depletion
of non-renewable resources. To address the escalating energy and environmental crises, global attention is
shifting toward sustainable energy technologies and green energy storage systems [1]. Renewable energy
sources-such as solar, wind, and hydroelectric-offer promising alternatives; however, their intermittent and
unstable nature demands the development of efficient, durable, and eco-friendly energy storage devices [2].
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Supercapacitors have emerged as a leading class of electrochemical energy storage devices due to
their high power density, rapid charge/discharge rates, long cycling stability, and minimal environmental
footprint [3]. Based on their energy storage mechanisms and electrode material types, supercapacitors are
generally categorized into electric double-layer capacitors (EDLCs) [4], pseudocapacitors (PCs) [5], and
hybrid supercapacitors (HSCs) [6,7]. EDLCs store energy via the electrostatic accumulation of ions at the
electrode—-electrolyte interface, which is strongly influenced by the specific surface area and porosity of
the electrode material [8]. Widely used materials for EDLCs include activated carbon, carbon nanotubes,
and aerogels. For instance, Sruthy et al. [9] prepared graphitic activated carbon from pine wood residue
using boron-assisted graphitization and a two-step carbonization method with KOH activation at 900°C,
demonstrating excellent capacitive performance. Pseudocapacitors, in contrast, rely on fast faradaic redox
reactions but often suffer from limited cycling life due to structural degradation [10]. Hybrid capacitors
aim to integrate the strengths of both types but are constrained by electrode mismatching and the use
of flammable organic electrolytes, which pose safety and scalability challenges [11]. Therefore, the rational
design of electrode materials with high conductivity, tunable porosity, and low environmental impact is
essential —among which carbon cryogels have shown considerable promise.

Carbon cryogels [12,13], as promising EDLC materials, combine ultralight weight, high electrical
conductivity, chemical stability, and a tunable hierarchical pore network. These materials typically possess
specific surface areas ranging from 350 to 900 m* g !, enabling fast charge transport and high ion-
accessible surface area [14]. Carbon aerogels are generally synthesized through a sol-gel condensation
reaction involving monomers (e.g., resorcinol or phenol) and crosslinkers (e.g., formaldehyde) to form
three-dimensional polymer networks [15,16]. The phenolic hydroxyl groups (-OH) in phenol enable it to
undergo polycondensation reactions with formaldehyde, producing phenolic resins with robust structural
frameworks. Several studies have explored biomass-based aerogels for energy applications. For example,
Wang et al. [17] prepared lignin-derived carbon aerogels via sol-gel synthesis and reported well-developed
porosity and excellent electrochemical properties.

Tannin, a naturally abundant polyphenol from plant sources such as bark and fruit, exhibits a similar
chemical structure and reactivity, making it an effective and greener substitute for phenol [18]. Notably,
tannin is significantly more economical (~14 ¥ kg™!) compared to phenol (~108.62 ¥ kg™'), enhancing the
cost-effectiveness of the final material. Thus, tannin-based phenolic resins not only lower synthesis costs
but also align with green chemistry principles and support the development of environmentally sustainable
materials with high market potential [19]. By partially substituting phenol/resorcinol with condensed
tannins, the resulting carbon cryogels retain high surface area (up to 788.42 m* g~') while significantly
reducing environmental toxicity. Thus, tannin-based phenolic resins not only lower synthesis costs but
also reduce environmental toxicity, aligning well with the principles of green chemistry [20,21]. Braghiroli
et al. [22] further demonstrated that tannin-derived nitrogen-doped aerogels prepared via hydrothermal
treatment delivered excellent specific capacitance. However, a systematic comparison of drying methods on
the pore architecture and performance of tannin-based carbon aerogels remains lacking in the literature.

A critical step in the preparation of carbon cryogels is the drying of the wet gel, which largely determines
the integrity of the porous network. Improper drying can induce structural collapse due to capillary forces
generated during solvent evaporation. Three main drying techniques are commonly used: ambient pressure
drying (APD), supercritical drying (SCD), and freeze-drying (FD) [23]. Aerogels synthesized by different
drying methods vary, such as supercritical drying (aerogels), freeze-drying (cryogels), and atmospheric
pressure drying (xerogels). APD often results in significant shrinkage and pore collapse due to high surface
tension. In contrast, SCD eliminates surface tension by raising the solvent above its critical point. Since the
solvent has no surface tension in the supercritical state, no capillary pressure is generated, thus avoiding
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the collapse of the gel structure. FD removes the solvent through the sublimation of the freezing solvent,
thereby avoiding the liquid-gas interface that causes capillary stress. During the freeze-drying process, the
moisture in the solution gradually forms ice crystals. These ice crystals leave pores during the sublimation
process, thus forming a porous structure. The size and shape of the pores depend on the freezing rate and
temperature. A faster freezing rate usually leads to the formation of smaller ice crystals, thereby achieving
a more uniform pore structure. Among these, freeze-drying is particularly attractive for biomass-derived
systems due to its mild conditions, energy efficiency, and ability to preserve delicate pore architectures
without chemical additives. After drying, the organic cryogels undergo carbonization in an inert atmosphere
to convert the polymeric network into a conductive carbon framework [24]. Additionally, the dilution ratio
of the resin to solvent is a key parameter that affects the polymer network formation, pore morphology, and
final electrochemical properties.

In light of the growing demand for sustainable and high-performance electrode materials, this work
introduces a green and renewable precursor system by partially substituting phenol with bio-derived
tannin to synthesize tannin-modified phenolic hydrogels. To the best of our knowledge, few studies
have systematically compared the effects of different drying techniques on the structural integrity and
electrochemical performance of biomass-derived carbon aerogels. Herein, three distinct drying methods—
freeze-drying (FD), supercritical drying (SCD), and ambient pressure drying (APD)—are employed to
tailor the microstructure and pore characteristics of the resulting carbon aerogels. This study uniquely
demonstrates that freeze-drying can effectively preserve the fragile gel network, yielding hierarchical porosity
with a high specific surface area and excellent ion transport properties. Moreover, the optimized carbon
aerogel exhibits superior specific capacitance and cycling stability in both three-electrode and two-electrode
systems. These findings offer new insights into the structure-performance relationship of bio-based carbon
aerogels and highlight their promising potential as next-generation supercapacitor electrodes.

2 Experimental
2.1 Reagents and Materials

Condensed tannin (from quebracho wood, 70 + 2.0% purity, 4%-5% moisture content) was supplied by
Xinhua Co., Ltd. (China). Formaldehyde solution (CH,O, 37.0 wt.%), phenol (CsHsOH), urea (CO(NH,),),
sodium hydroxide (NaOH), and anhydrous ethanol (C,HgO) were of analytical grade and purchased from
Sinophelic Chemical Reagents Co., Ltd. (Shanghai, China) Potassium hydroxide (KOH), acetylene black,
polyvinylidene fluoride (PVDEF), and N-methylpyrrolidone (CsHyNO) were also of analytical grade and
supplied by Shanghai Aladdin Biochemical Technology Co., Ltd. Nickel foam (1 mm thickness, 99.9% purity,
>95% porosity) was used as the substrate and current collector for working electrode preparation. A glassy
carbon electrode (model R502) served as the reference electrode, while a platinum foil electrode (model Pt
210) was used as the counter electrode.

2.2 Preparation of Tannin-Modified Phenolic Carbon Aerogel

To synthesize the tannin-modified phenolic resin, 15 g of condensed tannin, 15 g of phenol, 20 g of urea,
and 108.1 g of 37 wt.% formaldehyde solution were added to a flat-bottomed flask. Subsequently, 1 mL of
10 mol-L~! NaOH was introduced to the mixture as a catalyst, and the solution was stirred and reacted at
85°C for 1 h to yield a tannin-phenol-urea-based phenolic resin.
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After the reaction, the resin was cooled to room temperature and diluted using 50 wt.% ethanol aqueous
solutions at different resin-to-solvent mass ratios (1:1.0, 1:1.5, 1:2.0, 1:2.5, and 1:3.0) to obtain five dilution
groups. Each mixture was further adjusted to the desired pH by adding 200 pL of 10 mol-L™' NaOH. The
resulting mixtures were transferred into sealed glass tubes and placed in an oven at 100°C for gelation and
aging. After 7 days, tannin-urea-modified phenolic hydrogels were obtained.

The hydrogel used for SCD was placed in anhydrous ethanol for solution replacement. New anhydrous
ethanol was replaced every day, and this process was repeated for 4 days. The hydrogels used for APD and
FD were placed in ethanol aqueous solution for solution displacement. New solutions were replaced every
day, and this process was repeated for 4 days. After complete solvent exchange, the hydrogel was subjected to
one of three different drying methods—freeze-drying (FD), supercritical drying (SCD), or ambient pressure
drying (APD)—for 48 h to obtain the corresponding TPUF-based organic aerogel. FD was frozen at —-99°C
for 24 h, with a vacuum degree of about 10 Pa, and dried for 24 h. APD was dried at 25°C at 1 atm for 24 h.
The refrigeration temperature of SCD is 5°C, the supercritical temperature is 35°C, and the supercritical time
is 60 min.

The dried samples were placed in a quartz boat and carbonized in a tubular furnace under nitro-
gen atmosphere. The temperature was raised at a rate of 5°C min™' to 800°C and maintained for 2 h
under a constant nitrogen flow rate of 80 mL min~!. The resulting materials were denoted as tannin-
modified phenolic carbon cryogels. The overall preparation process is illustrated in Fig. 1. To ensure the
reliability and reproducibility of the results, for each drying method (freeze-drying, supercritical drying,
and ambient pressure drying), three independent batches of samples were prepared following the same
synthesis conditions.

Freeze- Superecritical Ambient

drying drying drying
)))
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(+] © f ’ ] Hydrogel Carbonization
©le ° J
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Figure 1: Schematic illustration of the preparation of tannin-modified phenolic carbon aerogels using three drying
methods (FD, SCD, APD)

2.3 Characterization of TPUF Electrode Materials

The surface chemical composition and elemental valence states of the samples were analyzed by
X-ray photoelectron spectroscopy (XPS, AXIS Ultra, Kratos Analytical, UK) using a monochromatic Al Ko
radiation source (1486.6 €V) at a base pressure of 107 mbar. All binding energies were calibrated using
the C 1s peak at 284.8 eV as the reference [25]. The crystalline structure and phase composition were
determined via X-ray diffraction [26] (XRD, Bruker D8, Bragg-Brentano geometry). The specific surface
area (SSA) and pore size distribution (PSD) were evaluated by nitrogen adsorption-desorption isotherms
usingan ASAP 2020 surface area and porosity analyzer (Micromeritics, USA). The Brunauer-Emmett-Teller
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(BET) method was applied to determine SSA, while PSD was derived from the adsorption branch using
the density functional theory (DFT) model. The morphology and microstructure of the carbon cryogels
were examined using field-emission scanning electron microscopy (FE-SEM, Hitachi S3400) [27]. Fourier-
transform infrared (FTIR) spectroscopy was carried out using a Bruker Tensor 27 spectrometer in the
wavenumber range of 4000-400 cm™!. The spectra were collected at a resolution of 4 cm™ with 32 scans per
sample using the KBr pellet method.

2.4 Electrochemical Measurement

The TPUF samples, acetylene black, and polyvinylidene fluoride (PVDF) were mixed in an agate mortar
at a mass ratio of 8:1:1 and ground thoroughly to form a homogeneous powder. N-methylpyrrolidone (NMP)
was added as a dispersant, and grinding was continued to obtain a uniform and viscous black slurry [28].
The resulting slurry was evenly coated onto nickel foam (1 x 2 cm), with an active material area of 1 x 1 cm.
The coated electrodes were dried in an oven at 80°C for 8-12 h and then pressed using a roller press to form
the working electrode.

Electrochemical tests were conducted using a Zennium Electrochemical Workstation (Zahner,
Germany). A standard three-electrode (3E) configuration was adopted, with 6 M KOH aqueous solution as
the electrolyte. The nickel foam with the active material served as the working electrode, a Hg/HgO electrode
was used as the reference electrode, and a platinum foil was employed as the counter electrode [29]. The
electrochemical performance of the electrodes was evaluated by cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS).

The specific capacitance (Cs, F g!) of the electrode was calculated from the GCD curves using the
following equation:

Cs=(Ixty)/(mxAV) 1)

where I (A) is the discharge current, #; (s) is the discharge time, AV (V) is the operating voltage window,
and m (g) is the mass of the active material on the electrode.

The SCS construction and electrochemical tests are performed as follows: The SCS electrode passes
through the procedure described above for the working electrode. Two electrodes with similar mass of
TPUF-FD were selected as positive and negative electrodes, respectively. SCS were constructed using a 6 M
KOH solution as an electrolyte for electrochemical electro-chemical impedance testing. The mass ratio of
the positive to negative electrode loadings was calculated using the following formulas:

' =q (2)
q=mCAvy (€)
m*|m~ = CAV™/CAV* (4)

where m (g) represents the sample mass loaded on the foam nickel electrode sheet, C (F g!) is the specific
capacitance calculated based on the GCD curve of the supercapacitor, and V(V) is the voltage window. The
formula for calculating ED (Wh kg™!) and PD (W kg™') of supercapacitors is as follows:

ED=(CxAV?)f.2 (5)
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PD = (E x 3600)/t, (6)

n=talt (7)

where 7 represents the Coulomb efficiency of the supercapacitor, t; (s) is the discharge time, t, (s) is the
charging time, and V (V) is the voltage window of the device [30].

3 Results and Discussion

3.1 Morphological and Chemical Properties

Fig. 2 presents SEM images of the TPUF-based carbon cryogels prepared using three distinct drying
techniques: supercritical drying (SCD), freeze-drying (FD), and ambient pressure drying (APD). As shown
in Fig. 2a,b, the sample prepared via SCD (TPUF-SCD) exhibits aggregated spherical particles forming loose,
porous clusters. These structures generate visible meso- and macroporous voids between particles, which
contribute to improved ion diffusion pathways and mitigated structural shrinkage during drying. By contrast,
the freeze-dried cryogel (TPUF-FD), Fig. 2¢,d shows a more uniform and densely interconnected network,
with a higher abundance of micropores. The absence of capillary forces during the sublimation of frozen
solvent effectively prevents network collapse, thereby preserving the gel’s fragile framework. As a result,
the TPUF-FD sample achieves enhanced specific surface area (SSA) and better pore accessibility, both of
which are favorable for electrochemical applications. In Fig. 2e,f, the morphology of the aerogel obtained
via APD (TPUF-APD) reveals a compact and partially collapsed structure. Significant pore shrinkage is
evident, accompanied by a noticeable loss of porosity. This densification is primarily attributed to capillary
pressure and surface tension during the solvent evaporation process, which often destroys both micro- and
mesoporous structures. Collectively, these observations confirm that the drying method critically determines
the microstructure and pore architecture of tannin-modified phenolic carbon cryogels. Among the three
methods, freeze-drying proves to be the most effective in preserving a hierarchical porous framework—
an essential feature for promoting efficient ion transport and superior electrochemical performance in
supercapacitor electrodes [31].

Figure 2: SEM images of carbon cryogels prepared via different drying methods: (a, b) TPUF-SCD (supercritical
drying); (¢, d) TPUF-ED (freeze-drying); (e, f) TPUF-APD (ambient pressure drying)

Fig. 3a presents the nitrogen adsorption-desorption isotherms of TPUF-based carbon cryogels
obtained using different drying techniques. All samples exhibit hybrid characteristics of Type I and IV
isotherms, indicating the coexistence of microporous and mesoporous structure [32,33]. At low relative
pressures (P/Py < 0.1), the sharp increase in adsorption confirms the dominance of micropores, while the
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presence of H3-type hysteresis loops at higher relative pressures reflects slit-shaped mesopores commonly
found in aggregated or layered materials [34]. Among the three drying strategies, the TPUF-FD sample
exhibits the highest nitrogen uptake across the entire relative pressure range, revealing its superior porosity
and largest specific surface area (788.42 m* g!), as summarized in Table 1. In this study, the enhanced
performance of freeze-drying is attributed to its ability to preserve the delicate gel network without inducing
thermal or pressure-driven shrinkage. During freeze-drying, the frozen solvent sublimates directly, avoiding
capillary stresses that could collapse the pore structure. In contrast, the elevated temperature and pressure
used in SCD may induce partial framework densification or collapse.
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Figure 3: (a) Nitrogen adsorption—-desorption isotherms of carbon cryogels prepared via different drying methods; (b)
Corresponding pore size distribution curves (inset: magnified view of the micropore region, 1.0-3.5 nm)

Table1: Pore structure parameters of TPUF carbon cryogels derived from N, adsorption-desorption analysis. Data are
presented as the mean values of three independently prepared samples (n = 3)

Sample SBET (mz/g) V0.99 (Cm3/g) VDR (Cm3/g) I—n (nm) VDR/V0.99 Vmeso (Cmslg)

TPUEF-SCD 436.57 0.98 0.17 0.79 0.17 0.81
TPUEF-FD 788.42 1.39 0.31 0.70 0.22 1.08
TPUF-APD 235.45 0.17 0.09 0.63 0.51 0.08

This conclusion is further supported by the pore size distribution (PSD) profiles shown in Fig. 3b.
The TPUF-FD exhibits a high volume of micropores in the 1.1-1.8 nm range, consistent with the steep
low-pressure uptake observed in the isotherms. Additionally, it possesses the largest mesopore volume
(1.08 cm® g!), which enhances ion diffusion kinetics during electrochemical operation. The presence of
micropores provides high surface area and abundant adsorption sites for ion storage [35,36], while mesopores
serve as ion diffusion channels. In contrast, macropores act as ion reservoirs facilitating electrolyte infiltration
during charge-discharge processes. In contrast, ambient pressure drying (TPUF-APD) results in significant
pore collapse, yielding the lowest specific surface area (235.45 m* g™!) and severely limited microporosity
due to capillary stress [37]. These findings confirm that freeze-drying, under appropriately designed dilution
and gelation conditions, offers a more effective strategy than SCD for maintaining and enhancing the porous
architecture of biomass-derived cryogels, thus maximizing their potential in high-performance energy
storage applications.

Fig. 4a presents the X-ray diffraction (XRD) patterns of tannin-modified phenolic carbon cryogels

prepared via three different drying methods. All three samples exhibit two broad diffraction peaks: the first
centered at approximately 24.2°, corresponding to the (002) plane of turbostratic carbon, and the second
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around 44.1°, assigned to the (100)/(101) planes [38,39]. The broadness and low intensity of these peaks
indicate that the materials are predominantly amorphous, lacking long-range graphitic order. Notably, the
(002) peak position for all samples is slightly shifted toward lower angles compared to crystalline graphite
(26.5°), which suggests a larger interlayer spacing. Based on Bragg’s law, the calculated interlayer distance
(dooz) is approximately 0.367 nm—significantly greater than the typical value for graphite (0.335 nm) [40].
This expansion reflects a disordered carbon structure with poorly stacked graphene layers, which is common
for carbon materials derived from low-temperature carbonization of organic precursors. The similarity in
XRD peak positions among all samples indicates that the drying method does not significantly affect the
long-range crystal structure of the carbon cryogels.
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Figure 4: (a) XRD patterns; (b) FTIR spectra; (c) Survey XPS spectra; (d) High-resolution C 1s spectra; (e) High-
resolution N 1s spectra; (f) High-resolution O 1s spectra of TPUF-based carbon cryogels prepared via different drying
methods (FD, SCD, APD)

Fig. 4b shows the Fourier-transform infrared (FTIR) spectra of the TPUF-based carbon cryogels.
All samples exhibit characteristic absorption bands corresponding to key functional groups retained after
carbonization. The broad band at 3433 cm™ corresponds to the stretching vibration of ~OH groups,
while the peak at 2921 cm™! is attributed to the C-H stretching vibration of aliphatic hydrocarbons. The
absorption at 1631 cm™' arises from N-H bending vibrations, and the peak at 1384 cm™ is assigned to
C-N stretching, indicating the successful incorporation of nitrogen-containing functionalities into the
carbon framework [41-43]. These functional groups are considered beneficial for enhancing the pseudoca-
pacitive behavior and wettability of the carbon materials. The presence of similar spectral features across all
drying methods suggests that the chemical structure of the aerogel backbone remains largely unaffected by
the choice of drying technique.

Fig. 4c presents the X-ray photoelectron spectroscopy (XPS) survey spectra, confirming that carbon (C),
nitrogen (N), and oxygen (O) are the major elements in all samples [44,45]. Their relative atomic percentages
are summarized in Table 2. The carbon content ranges from 86.92 to 91.33 at%, while nitrogen and oxygen
contents vary between 2.48-3.44 at% and 3.24-10.02 at%, respectively, depending on the drying technique
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employed. To further elucidate the surface functionalities and bonding environments, high-resolution XPS
spectra were analyzed. As shown in Fig. 4¢, the N 1s spectrum is deconvoluted into four distinct components:
pyridinic-N (N-6, ~398.4 V), pyrrolic-N (N-5, ~400.7 V), quaternary-N (N-X, ~403.1 eV), and oxidized-
N (N-0, ~404.7 eV) [46,47]. Among these, N-5 and N-6 are well-known for their electrochemical activity,
promoting both pseudocapacitive reactions and enhanced electrical conductivity [48]. According to Table 2,
TPUEF-FD has the highest proportion of N-5 (68.70%) and N-6 (16.25%), which are favorable for improving
supercapacitor performance. In contrast, SCD and APD samples show increased N-X and N-O fractions,
indicating more structural disorder or oxidation during the drying process. Fig. 4d presents the deconvoluted
C 1s spectra, revealing five main bonding states: C-C (284.8 eV), Csp*~N/C-OH (286.3 V), Csp’-N/C=0
(2871eV), O-C=0 (289.1 eV), and the m—7* shake-up transition (~290.1eV) [49-51]. The FD sample shows a
higher relative intensity of Csp?~N/C-OH and Csp®~N/C=0, indicating both an elevated degree of nitrogen
doping and surface hydroxylation, which are beneficial for electrolyte wettability and surface redox reactivity.
The O 1s spectra, as shown in Fig. 4, are deconvoluted into four oxygen species: C=0 (530.6 eV), C-O-C
(532.6 eV), COO™ (533.5 eV), and CO, or physisorbed CO (537.0 eV) [52,53]. Both TPUF-FD and TPUF-
SCD show C-O-C as the dominant oxygen species, suggesting the formation of ether-like linkages that
enhance thermal and electrochemical stability. In contrast, the APD sample contains a higher proportion of
COO™ groups, indicative of oxidative degradation and less structural stability. These results collectively show
that freeze-drying leads to a more favorable surface chemistry, characterized by high electroactive N-5/N-6
content, low oxidized nitrogen, and stable C-O structures. These characteristics contribute synergistically to
enhancing the conductivity, surface polarity, and electrochemical performance of the carbon cryogels.

Table 2: Relative elemental composition and nitrogen configurations in TPUF carbon cryogels synthesized by different
drying methods

Sample Relative element content/at%  The atomic ratio of different types of nitrogen/%

C o N N-6 N-5 N-X N-O

TPUF-FD 90.89 3.240 2.480 16.25 68.70 1.480 14.20
TPUF-APD  86.92 10.02 3.060 29.16 53.14 4.240 13.46
TPUF-SCD  91.33 5.230 3.440 29.15 44.13 18.89 7.830

3.2 Electrochemical Performance

The electrochemical properties of TPUF-FD, TPUF-SCD, and TPUF-APD were investigated using a
three-electrode system in 6 M KOH electrolyte. Fig. 5a displays the CV curves of all samples at a scan
rate of 20 mV s~! within the potential window of -1.0 to 1.0 V. The curves exhibit a quasi-rectangular
shape with distinguishable redox humps, indicating a combination of electric double-layer capacitance
(EDLC) and pseudocapacitance. The pseudocapacitance arises from both oxygen-containing surface groups
(e.g., ~-COOH and -OH) and nitrogen functionalities, particularly pyrrolic (N-5) and pyridinic (N-6)
nitrogen atoms, which participate in reversible Faradaic redox reactions and enhance electrochemical activity
[54-56]. Among the three, TPUF-FD exhibits the largest enclosed area under the CV curve, reflecting the
highest charge storage capacity and prominent Faradaic contribution. Fig. 5b shows the CV curves of TPUF-
FD at scan rates ranging from 5 to 200 mV s™'. As the scan rate increases, the redox peaks shift slightly due to
polarization effects, but the overall shape remains stable, indicating fast, reversible redox reactions and good
rate capability [56]. The galvanostatic charge-discharge (GCD) curves at 0.5 A g! (Fig. 5¢) further support
the superior performance of TPUF-FD, which shows the longest discharge time and the most symmetric
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triangular profile, suggesting efficient and stable charge storage. Fig. 5d displays the GCD curves of TPUF-
FD at various current densities. The specific capacitance (Cs) values were calculated to be 127.6, 122.3, 118.6,
113.0, and 1070 F g™! at 0.5, 1.0, 2.0, 5.0, and 10.0 A g™', respectively. The gradual decrease in Cs with
increasing current density is attributed to ion diffusion limitations; at high current, electrolyte ions cannot
fully penetrate into the inner pores of the electrode, thereby reducing capacitance [57].
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Figure 5: Electrochemical performance of TPUF-based carbon cryogels in a three-electrode system with 6 M KOH
electrolyte: (a) CV curves of different samples at 20 mV s'; (b) CV curves of TPUF-FD at various scan rates (5-200
mV s7!); (c) GCD curves of different samples at 0.5 A g™*; (d) GCD curves of TPUF-FD at different current densities
(0.5-10.0 A g'); (e) Nyquist plots from EIS measurements; (f) Specific capacitance retention at different current
densities. Data represent average values from three independent measurements; error bars are omitted for clarity

Electrochemical impedance spectroscopy (EIS) results (Fig. 5¢) reveal that TPUF-FD exhibits the small-
est semicircle in the high-frequency region and the steepest slope in the low-frequency region, indicating
lower charge transfer resistance and faster ion diffusion. This is due to its well-preserved hierarchical pore
structure, including interconnected mesopores that provide efficient ion pathways.

Fig. 5f compares the capacitance retention of the three samples at increasing current densities. TPUF-FD
maintains 83.9% of its capacitance at 10 A g~*, followed by TPUF-SCD (79.8%) and TPUF-APD (only 11.8%).
The remarkable rate capability of TPUF-FD demonstrates that freeze-drying is most effective in preserving
the pore architecture, enhancing ion accessibility, and maintaining performance at high rates. These results
demonstrate that among the three drying techniques, freeze-drying provides the optimal porous structure
and surface chemistry required for high-performance supercapacitor electrodes. It is noteworthy that the
difference in specific capacitance between TPUF-FD and TPUF-SCD is not as pronounced as expected based
on their pore structure differences. These results suggest that electrochemical performance is governed not
only by the extent of porosity but also by the accessibility and conductivity of the active surface. Thus,
the interplay between pore architecture and microstructural ordering must be carefully considered when
optimizing drying strategies for carbon aerogel-based supercapacitor electrodes.
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3.3 Symmetric Supercapacitor Device Performance

To evaluate the practical application potential of the TPUF-FD carbon aerogel, a symmetric supercapac-
itor device (TPUF-FD//TPUF-FD) was assembled using two electrodes with matched mass loadings and 6 M
KOH as the electrolyte [58]. Fig. 6a displays the CV curves of the device at various voltage windows ranging
from 1.0 V to 1.5 V at a scan rate of 10 mV s™!. The device maintains a nearly rectangular CV shape without
significant distortion up to 1.5V, indicating high electrochemical stability and suggesting that TPUF-FD is a
promising material for high-voltage aqueous supercapacitors. As shown in Fig. 6b, the CV curves recorded
at scan rates ranging from 10 to 200 mV s! exhibit broad quasi-rectangular shapes with noticeable redox
peaks. This combination of electric double-layer behavior and Faradaic pseudocapacitance is consistent
with the presence of oxygen- and nitrogen-containing surface functional groups, as demonstrated in XPS
analysis. GCD curves obtained at different voltage windows (Fig. 6¢) and current densities (Fig. 6d) show
symmetric charge-discharge profiles, indicating excellent reversibility and coulombic efficiency. At 0.5 A g”!
under a 1.5 V voltage window, the device achieves a specific capacitance of 271 F g~'. With increasing
current density, the specific capacitance gradually decreases to 1.0 F g™! at 10 A g™', as expected due to
ion transport limitations at higher charge/discharge rates. Importantly, no voltage drops or polarization

is observed, suggesting efficient electron and ion transport and strong interfacial compatibility between
electrode and electrolyte [59].
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Figure 6: Electrochemical performance of the symmetric supercapacitor assembled with TPUE-FD electrodes in 6 M
KOH electrolyte: (a) CV curves at different voltage windows (0-1.0 to 0-1.5 V) at 10 mV s™'; (b) CV curves at various
scan rates (10-200 mV s™1); (c) GCD curves at different voltage windows at 0.5 A g~'; (d) GCD curves at different current
densities (0.5-10 A g™'); (e) Capacitance contribution from surface-controlled and diffusion-controlled processes at

various scan rates; (f) Surface-controlled contribution map at 10 mV s™!; (g) Cycling performance and coulombic
efficiency at 10 A ¢!

To further investigate the charge storage mechanism, the relative contributions of surface-controlled
and diffusion-controlled processes were quantified using CV data. Asshown in Fig. 6e, the surface-controlled
contribution increases with scan rate [60], reaching over 79.8% at 200 mV s confirming rapid ion kinetics
and accessibility of active sites. Fig. 6f shows that at 10 mV s™!, 49.7% of the current response originates from
surface-controlled processes, highlighting the dual storage mechanism.
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The energy and power density of the symmetric device were calculated to be 8.47 Wh kg™! and
562.5 W kg! at 0.5 A g and 1.5 V, respectively. Comparing the electro-chemical performance of our
ASC with other literature reports, the results are presented in Table 3, demonstrating the superior Energy
density and Power density of the constructed SCs in our study. Finally, the cycling stability of the TPUF-
FD symmetric device was assessed at 10 A g™' over 9000 charge-discharge cycles (Fig. 6¢). Impressively,
the device maintained 100% of its initial capacitance, and its coulombic efficiency remained above 100%,
reflecting excellent structural integrity, stable electrode—electrolyte interfaces, and highly reversible charge
storage. These results outperform many similar systems reported in the literatures, confirming the practical
applicability of TPUF-FD for long-life, high-performance supercapacitor devices.

Table 3: Comparison of electrochemical properties of different SCs

SCs Energy density Power density Current Specific Refs.
(Whkg) (Wkg) density (A g') capacitance
(Fg™)
TPUF-FD//TPUEF-FD 8.47 562.5 0.5 127.6 This work
DLPFC//DLPEC 3.9 125.0 0.5 112.4 [55]
CC//cC 3.4 24.0 0.1 99.0 [61]
SNAC-1//SNAC-1 5.42 500 0.5 162.0 [62]

4 Conclusion

In this study, a bio-derived tannin-modified phenolic carbon aerogel (TPUF-FD) was successfully
fabricated through partial substitution of phenol with sustainable tannin and processed using three different
drying strategies to evaluate their impact on final microstructure and electrochemical performance. Among
them, the freeze-drying (FD) method proved most effective in preserving the gel’s porous architecture,
preventing collapse of the fragile network structure, and facilitating the formation of a hierarchical micro-
mesoporous system. This resulted in superior specific surface area and ion transport dynamics. The
TPUF-FD electrode demonstrated a high specific capacitance of 1276 F g! at 0.5 A g™' and retained
83.9% at 10 A g™! in a three-electrode configuration, significantly outperforming the samples prepared via
ambient or supercritical drying. When assembled into a symmetric device, the supercapacitor exhibited
an energy density of 8.47 Wh kg™! at a power density of 562.5 W kg™!, and delivered exceptional long-
term cycling stability, maintaining 100% capacitance retention and 108.33% coulombic efficiency after 9000
cycles. This work demonstrates not only the structural benefits of freeze-drying for carbon cryogel fabrication
but also the cost-effectiveness and sustainability of tannin as a biomass precursor. Moreover, it provides a
comparative framework for evaluating the influence of drying strategies on porous carbon materials. Moving
forward, further enhancement of TPUF-based electrodes could be achieved through heteroatom doping
(e.g., N, S, P), incorporation of conductive nanostructures (e.g., graphene, MXene), and optimization of
hydrogel polymerization conditions. In addition, future research should consider scaling up the preparation
process and conducting techno-economic analysis to assess the feasibility of commercial applications in
energy storage devices such as flexible or hybrid supercapacitors.
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