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on-based catalysts for oxygen
reduction-enhanced FDCA production at ultra-low
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The electrochemical oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA)

offers a sustainable pathway for bio-based polyester production. While extensive studies have focused

on electrocatalyst development for this reaction, the integration of the oxygen reduction reaction (ORR)

with HMF oxidation (HMFOR) remains largely underexplored. This study presents a novel electrochemical

system that synergistically combines ORR with HMFOR, utilizing a tea leaf-derived carbon cathode and

a nickel foam anode. The carbonization temperature of tea leaf waste was systematically optimized to

finely tune the microstructure, electronic properties, and chemical compositions of the carbon

electrodes. The optimal temperature of 800 °C produced a metal-free carbon catalyst with high activity

and selectivity for the 2-electron ORR to H2O2, enabling efficient gas diffusion electrode fabrication. In

a membrane-free flow cell, coupling ORR with HMFOR significantly enhanced FDCA production,

achieving an 82% yield at a cell voltage as low as 1 V, compared to 72% at 2.75 V under N2. Interestingly,

H2O2 did not significantly enhance HMFOR, suggesting that O2 primarily lowers the reaction potential

rather than directly contributing to oxidation. Notably, the tea leaf-derived carbon outperformed

commercial Pt/C as a cathodic catalyst for HMFOR application, delivering a higher FDCA yield at similarly

low cell voltages. Our reaction design concept demonstrates a sustainable and cost-effective approach

to FDCA production by utilizing biomass-derived catalysts, reducing material costs and energy

requirements while enhancing scalability and efficiency.
1. Introduction

The depletion of fossil fuels and the urgent need to reduce
greenhouse gas emissions have intensied the search for
renewable, sustainable, and green feedstocks for the industrial
processes and product use (IPPU) sector.1–4 Biomass, particu-
larly lignocellulose, is a highly promising resource, serving as
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a versatile feedstock for biofuels and chemicals through bio-
renery technologies, analogous to petroleum reneries.5–8 A
key chemical derived from lignocellulose is 5-hydrox-
ymethylfurfural (HMF), a platform molecule for synthesizing
various renewable-based chemicals.9,10 Hydrogenating HMF
yields 2,5-dimethylfuran (DMF), which serves as a biofuel.11,12

Oxidation of HMF, on the other hand, produces valuable
compounds such as 2,5-diformylfuran (DFF), 5-hydroxymethyl-
2-furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic
acid (FFCA), and, most notably, 2,5-furandicarboxylic acid
(FDCA).13,14 FDCA has garnered signicant attention15–17 as
a precursor for producing poly(ethylene-2,5-furandicarboxylate)
(PEF), a sustainable bioplastic alternative to polyethylene tere-
phthalate (PET).18,19 PEF offers superior properties compared to
PET, including higher thermal stability, enhanced mechanical
strength, and improved gas barrier performance. These attri-
butes make PEF an ideal material for lightweight applications,
durable packaging, textiles, and electronic components.20,21

Furthermore, PEF products are estimated to emit 33% fewer
greenhouse gases throughout their lifecycle compared to PET
products, solidifying their environmental benets.22
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Signicant efforts have been devoted to developing
commercially viable routes for FDCA production, with the
electrochemical HMF oxidation reaction (HMFOR) emerging as
a promising alternative.23–25 Life cycle assessments highlight
several advantages of this approach, including efficient process
control under mild conditions (low temperature and pressure),
higher yields, and reduced environmental impact, especially
when powered by renewable electricity.26 The success of
HMFOR systems hinges on the selection of oxidation catalysts
and the design of the electrochemical process. Early studies
demonstrated that precious metal catalysts, such as Pt, Pd, Au,
and Au–Pd, signicantly inuence the reaction pathways for
HMF conversion.27–29 For instance, Chadderdon et al. showed
that Au/C preferentially oxidizes aldehyde groups over alcohol
groups at low overpotentials, leading to HMFCA production. In
contrast, Pd/C catalyzes the oxidation of both alcohol and
aldehyde groups at moderate rates. Notably, bimetallic Au–Pd
catalysts outperform monometallic ones, effectively producing
FDCA at low potentials.29

Despite their high efficiency, the practicality of noble metal
catalysts is limited by their high cost. As a result, non-precious
metal catalysts, particularly Ni-based materials, have emerged
as promising alternatives due to their ability to utilize high
oxidation states (Ni3+ and Ni4+).30–32 These states serve as
electron acceptors, producing Ni2+ while oxidizing HMF to
intermediates such as HMFCA and FFCA, ultimately yielding
FDCA. The higher oxidation states are then electrochemically
regenerated under the applied potential. This mechanism
improves selectivity, minimizes side reactions, and enhances
the overall efficiency of Ni-based systems, making them
a viable and cost-effective option for FDCA production. The
efficacy of Ni-based catalysts for scalable FDCA production has
been demonstrated in several studies. Most notably, Latsuz-
baia et al. reported a continuous electrochemical process
using a NiOOH catalyst, achieving 90% FDCA production with
a faradaic efficiency of ∼80% in an alkaline medium (pH >
12).33 Their system delivered an impressive production rate of
∼30 g h−1 through a two-step reaction in bench-top electro-
lyzers. While promising for large-scale applications, the
process faced challenges such as low product purity and high
device costs.

Building on this, our recent work scaling up FDCA produc-
tion to kilogram-scale daily output demonstrated that cost-
effective production rates exceeding 80 g h−1 could be ach-
ieved in a continuous stirred tank reactor (CSTR).34 This system
utilized NiFeOOH and Pt as the anodic and cathodic catalysts,
respectively. Additionally, we discovered the pivotal role of
oxygen (O2) sparging in increasing both the yield and purity of
the FDCA product. Under O2-rich conditions, the oxygen
reduction reaction (ORR) becomes thermodynamically more
favorable than the hydrogen evolution reaction (HER) and HMF
reduction. Hence, the presence of O2 improves overall perfor-
mance by acting as an electron scavenger and mitigating para-
sitic reduction of HMF, allowing the cell to be operated
membrane-free. This enhanced energy efficiency, stability,
and FDCA yield, moving the process further towards industrial
feasibility. This discovery opens new possibilities for designing
© 2025 The Author(s). Published by the Royal Society of Chemistry
ORR electrodes that work synergistically with anodic HMF
oxidation, enabling a more sustainable and industrially feasible
FDCA production process.

Generally, electrochemical ORR can proceed via two
primary pathways: a 4-electron pathway that produces water
(H2O) or a 2-electron pathway that generates hydrogen
peroxide (H2O2).35–37 The 4-electron process, requiring a higher
reduction potential of 1.23 V vs. RHE compared to 0.7 V vs.
RHE for the 2-electron pathway, is better suited for energy
applications like fuel cells and air batteries due to its higher
cell voltage and limiting current density.38 However, it typically
relies on costly noble metal and transition metal catalysts,
particularly platinum (Pt).39–42 In contrast, the 2-electron
pathway is more facile, particularly under alkaline conditions,
making it an ideal counter-reaction for organic oxidation
processes.43 Crucially, it can be catalyzed by non-metal cata-
lysts such as carbon-based materials. These materials offer
a large surface area and sustainability advantages over metal-
based catalysts.44–48 Incorporating heteroatoms into the
carbon structure has been shown to signicantly enhance ORR
performance.48–52 For instance, nitrogen-doped carbon nano-
bers accelerate ORR by up to 100 times compared to undoped
bers,53 and nitrogen doping of graphene edges has demon-
strated catalytic activity comparable to platinum-on-carbon in
both acidic and basic environments.54

Studies on paired electrolysis systems have demonstrated
the feasibility of co-producing H2O2 and oxidized organic
compounds, such as furfural55 and HMF,56 in membrane ow
cells that separate catholyte and anolyte for efficient product
collection. Notably, H2O2 is a versatile and environmentally
friendly oxidizing agent that can facilitate the conversion of
HMF into various valuable products,57 including b-formylacrylic
acid,58 5-hydroxy-2(5H)-furanone,59 maleic acid (MA),60 fumaric
acid (FA),61 and FDCA.62,63 Hence, it is both fundamentally
intriguing and practically relevant to investigate whether in situ
generated H2O2 at the cathode can enhance the rate of HMFOR
at the anode in a membrane-free system.

In this work, we developed a highly efficient HMFOR system
using nitrogen-doped carbon derived from tea leaves as the
cathodic catalyst and nickel foam as the anodic catalyst. By
optimizing the carbonization process, the natural nitrogen
compounds in tea leaves were converted into pyrrolic N-rich
carbon, which exhibited high activity for the 2-electron ORR.
Additionally, the high-surface-area carbon catalyst functioned
as a microporous layer (MPL), enabling the cost-effective
fabrication of a gas diffusion cathode that enhanced O2 mass
transport to active sites. This approach offers an environmen-
tally friendly solution for HMFOR, utilizing waste biomass and
eliminating the need for precious metal catalysts. When paired
with ORR, our HMFOR system operates at signicantly lower
potentials compared to systems utilizing HER as the cathodic
reaction, achieving a 60% reduction in cell voltage while
enhancing FDCA yield. This study demonstrates a cost-effective,
scalable, and sustainable method for FDCA production, paving
the way for bio-based plastic development with reduced envi-
ronmental impact.
RSC Adv., 2025, 15, 22202–22215 | 22203
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2. Experimental methods
2.1 Synthesis of tea leaf-derived carbon catalyst

The nitrogen-doped carbon derived from tea leaves was
synthesized as in an earlier report.64 The tea leaves waste was
obtained from Ichitan Co. Ltd, Thailand. Briey, the carbon was
prepared by carbonizing and activating tea leaves pretreated
with potassium carbonate (K2CO3) at a weight ratio of 1 : 1.5.
The treated tea leaves were placed in an alumina boat and
heated in a tube furnace. The activation process was carried out
at varying temperatures from 600 and 900 °C with a heating rate
of 5 °C per minute and held for 1 hour under a N2 ow of 200
mL min−1. The activated carbon was then ground to a powder
and thoroughly washed with RO water to remove impurities and
neutralize the pH. Then the carbon was dried at 120 °C for 24
hours. The resulting nitrogen-doped carbons were labeled
TL600, TL700, TL800, and TL900 according to their respective
activation temperatures.

2.2 Structural characterization of tea leaf-derived carbon
catalyst

The porous properties of the carbons were analyzed by nitrogen
adsorption–desorption measurements at −196 °C (BELsorp
miniX, MicrotracBEL, Corp.). The specic surface area was
determined using the Brunauer–Emmett–Teller (BET) method.
The total pore volume (Vtotal) was estimated from the nitrogen
adsorption data at a relative pressure of 0.99. The micropore
volume (Vmicro) was calculated using the Dubinin–Radushke-
vich (DR) equation and the mesopore volume (Vmeso) was
determined by subtracting the micropore volume from the total
pore volume. In addition, the pore size distribution was evalu-
ated using non-local density functional theory (NLDFT). Raman
spectra were acquired using a Horiba LabRam HR Evolution
spectrometer using a 532 nm excitation. The intensity ratio of
the disordered (D) and graphitic (G) peaks (ID/IG) was deter-
mined by calculating the ratio of the peak areas tted with
Gaussian functions. The crystal structure was determined by X-
ray powder diffraction (XRD, Bruker-AXS D8 Advance) in
transmission geometry with a Cu Ka1,2

source (l1 = 1.5406 Å and
l2 = 1.54443 Å) and a LYNEXE XE-T detector. The spectra were
measured in a 2q range of 10–80°, 0.02° per step. The graphitic
interlayer space, d-spacing (d002), was calculated from the (002)
diffraction peak of graphite. X-ray photoelectron spectroscopy
(XPS) was performed using a Kratos AXIS NOVA instrument
(Shimadzu). Deconvolution was performed by CasaXPS and the
C 1s binding energy was set to 284.5 eV to correct for charge
shis.

2.3 Preparation of the tea leaf-derived carbon gas diffusion
electrode

The carbon slurry was prepared using a combination of carbon
catalyst (TL800), carbon black (CB), and polyvinylidene uoride
(PVDF) at a weight ratio of 75 : 5 : 20 in an N-methyl-2-
pyrrolidone (NMP) solution. The addition of carbon black was
intended to increase electrical conductivity and improve elec-
tron transport across the electrode.65 NMP was carefully added
22204 | RSC Adv., 2025, 15, 22202–22215
to adjust the solids content to 10–20% by weight. The resulting
mixture was uniformly mixed with a magnetic stirrer and then
cast onto carbon ber paper (Toray, TGP-H-120) with a doctor
blade thickness of 250 mm. The cast lm was dried in a vacuum
oven at 60 °C for 6 hours and this casting step was repeated
three times to obtain a dense electrode. The electrode was then
cut to a specic size (3.5 × 3.5 cm2). The carbon loading was
calculated based on the total weight of carbon on the carbon
ber paper. For comparison, a similar method was used to
make the electrode with the commercially available Pt/C powder
(20 wt%, Sigma Aldrich). It should be noted that the PVDF
binder was specically chosen for the gas diffusion electrode
(GDE) experiment due to its excellent oxygen reduction reaction
(ORR) performance.66 PVDF provides good gas permeability and
hydrophobicity, which improves ORR kinetics and overall
electrochemical performance.
2.4 Electrochemical characterizations

2.4.1 Carbon catalyst testing. The ORR performance of the
individual carbon catalysts was investigated in a rotating ring-
disk electrode (RRDE) using a PARSTAT MC multichannel
potentiostat (PMC1000). Prior to the measurements, glassy
carbon disks (geometric surface area of 0.196 cm2, single-sided
polished) were cleaned by sonication in acetone, isopropanol,
and water for one hour each. To prepare the catalyst inks, 5 mg
of the carbon sample was mixed with 980 mL ethanol and 20 mL
of a 5 wt% Naon solution. The mixture was then sonicated for
at least 1 hour to ensure a homogeneous dispersion. Subse-
quently, 20 mL of the ink solution was applied to the glassy
carbon disk and spun at 300 rpm for at least 2 hours. ORR
testing was performed in an aqueous 0.1 M KOH solution using
Pt wire and Ag/AgCl as counter and reference electrodes,
respectively. Cyclic voltammetry was conducted at a scan rate of
10 mV s−1 at 1600 rpm rotation rate. During the measurements,
O2 (99.99%) was continuously supplied at a ow rate of 50
mLmin−1. The background capacitance was also recorded in an
electrolyte saturated with argon gas (99.995%) to isolate non-
faradaic contributions as well as for the electrochemically
active surface area determination.

The selectivity of H2O2 was calculated using eqn (1) below:

H2O2ð%Þ ¼ 200

IR

N

ID þ IR

N

(1)

where IR and ID are the ring and disk currents and N (0.254) is
the collection efficiency of the RRDE.50 All potentials were re-
ported with respect to the reversible hydrogen electrode (RHE)
scale, calculated using eqn (2):

ERHE = EAg/AgCl + 0.059 × pH + 0.197 V (2)

2.4.2 Device testing. A custom-made GDE ow cell with an
active area of 3.14 cm2 was used to evaluate the performances of
ORR and HMFOR. The setup included a TL800 carbon working
electrode or Pt/C electrode (cathode), a Ni foam counter
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode (anode), and an Ag/AgCl reference electrode. The Ni
foam anode (0.5 mm thick, 110 PPI pore density, Hunan Tad
New Materials Co., Ltd) was prepared by sonication in acetone,
followed by etching in 30%HCl to remove surface nickel oxides.
The cleaned anode was then rinsed with deionized (DI) water
and dried prior to use. For ORR testing, 30 mL min−1 of O2 gas
was fed to the back of the TL800 electrode, with N2 gas used as
a control. The front of the TL800 electrode faced the anode at
a distance of ∼1 cm. A 0.33 M KOH electrolyte, chosen based on
prior research,34 was continuously circulated at 3 mL min−1

using a peristaltic pump. For HMFOR experiments, 10 mM
HMF was added to the 30 mL KOH electrolyte.

Cyclic voltammetry of the cathode was performed at a scan
rate of 5 mV s−1 over a potential range of 0.1 to −1.3 V vs. RHE.
Chronopotentiometry (CP) was performed at a current density
of 10 mA cm−2 for 6 hours. The total cell voltage was monitored
using a digital multimeter. Electrochemical impedance spec-
troscopy (EIS) was conducted at open-circuit potential over
a frequency range of 100 kHz to 1 Hz with an amplitude of
10 mV to assess ohmic loss of the cell.
2.5 Products quantication

2.5.1 H2O2 quantication. Ce4+ titration was employed to
quantify the H2O2 produced in the device without HMFOR,
based on the reaction:50

2Ce4+ + H2O2 / 2Ce3+ + 2H+ + O2 (3)

This method utilizes the yellow color of Ce4+ and the color-
less nature of Ce3+. A stock solution of 0.5 mM Ce(SO4)2 (97%,
Sigma-Aldrich) was prepared in 0.1 M H2SO4 (96%, Sigma-
Aldrich). During ORR device testing, electrolyte samples were
mixed with Ce4+ solution at a 1 : 300 volume ratio and allowed to
react at room temperature for 30 minutes. The residual Ce4+

concentration was measured using UV-vis spectroscopy
(Thermo Scientic, Evolution 350) at 317 nm and compared to
a standard curve (0.05–0.5 mM Ce4+).

2.5.2 HMFOR product quantications. To determine HMF
conversion and product yields, 100 mL of the reaction solution
was taken out of the electrolyte during the chronopotentiometry
experiments. It was diluted by DI water to 1 mL and then
analyzed by high-performance liquid chromatography (HPLC,
Shimadzu LC-20) equipped with an Aminex® HPX-87H column
(300 × 7.8 mm) and a UV-Vis detector at 210 nm. The mobile
phase was 5 mM sulfuric acid. HMF conversion and product
yields were calculated based on the concentrations of HMF and
products determined by comparing their HPLC peak areas with
known standard curves,34 using the following equations:

Conversionð%Þ ¼
�
1� ½HMF�i

½HMF�0

�
� 100 (4)

Yieldð%Þ ¼ ½product�i
½HMF�0

� 100 (5)

where [HMF]0 represents the initial HMF concentration, [HMF]i
represents the concentration of HMF at a given time, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
[product]i represents the concentration of products (FDCA,
FFCA, HMFCA, and DFF) at the corresponding time.

3. Results and discussion
3.1 Structural and chemical characterizations of the tea leaf-
derived carbons

N2 adsorption–desorption measurements were used to investi-
gate the porous structure of the obtained carbons. The specic
surface area (SBET), total pore volume (Vtotal), micropore volume
(Vmicro), and mesopore volume (Vmeso) were calculated and lis-
ted in Table S1.† The results show that both the surface area and
the pore volume increase with increasing activation tempera-
ture. All tea leaf-derived carbons show a combination of type I
and IV isotherms (Fig. 1a), which can be attributed to the
presence of both micro- and mesoporosity. Fig. 1b shows that
the pore size distribution is mainly dominated by micropores
with a pore diameter of about 1 nm (Fig. S1†). Increasing the
activation temperature slightly increases mesopores but
signicantly enhances micropores, suggesting that the majority
of the increased surface area is primarily attributed to
micropores.

The Raman spectra reveal the structural evolution of the
carbon derived from tea leaf at different activation tempera-
tures (Fig. 1c). At 1350 and 1590 cm−1, two prominent peaks
corresponding to the D and G bands are observed, reecting the
degree of graphitization of the carbon structure. The D-band is
associated with defects in the sp2 structure, while the G-band
represents the vibrational mode of the graphitic structure. In
order to better quantify the relative intensities, the area ratio of
the D and G bands (ID/IG) was calculated and presented in
Table 1. The results show that the ID/IG ratio decreases with
increasing activation temperature, indicating an increase in the
graphitic domain of the carbon structure.

Fig. 1d shows the X-ray diffraction (XRD) patterns of all
carbon samples, which provide information about the degree of
graphitization, the interlayer spacing, and the structural
arrangement. The two main peaks observed at about 26° and
44° correspond to the (002) and (100) diffraction planes of
graphite (COD 9011577). The (002) peak originates from the
ordered stacking of the graphene layers, while the (100) peak
represents diffraction in the plane of the graphene sheets. The
broad nature of these peaks indicates a high degree of disorder
and a low degree of graphitization, especially at lower activation
temperatures. In particular, the degree of graphitization
improves slightly as the activation temperature increases from
600 °C to 900 °C, as evidenced by a slight decrease in the
interlayer spacing (d002, listed in Table 1). The shi of the (002)
peak in TL900 indicates a reduction in interlayer spacing (d002),
attributed to increased graphitization at higher activation
temperatures. Additionally, a small peak observed at 30° likely
corresponds to K2CO3 (PDF 70-0292), a residue from the acti-
vation process that persisted despite washing with RO water.67

This suggests that some K2CO3 may be physically trapped in the
porous structure, especially at higher activation temperatures.
However, its presence is minimal and should not affect the
electrochemical effect as K2CO3 is not thermodynamically
RSC Adv., 2025, 15, 22202–22215 | 22205
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Fig. 1 (a) N2 adsorption–desorption isotherms, (b) micro–mesopore volume and SBET, (c) Raman spectra, and (d) XRD patterns of the tea leaf-
derived carbons obtained from different activation temperatures.

Table 1 Structural properties and elemental compositions of the as-
prepared carbons, including ID/IG fromRaman spectroscopy, interlayer
spacing (d002) from XRD analysis, and the atomic percentage of carbon
(C 1s), nitrogen (N 1s), and oxygen (O 1s) from XPS analysis

Sample ID/IG d002 (Å)

Elemental composition
(at%)

C 1s N 1s O 1s

TL600 3.33 3.59 69.6 2.9 27.5
TL700 3.11 3.53 73.0 2.1 24.9
TL800 2.99 3.50 74.9 1.4 23.7
TL900 2.86 3.43 79.8 0.5 19.6
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reactive with carbonaceous materials under typical carboniza-
tion conditions (DG > 0).68

The surface chemistry of catalysts plays a crucial role in ORR
activity; therefore, the surface chemical compositions of tea
leaf-derived carbons were analyzed by X-ray photoelectron
spectroscopy (XPS). All carbons prepared in this study contain
three main elements, which are C, N, and O. The atomic
concentrations of these elements are listed in Table 1. It is
evident that the carbon content (C 1s) increases with activation
temperature, while both nitrogen (N 1s) and oxygen (O 1s)
contents decrease, a trend typically observed in the
22206 | RSC Adv., 2025, 15, 22202–22215
carbonization/activation process. The increase in carbon
content is primarily due to the decomposition of volatile
components at higher carbonization temperatures. Oxygen,
which is mainly present in the form of carboxyl, hydroxyl,
carbonyl, and ether groups, is released during the carbonization
process as volatile compounds such as CO2 and H2O. Nitrogen,
which is present in smaller quantities in the form of amine,
imine, and heterocyclic groups, is also removed as part of the
volatile by-products. This result aligns with the ndings from
Raman spectroscopy and XRD analysis, conrming that higher
activation temperatures promote graphitization of the carbon
structure while reducing both structural and chemical defects.

The chemical states of the tea leaf-derived carbons were
determined by deconvoluting the XPS peaks. The C 1s spectra
reveal the presence of C–C, C–O, and C]O bonds at 284, 285.8,
and 288.0 eV, respectively (Fig. S2†). The N 1s spectra, shown in
Fig. 2a, display the peaks at 396.0, 398.0, 400.0, and 401.0 eV,
corresponding to metal nitride, pyridinic-N, pyrrolic-N, and
graphitic-N, respectively. The percentages of each functional
group, calculated from the peak areas aer deconvolution, are
summarized in Fig. 2c. The results show that while the overall
nitrogen content decreased with increasing activation temper-
ature, pyrrolic-N remains dominant, accounting for more than
half of the total nitrogen species across all activation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) N 1s spectra and (b) O 1s spectra; (c) the relative composition of each nitrogen functional group and (d) the relative composition of each
oxygen functional group of tea leaf-derived carbons under different activation temperatures.
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temperatures. Conversely, the fraction of pyridinic-N decreases,
while that of graphitic-N increases with activation temperature.

The high-resolution O 1s spectra (Fig. 2b) reveal four distinct
peaks corresponding to carboxyl groups (O–C]O) at 531.3 eV,
carbonyl groups (C]O) at 532.0 eV, ether groups (C–O) at
533.4 eV, and hydroxyl groups (–OH) at 535.5 eV. The relative
© 2025 The Author(s). Published by the Royal Society of Chemistry
percentages of each functional group, estimated from the peak
areas, are shown in Fig. 2d. It can be observed that the fraction
of C–O and C]O groups remain relatively stable with
increasing activation temperature, indicating that these func-
tional groups are more thermally stable under the carboniza-
tion conditions. On the other hand, hydroxyl groups (–OH)
RSC Adv., 2025, 15, 22202–22215 | 22207
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increase, while carboxyl groups (O–C]O) decrease signicantly
with activation temperature.

3.2 Evaluation of the ORR performances

To evaluate the ORR performance of the obtained carbon
catalysts, RRDE testing was performed at 1600 rpm in an O2-
saturated 0.1 M KOH electrolyte. Aer baseline correction in an
Ar-saturated electrolyte, the current densities measured on the
disk and the ring (accounted for ring collection efficiency) are
shown in Fig. 3a. The disk current reects the overall ORR
activity on the catalyst surface, while the ring current corre-
sponds to the oxidation of H2O2 produced during the reaction,
enabling the calculation of instantaneous H2O2 selectivity and
electron transfer number (n). Key activity parameters, including
onset potential (Eonset) and limiting current density, are
summarized in Table 2. The Eonset, which indicates the potential
at which ORR begins, is more anodic for TL800 and TL900
Fig. 3 (a) ORR polarization curves obtained from RRDE experiments, (b)
derived carbons of different activation temperatures.

22208 | RSC Adv., 2025, 15, 22202–22215
(0.80 V vs. RHE), indicating superior catalytic activity compared
to TL600 and TL700 (Eonset values of 0.68 and 0.75 V vs. RHE,
respectively). Additionally, TL800 (4.66 mA cm−2) and TL900
(4.68 mA cm−2) exhibited higher limiting current densities than
TL600 (3.01 mA cm−2) and TL700 (3.16 mA cm−2), suggesting
more efficient O2 mass transfer, which is crucial for overall
activity. These results demonstrate that higher carbonization
temperatures enhance ORR catalytic performance, likely due to
increased conductivity and improved graphitization of TL800
and TL900. Furthermore, RRDEmeasurements under O2 and Ar
(Fig. S3†) conrm the role of O2 in the cathodic reaction. A
signicant cathodic current was only observed under O2, indi-
cating an active ORR, while a negligible current under Ar indi-
cates a shi towards HER, which occurs at higher overpotentials
and leads to an increased cell voltage.

The H2O2 selectivity (Fig. 3b) indicates that all tea leaf-
derived carbons predominantly catalyze ORR via the 2-
H2O2 selectivity, and (c) double-layer capacitances (Cdl) of the tea leaf-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of ORR performances of the tea leaf-derived carbons

Sample
Eonset at −0.2 mA cm−2

(V vs. RHE)
Limiting current
density (mA cm−2)

Number of electron
transfer (n) at 0.5 V vs. RHE

H2O2 selectivity
at 0.5 V vs. RHE (%)

TL600 0.68 3.01 2.07 96.3
TL700 0.75 3.16 2.49 75.6
TL800 0.80 4.66 2.30 85.2
TL900 0.80 4.68 2.57 71.5
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electron pathway. The number of electron transfers (n) at 0.5 V
vs. RHE, shown in Table 2, ranges from 2 to 2.6. Among all,
TL600 has the highest H2O2 selectivity (96.3%). However, as the
activation temperature increases, TL700, TL800, and TL900
show slightly lower selectivities (75.6%, 85.2%, and 71.5%,
respectively). This effect may arise from the content of pyrrolic-
N and C]O groups in the carbon, which are more abundant at
lower activation temperatures. Pyrrolic-N and carbonyl func-
tional groups are known to be key active sites for the 2-electron
ORR pathway.50,69 As the activation temperature increases, the
content of these functional groups decreases, resulting in
slightly reduced H2O2 selectivity.
Fig. 4 (a) Optical microscopic image of TL800 electrode. (b) Schematic
voltammetry of TL800 electrode and Pt/C electrode under O2 and N2 fe

© 2025 The Author(s). Published by the Royal Society of Chemistry
Despite the slightly lower H2O2 selectivity, tea leaf-derived
carbons activated at higher temperatures benet from
improved onset potentials and higher limiting current densi-
ties. In addition to the higher degree of graphitization, the
differences in electrochemically active surface area (ECSA)
contribute to this enhancement. ECSA is typically correlated to
the double-layer capacitance (Cdl) of the catalyst, which can be
measured by cyclic voltammetry at varying scan rates in the non-
faradaic region. As shown in Fig. 3c, Cdl increases with activa-
tion temperature, following a trend similar to that of SBET.
TL600 and TL700 exhibit lower Cdl (0.15 and 9.02 mF cm−2,
respectively), corresponding to their limited surface area and
illustration of the GDE cell system for ORR coupled HMFOR. (c) Cyclic
eds.
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higher ID/IG, indicating poor conductivity and signicant
structural disorder. These factors contribute to their lower Eonset
and limiting current densities. In contrast, TL800 and TL900
show comparable Cdl (18.65 and 20.98 mF cm−2), despite
differing surface areas (SBET = 1236 and 1639 m2 g−1). This can
be attributed to the dominance of micropores in their total
surface area, as micropores are less electrochemically accessible
mesopores.

Overall, the results demonstrate that the carbonization
temperature signicantly inuences the catalytic performance
of tea leaf-derived carbons by altering their surface area, pore
structure, conductivity, and nitrogen and oxygen species
distribution. TL800 stands out as the optimal catalyst, achieving
a balance of high Eonset, efficient electron transfer, and
moderate H2O2 selectivity, making it an excellent candidate for
use in ORR electrodes paired with the HMFOR process.

To incorporate the tea leaf-derived catalysts into a practical
device, TL800 was cast three times onto carbon ber to form
a dense electrode. Under an optical microscope, the cross-
sectional area of TL800 on the ber is clearly visible (Fig. 4a).
The carbon paper displays a reective, brous structure, while
the carbon ink forms an opaque black layer. The layer thick-
ness, measured using ImageJ soware, was approximately 126
mm. The carbon loading was calculated to be 4.9 mg cm−2 based
on the weight of carbon in a dened area of 3.5 × 3.5 cm2. The
electrochemically active surface area (ECSA), as indicated by the
Cdl, was 83 mF cm−2.

Fig. 4b illustrates the GDE cell conguration used for ORR-
coupled HMFOR electrolysis. In addition to TL800, a Pt/C
catalyst was included as a control due to its high efficiency in
the 4-electron ORR pathway. Fig. 4c presents the cyclic vol-
tammograms of the two GDEs under O2 and N2 environments.
Both TL800 and Pt/C exhibited signicantly higher currents in
the O2 environment than in the N2, conrming their ORR
activity. Notably, the ORR activity of TL800 closely matches that
of Pt/C in terms of current density, highlighting the effective-
ness of the TL800 electrode. These results establish TL800 as
a highly promising cathode candidate for ORR applications.
3.3 Electrochemical HMFOR to FDCA and the overall cell
voltage

The oxidation of HMF to FDCA was conducted under various
conditions in the GDE cell (Fig. 4b) with bare Ni foam serving as
the anode. On the cathodic side, GDEs based on TL800 and Pt/C
catalysts were employed with either O2 or N2 gas feeds. N2 gas
was used as a control to assess the FDCA electrosynthesis
performance when HER was used as counter reaction instead of
ORR. In addition, the effects of H2O2 was also investigated by
introducing 10 mM H2O2 into the electrolyte. This concentra-
tion was chosen based on the H2O2 levels produced by the
TL800 electrode during ORR at 50 mA cm−2 over 30 minutes, as
shown in Fig. S4.†

As shown in Fig. 5a, the concentration of HMF decreased
over time, while the yield of FDCA increased. Small amounts of
intermediates, including HMFCA, FFCA, and DFF, were
observed. Notably, HMFCA was detected in greater quantities
22210 | RSC Adv., 2025, 15, 22202–22215
than DFF, indicating that the oxidation pathway predominantly
proceeds via HMFCA. For the system employing the TL800
cathode, the FDCA yields aer 5 hours were markedly different:
82% with O2 and 72% with N2. These ndings highlight that the
HMFOR process is more efficient under O2 conditions, resulting
in higher FDCA yield and improved carbon balance. Conversely,
in the N2 system, HMF appears to undergo alternative reaction
pathways rather than the desired HMFOR, likely due to reduc-
tive degradation at the cathode under a highly reducing
potential.70 This results in lower product yields and signicant
discrepancies in carbon balance. Evidence of HMF degradation
in the N2 environment is seen in the yellow coloration of the
electrolyte aer electrolysis (Fig. S5†), suggesting the formation
of by-products unlikely to convert into FDCA, thereby reducing
the overall yield. When the system is purged with O2, this
parasitic reduction is suppressed, as O2 reduction is thermo-
dynamically more favorable. Thus, O2 acts as an effective elec-
tron scavenger, suppressing undesirable side reactions at the
cathode and lowering its reductive potential, ultimately
enhancing FDCA yield.

When comparing the FDCA yields of TL800 and Pt/C, TL800
achieved a superior yield of 82% compared to 75% for Pt/C.
Interestingly, the addition of 10 mM H2O2 to the TL800
system led to a decrease in FDCA yield under both O2 and N2

conditions, with yields dropping to 74% and 55%, respectively.
These results suggest that in situ generated H2O2 does not
signicantly aid the oxidation process and that excessive H2O2

concentrations may accelerate HMF degradation, reducing the
efficiency of FDCA production. Considering that all systems
utilize the same Ni foam anode, the superior HMFOR perfor-
mance in the TL800 system likely arises from the ability to
effectively reduce O2 without interfering with the HMF reactant
of TL800 catalyst. This contributes to a higher carbon balance
compared to the Pt/C system. These ndings highlight the
advantages of the N- and O-doped carbon structure of TL800,
which combines high ORR activity with moderate H2O2 selec-
tivity. In addition, the stability test aer HMFOR activity over 6
hours, the LSV curves show only minimal changes (Fig. S6†),
indicating that the TL800 electrode exhibits excellent electro-
chemical stability even under prolonged ORR operation. As an
effective and cost-efficient cathode material, TL800 is a prom-
ising candidate for enabling more efficient and sustainable
HMFOR processes.

Apart from improved yield, the key benets of our reaction
conguration of synergistically combining ORR with HMFOR is
the signicantly reduced power consumption and thus the
operating costs of the electrochemical process. Fig. 5b shows
the catalytic stability of TL800 and Pt/C in O2 and N2 gas systems
evaluated by chronopotentiometry (CP) at 10 mA cm−2 over
a duration of 6 hours in the GDE cell. All CP proles show stable
cathodic potential with no signicant uctuations, indicating
minimal degradation of the electrode and excellent electro-
chemical stability over the entire reaction period. Remarkably,
TL800 shows comparable ORR potential compared to Pt/C. This
demonstrates the superior catalytic efficiency of TL800 in
facilitating ORR at the cathode.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) HMF conversion and yields of FDCA, HMFCA, FFCA, and DFF, under different electrolysis conditions: O2, N2, without and with 10 mM
H2O2 addition in the electrolyte. (b) Cathode potential and (c) cell voltage obtained during a chronopotentiometry measurement at 10 mA cm−2

over 6 hours.
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Fig. 5c shows the operating cell voltage for ORR coupled with
HMFOR at a current density of 10 mA cm−2. The cell voltages
stabilized aer 30 minutes and remained constant during the
entire 6-hour operation: 2.75 V for TL800 under N2, 1.09 V for
TL800 under O2, and 1.02 V for Pt/C under O2. Comparing the
TL800 electrode under O2 and N2 systems, the voltage reduction
reached up to 60%, underscoring the pivotal role of ORR in
minimizing energy consumption. Additionally, this system
achieved a signicant reduction in cell voltage compared to
previous work using a small CSTR reactor with a highly opti-
mized NiFeOOH/Ni foam anode and Pt/Ni foam cathode, which
reported a total cell voltage of approximately 2.2 V.70 This is even
better than other electrochemical reaction systems for FDCA
production reported in literature (as listed in Table S2†), further
highlighting and benchmarking the performance of electro-
catalysts in this study. The presented design achieved up to
a 55% reduction in cell voltage, primarily due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
introduction of a carbon-based catalyst. This carbon material
not only served as a catalyst but also acted as a microporous
layer in the GDE, maintaining the balance between gas and
liquid phases and enhancing O2 mass transport, thereby
improving overall cell efficiency. These ndings demonstrate
that the integration of biomass-derived carbon-based catalysts
and an innovative cell design can enable more selective and
energy-efficient FDCA electrosynthesis. Further optimization,
including the incorporation of advanced HMFOR catalysts re-
ported in the literature, could further enhance the performance
of this system.
4. Conclusion

In this study, we have designed and successfully developed
a selective and cost-effective electrochemical process for the
production of FDCA by pairing HMFOR with ORR in
RSC Adv., 2025, 15, 22202–22215 | 22211
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a membrane-free GDE ow cell. The cathode, fabricated using
a tea leaf-derived N-doped carbon catalyst (TL800), demon-
strated exceptional ORR activity and moderate selectivity to
H2O2 (∼85%) due to its high surface area, favorable electronic
properties, and abundance of pyrrolic-N and carbonyl func-
tional groups. When incorporated into a GDE and operated
under O2 feed, TL800 enabled an 82% FDCA yield at a signi-
cantly reduced cell voltage of 1.09 V, representing a 60% energy
reduction compared to the operation under N2 feed and
a substantial improvement over prior systems. In comparison to
Pt/C, TL800 delivered a similar cell voltage while achieving
superior FDCA yield, highlighting its promise as a cost-effective
and scalable alternative for HMFOR applications. This work
demonstrates a sustainable and economically viable pathway
for bio-based FDCA production, leveraging biomass-derived
catalysts and innovative reaction design. By integrating high
ORR activity with efficient GDE architecture of TL800, the
process offers both operational and economic benets that pave
the way for scalability and industrial implementation. Future
advancements in cathode and anode optimization could further
enhance the system's performance, solidifying its potential as
a transformative approach to sustainable chemical production.
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