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oxidation of 5-
hydroxymethylfurfural to 5-formyl-furan-2-formic
acid on non-metallic polyaniline catalysts:
structure–function relationships†

Xingyu Lu,ab Ke Qi,ab Xueya Dai,ab Yunlong Li,ab Di Wang,c Jing Douab

and Wei Qi *ab

The biomass-derived HMF oxidation reaction (HMFOR) holds great promise for sustainable production of

fine chemicals. However, selective electrooxidation of HMF to high value-added intermediate product 5-

formyl-furan-2-formic acid (FFCA) is still challenging. Herein, we report the electrocatalytic HMFOR to

selectively produce FFCA using carbon paper (CP) supported polyaniline (PANI) as a catalyst. The PANI/

CP non-metallic hybrid catalyst with moderate oxidation capacity exhibitsoptimized FFCA selectivity up

to 76% in alkaline media, which has reached the best performance in reported literature studies.

Identification and quantification of active sites for the HMFOR are further realized via linking the activity

to structural compositions of PANI; both polaronic-type nitrogen (N3) and positively charged nitrogen

(N4) species are proved responsible for adsorption and activation of HMF, and the intrinsic activity of N4

is higher than that of N3. The present work provides new physical–chemical insights into the mechanism

of the HMFOR on non-metallic catalysts, paving the way for the establishment of structure–function

relations and further development of novel electrochemical synthesis systems.
1. Introduction

With the depletion of global fossil resources, the development
and utilization of renewable resources have been focused
intensively on the elds of chemical engineering and materials
science.1 Biomass has become an ideal alternative to fossil
resources due to its abundant reservation, renewability, and
carbon neutrality.2 5-Hydroxymethylfurfural (HMF) is one of the
main derivatives of biomass resources, which can be oxidized to
produce a variety of high value-added chemicals.3 Among them,
5-formyl-furan-2-formic acid (FFCA) contains both aldehyde
and carboxyl groups, which has a wide application prospect in
the polyester industry and biomedicine eld.4 Currently, the
synthesis of FFCA from HMF mainly relies on liquid-phase
catalytic reaction systems, the process of which normally
requires noble metal catalysts (e.g., Au, Rh, and Pd) and toxic
oxidants (e.g., MnO2 and KClO3) under harsh reaction condi-
tions (>5 atm, 100–300 °C) leading to high cost and energy
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consumption.5 The key scientic challenge in this eld is to
develop an environmentally friendly and economical route to
convert HMF to FFCA efficiently and economically.

The electrochemical reforming reaction process is an
emerging technology for the efficient conversion of HMF to
FFCA using H2O as an oxidant under mild conditions (room
temperature and pressure),6 which has attracted increasing
attention recently due to its obvious merits.7 On one hand, the
electrooxidation reaction of HMF (HMFOR) can replace the
oxygen evolution reaction (OER) with sluggish kinetics to
reduce the onset potential of the H2O electrolysis reaction.8 On
the other hand, H2 production through the hydrogen evolution
reaction (HER) is typically considered an emission-free alter-
native to the conventional steam methane reforming process.9

The integration of the electrocatalytic HER and HMFOR is not
only thermodynamically favorable but also produces valuable
chemical feedstocks and clean H2 energy at the same time.10

However, the HMFOR still faces the critical issue that the target
product (FFCA) selectivity is difficult to control.

At present, most reported literature studies have focused on
the direct oxidation of HMF to the nal product 2,5-furan
dicarboxylic acid (FDCA).11 However, it has the lowest market
value among all the products shown in Scheme 1. As an inter-
mediate product of the HMFOR, the market price of FFCA is 26
times higher than that of FDCA,12 so it is meaningful to selec-
tively produce FFCA. It is very challenging to adopt a catalyst
Chem. Sci., 2024, 15, 11043–11052 | 11043
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Scheme 1 Reaction pathway of the HMFOR process and the Sabatier
principle for electrochemical synthesis of FFCA.
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with moderate oxidation capacity (e.g., non-metallic materials)
to achieve the selective formation of FFCA.13 There is one
successful example reported that selectivity to FFCA could be
enhanced in neutral electrolyte,14 but this system suffers from
serious problems of poor reaction kinetics of the HMFOR
compared to alkaline electrolyte due to the limited OH−

concentration.15 To our best knowledge, there is barely any
previous literature reporting the selective electrosynthesis of
FFCA in an alkaline medium via the HMFOR route.

The key scientic challenge of this research topic is that the
selective generation of intermediate FFCA requires the catalyst to
exhibit a moderate oxidation capacity, which could perfectly
balance the chemical adsorption of HMF and the timely
desorption of FFCA. However, transition metal catalysts (e.g.,
Co3O4, FeOOH, NiPx, CuO etc.), which are normally used for the
HMFOR process in most literature studies,11 have shown over-
strong oxidation capacity for producing FFCA (Scheme 1). A
transition metal catalyst normally exhibits high adsorption
strength for FFCA* due to its strong electron withdrawing ability
of the 3d orbital. In this case, the desorption of FFCA is seriously
inhibited leading to the over-oxidation of HMF to fully oxidized
product FDCA. It is crucial to design a series of catalysts with
moderate and adjustable oxidation capacity. We believe that
a non-metallic carbon catalyst is a suitable candidate for this
reaction system.16 As a non-metallic catalyst, polyaniline has the
advantages of low cost, easy structure regulation and mild
oxidation capacity. However, the application of polyaniline in
HMF electrooxidation has never been reported, and the explo-
ration of its active site and structure–function relationship is also
the key to achieve its high performance.

Herein, we selected polyaniline (PANI) with high conduc-
tivity and a tunable chemical structure as a novel non-metallic
catalyst for realizing this reaction process,17,18 and the
11044 | Chem. Sci., 2024, 15, 11043–11052
structure–function relationship of oxidation of HMF was
revealed through combining active site regulation and quanti-
tative calculations. In a typical procedure, PANI is in situ electro-
polymerized and deposited on carbon paper (CP) with different
deposition potentials yielding a series of PANI/CP hybrid elec-
trode catalysts with various redox capacities, and the optimized
PANI/CP catalyst could exhibit a relatively high FFCA selectivity
of 76% at 1.96 VRHE in alkaline electrolyte. This is the rst
successful application of the non-metallic PANI catalyst in
electrocatalytic selective oxidation of HMF. More importantly,
the reaction pathway is well established, and the active sites for
the HMFOR are identied and quantied via linking the cata-
lytic activity to the chemical structure of the catalysts. The
polaronic-type nitrogen (N3) and positively charged nitrogen
(N4) species in PANI are proved responsible for the catalytic
activation of HMF, and the intrinsic activity (rate constant) of
N4 is higher than that of N3, which contributes over 80% overall
activity. The establishment of structure–function relations
provides the theoretical basis and guidance for designing novel
non-metallic catalysts for the HMFOR process, shedding light
on the potential practical applications of electro-chemical
biomass renery.
2. Experimental methods
2.1 Materials

Aniline (C6H7N, >99.0%) was purchased from Adamas. p-Tol-
uenesulfonic acid (C7H8O3S, 90.0%) was purchased from Acros.
Potassium hydroxide (KOH, >85.0%) and methanol (CH3OH,
$99.9%) were all purchased from Sinopharm Chemical
Reagent Co., Ltd. 5-Hydroxymethylfurfural (HMF, 97.0%), 2,5-
furandicarboxylic acid (FDCA, 98.0%), 2,5-diformylfuran (DFF,
>98.0%), 5-formyl-2-furan carboxylic acid (FFCA, 98.0%) and 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA, 98.0%) were all
purchased from Alfa Aesar. Ammonium formate (CH5NO2,
$99.0%) was purchased from Aladdin and the carbon paper
was purchased from Shanghai Hesen Co., Ltd. Deionized water
was dispensed fromHitech (Master-S). All the chemicals used in
the experiments were at least of analytical grade and were used
without further purication unless mentioned.
2.2 Synthesis of PANI/CP

The carbon paper (CP) substrate was rst washed via sonication
with deionized water and absolute ethanol for 10 min to remove
residual impurities before experiments. Electro-polymerization
deposition of polyaniline (PANI) on CP was conducted using
a chronoamperometry method. Typically, the electro-
polymerization experimental setup consisted of a standard
three-electrode system in an undivided cell controlled by
a CHI920D electrochemical workstation under ambient condi-
tions. A piece of CP withdimensions of 1.5 cm × 2 cm was used
as the working electrode, a Pt wire (PT0537, Gaoss Union) was
used as the counter electrode and the Ag/AgCl containing
saturated KCl solution was used as the reference electrode. The
electrolyte was 50 mL H2O containing 0.3 g p-toluenesulfonic
acid and 460 mL aniline solution. The deposition potential was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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maintained at 1.37, 1.57, 1.87, 2.17, 2.37 and 2.87 VRHE when
the charge was transferred by 40 coulombs, which are named
PANI1/CP, PANI2/CP, PANI3/CP, PANI4/CP, PANI5/CP and PANI6/
CP, respectively. The potentials were converted to the RHE scale
using ERHE = EAg/AgCl + 0.0591 × pH + 0.1976 V. These samples
were rinsed with water and ethanol, and then the samples were
vacuum dried before further characterization and electro-
chemical measurements.

2.3 Electrocatalytic measurements

All electrochemical measurements were performed in a divided
cell with a CHI920D electrochemical workstation on a three-
electrode setup under ambient conditions. The as-prepared
PANI/CP samples with a platinum electrode clamp were
directly used as the working electrode, coupled with Pt foil (3 cm
× 4 cm, 0.1 mm thick, 99.8%, Gaoss Union) clamped with
a glassy carbon electrode clamp as the counter electrode and the
Hg/HgO containing 1M KOH solution as the reference electrode.
The Pt foil counter electrode area is four times the working
electrode area, resulting in a small interfacial polarization, which
ensures that the external polarization is mainly applied to the
working electrode. All of the reported potentials were converted
to the RHE scale using ERHE = EHg/HgO + 0.0591× pH + 0.095 V.11

Linear sweep voltammetry (LSV) was conducted in a position
scan at a rate of 10 mV s−1 at room temperature with stirring.
Cyclic voltammetry (CV) for electrochemical surface area (ECSA)
was conducted in a position scan at a rate of 100, 200, 300, 400,
500 and 600 mV s−1, respectively in the potential range of 0.65–
1.45 VRHE at room temperature. Constant-potential electro-
reforming of HMF was carried out at 1.96 VRHE using an H-cell
reactor with anode (WE compartment) and cathode (CE
compartment) chambers separated using a Naon 117 proton
exchange membrane. The anolyte (WE compartment) contained
15 mL of 0.1 M KOH solution (pH 13) with 10 mM HMF, while
the catholyte (CE compartment) contained 15 mL of 0.1 M KOH
solution. All electrochemical reactions were carried out at room
temperature (25 ± 1 °C), and the electrolyte was stirred at
300 rpm with a magnetic stir bar at a constant potential aer
transferring 86 C of electrons. Then the HMF concentration was
measured by HPLC and the loss of HMF was calculated. All
electrochemical analyses reported in this study were performed
without correcting for iR drop, providing a holistic evaluation
without manipulation. The anode, cathode, and overall reactions
could be summarized as follows:11

Anode reaction:

HMF + 4OH−–4e− / FFCA + 3H2O

Cathode reaction:

4H2O + 4e− / 2H2 + 4OH−

Overall reaction:

HMF + H2O / FFCA + 2H2
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4 Characterization

The surface morphology and crystal structure of the electrodes
were rst characterized by scanning electron microscopy (SEM,
LEO 1530 at an accelerating voltage of 5 kV). The transmission
electron microscopy (TEM) images were recorded with an FEI
Tecnai G2 T12 microscope. The thermal gravimetric analysis
(TGA) was performed on a NETZSCH STA 449C. Fourier trans-
form infrared spectroscopy (FT-IR) was performed on a SMART
OMNI-TRANSMISSION (Thermo SCIENTIFIC). The surface
chemistry of the electrodes was studied by X-ray photoelectron
spectroscopy (XPS, ESCALAB250) with monochromatized Al Ka

radiation. The XPS data were analyzed using CASA XPS soware,
and the binding energy was calibrated using the C 1s peak at
284.6 eV as a reference. The Raman spectra were measured on
a LabRam HR 800 using a laser wavelength of 532 nm. The
liquid chromatograph mass spectrometry spectrum (LC-MS)
was measured on an Agilent Innity II QTOF G6545.

2.5 Quantitative product analysis

High performance liquid chromatography (HPLC, Elite) with an
online degassing machine (DG230-2) was used and two high
pressure constant current pumps (P230) and an UV-Vis detector
(UV 230+) were used for the quantitative analysis of the product
and evaluation of the HMF oxidation efficiency. For every 20 C
electrons transferred, 5 mL of the anode electrolyte containing the
substrate and product was withdrawn and injected into high-
performance liquid chromatography equipped with an UV-Vis
detector set at l = 265 nm and a waters organic acid column
(SinoChromODS-BP 5 mm, 4.6 mm× 200mm, E2715082) at room
temperature. The analysis was performed under the following
conditions: the mobile phase was a mixture of 5 mM ammonium
formate ($99.0%, Aladdin) aqueous solution and methanol
($99.9%, Sinophare Chemical Reagent Co., Ltd). The separation
was accomplished using an isocratic elution by using 50%
ammonium formate aqueous solution and 50% methanol for
10 min with the ow rate set at 0.5 mL min−1. The identication
and quantication of the oxidation products were performed
based on a standard calibration curve of the pure component with
the determined concentration. Hydrogen was quantied using
a drainage-gas-collection method. The conversion of HMF (%),
selectivity (%) of the oxidation products and carbon balance (%)
were calculated using eqn (1)–(3). The reduction product H2 was
measured by the drainage-gas collection method, and the faradaic
efficiency of H2 was calculated using eqn (4).

HMF conversion ¼ electricity consumption of HMF ðmMÞ
initial HMF ðmMÞ

� 100%

(1)

Selectivity of product ¼
formed DFF or HMFCA or FFCA or FDCA ðmMÞ

total formed products ðmMÞ � 100%

(2)
Chem. Sci., 2024, 15, 11043–11052 | 11045
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Carbon balance ¼ formed DFFþHMFCAþ FFCAþ FFCAþ FDCAþ consumption of HMF ðmMÞ
initial HMF ðmMÞ � 100% (3)
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H2 faradic efficiency ¼ formed H2 ðLÞ
22:4� total charge passed=2eNA

� 100% (4)

in which e is the electron charge (1.6 × 10−19 C) and NA is
Avogadro's number (6.02 × 1023 mol−1).
3. Results & discussion
3.1 Morphology and chemical structure characterization

The proposed polyaniline/carbon paper (PANI/CP) hybrid elec-
trodes were prepared by a simple electro-polymerization
process with aniline as the precursor at a deposition potential
of 1.37, 1.57, 1.87, 2.17, 2.37 and 2.87 VRHE, respectively and are
named PANIx/CP (x = 1 to 6) in the sequence of their deposition
potential. The synthesized PANI catalysts exhibit spherical
particle-like morphology with a diameter of around 50 nm as
shown in Fig. 1a and S1,† and they are rmly attached onto the
carbon ber (Fig. 1b and S2†). The C, O and N elements
distribute uniformly on the surface of PANI/CP (Fig. 1c–f). The
thermogravimetric analysis (TGA) results show that the PANIs
begin to decompose at 350 °C and will be completely combusted
at 650 °C in an air atmosphere (Fig. S3†).19 TGA analysis proves
that these series of catalysts exhibit similar mass loss at 650 °C,
indicating the similar loading content of PANI in these samples,
which excludes the effect of catalyst dosage on catalytic
performance.

The characteristic FT-IR and Raman signals belonging to
PANI could be observed as shown in Fig. 2a and b. The FT-IR
spectrum shows vibration bands of N]Q]N (Q represents
Fig. 1 Microscopic morphology characterization. (a) TEM (b) and (c) SEM
and (f) O element of the PANI1/CP surface.

11046 | Chem. Sci., 2024, 15, 11043–11052
the quinoid ring, 1154 cm−1), stretching mode of C–N
(1307 cm−1), stretching vibration of C]C in benzenoid rings
(1495 cm−1), and stretching vibration of C]C in quinoid rings
(1585 cm−1) (Table S1†), and Raman spectra display out of plane
C–H wag in polaronic structures (412 cm−1), benzenoid ring in-
plane deformation vibration (606 cm−1), C–N stretching in
polaronic units (1255 cm−1), C–N+c stretching of radical cations
in semi quinoid rings (1376 cm−1), and C–C stretching of
quinoid rings (1560 cm−1) (Table S2†), indicating the successful
synthesis of PANI/CP catalysts,20–22 which have shown a variety
of nitrogen functional groups on their surface.

The C ls X-ray photoelectron spectroscopy (XPS) spectra of
PANI/CP samples are shown in Fig. 2c and S4,† which can be
deconvoluted into four distinct peaks centered at 284.5, 285.4,
286.4 and 287.4 eV, respectively.23,24 The rst peak at the lowest
binding energy is attributed to the neutral C–C or C–H bonds,
and all carbon atoms excluding those at the 1, 10 and 4, 40

positions in the polymer unit should correspond to this C1
species.25 C2 at ∼285.4 eV should be attributed to the carbon
bonded with the neutral nitrogen atoms. Any increase in the
positive charge on the carbon-bonded nitrogen atoms would
result in a corresponding positive shi in the binding energy of
the C ls line.25 The carbon atoms that are bonded to the
polaronic-type nitrogen atoms could be attributed to the C3
species, and the carbon atoms bonded to the positively charged
nitrogen atoms are assigned as the C4 species.26 The N 1s XPS
spectra of all PANI/CP catalysts can be deconvoluted into four
peaks (Fig. 2d), and these peaks correspond to quinoid imine
nitrogen (N1), benzenoid amine nitrogen (N2), polaronic-type
nitrogen (N3) and positively charged nitrogen species (N4)
images of PANI1/CP. SEM-EDAX images of (d) C element, (e) N element

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical structure characterization. (a) FT-IR and (b) Raman spectra of PANI/CP samples. (c) Deconvoluted C 1s XPS and (d) N 1s XPS
spectra of PANI1/CP samples. (e) Structures of four nitrogen species.
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centered at 398.5, 399.6, 401.1 and 402.6 eV, respectively
(Fig. 2e).27,28 It could be observed that the relative content of
each N species in the PANI catalysts could be adjusted via
alternating the electro-polymerization potentials (Fig. S5†),
which will inevitably affect the intrinsic redox activity of the
catalyst.28 In a word, combining the SEM, FT-IR, Raman and
XPS results, the basic chemical structure of PANI/CP catalysts
could be summarized as the PANI spheres that are rmly
attached on carbon ber, and the chemical structure diagram of
PANI is determined as shown in Fig. S6.† There are four
different types of N-containing species randomly distributed in
the prepared PANI chain, and the relative content of these
nitrogen species could be adjusted via tuning the electro-
polymerization potential.

3.2 HMFOR activity and reaction pathway analysis

The HMFOR activity of PANI/CP catalysts was tested in an H-
type electrochemical cell, and a commercial Pt sheet and Hg/
HgO were applied as the counter and reference electrode,
respectively. The oxygen evolution reaction (OER) is the major
© 2024 The Author(s). Published by the Royal Society of Chemistry
competing reaction for the HMFOR. Linear sweep voltammetry
(LSV) exhibits a decrease in the onset potential aer adding
10 mM HMF into the electrolyte (Fig. S7†), suggesting that the
HMFOR is more favorable than the OER over PANI/CP from the
viewpoint of thermodynamics.29–31 Moreover, the onset poten-
tial of the HMFOR decreases gradually at 10 mA cm−2 (Fig. 3a),
and the electrochemical specic surface area (ECSA) increases
gradually from PANI1/CP to PANI6/CP catalysts (Fig. 3b and S8†),
indicating that the adsorption/activation capacity of the cata-
lysts for HMF improves with the increasing deposition poten-
tial, which could be directly related to the chemical structure of
the catalyst, namely the relative content of different nitrogen
species. Conversion of HMF and corresponding product distri-
butions and the carbon balance of the reaction system are
shown in Fig. 3c. It needs to be mentioned that these reaction
results are obtained by chronoamperometry until 86 C electrons
are transferred at a potential of 1.96 VRHE, where the reaction
reaches the stoichiometric number for complete oxidation of
HMF to FDCA. However, it is surprising to observe that FFCA is
the main oxidation product, and only a small amount of FDCA
Chem. Sci., 2024, 15, 11043–11052 | 11047
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Fig. 3 Electrochemical performances and reaction pathway. (a) Linear sweep voltammetry curves of all PANI/CP catalysts in 0.1 M KOH solution
(pH 13) with 10 mMHMF at a scan rate of 10mV s−1. (b) Scan rate as a function of current density for all PANI/CP catalysts. (c) Conversion of HMF,
selectivity of DFF, HMFCA, FFCA and FDCA and carbon balance of all PANI/CP samples until transfer of 86 C electrons at a potential of 1.96 VRHE.
(d) Product distribution for all PANI/CP catalysts at a potential of 1.96 VRHE in 0.1 M KOH after transferring 10 C electrons. (e) Schematic reaction
pathways in the process of the HMFOR.
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can be detected on these carbon catalysts (Fig. S9†). An optimal
FFCA selectivity of 76% for PANI4/CP and a corresponding HER
faradaic efficiency (FE) of∼100% could be achieved as shown in
Fig. S10.† For comparison, we prepared NiO, CuO, polypyrrole
and polythiophene catalysts and applied them in the electro-
oxidation reaction of HMF under alkaline conditions. The
relevant experimental results are summarized in Table S3.† The
results showed that the main product was FDCA for the tran-
sition metal catalysts NiO and CuO due to its strong oxidation
ability. The ability of polythiophene and polypyrrole to catalyze
HMF oxidation was very poor, and the conversion rate of HMF
was less than 20%. Therefore, the N atom between benzene
rings in PANI may be the main active site. In addition, DFF was
the main product rather than FFCA, indicating that PANI/CP as
a non-metallic catalyst with mild oxidation ability can promote
the selective production of intermediate product FFCA, which is
totally different from the results from metal-based catalysts
reported in most literature studies that FDCA is the main
oxidation product for the HMFOR (ESI Table S4†).9–11,14,32–46 In
addition, when DFF or FFCA as the only reactant was added into
the electrolyte, the conversion rates of DFF were faster than that
11048 | Chem. Sci., 2024, 15, 11043–11052
of FFCA for all PANI/CP samples (Fig. S11†), which resulted in
the accumulation of FFCA. Moreover, the stability test of the
catalyst showed that the conversion of HMF and the selectivity
of FFCA remained at about 43% and 74% aer 6 cycles
(Fig. S12†). In addition, the substrate concentration was
expanded to 0.5 M and the electrooxidation reaction of HMF
was carried out in a owing system and the FFCA selectivity
reached 72% aer 24 hours, indicating that the catalyst has
excellent durability.

Fig. 3d exhibits the HMFOR product distribution on PANI/CP
catalysts at a xed passing electron of 10 C, where the HMF
conversion is below 1%, and these datamay exclude the effect of
substrate concentration variation and reect the intrinsic
selectivity and reaction pathways.14 As shown in Fig. 3d, DFF is
the primary product and 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA) could not be detected for all PANI/CP catalysts.
Furthermore, the conversion rate of HMF is higher than that of
DFF via the PANI4/CP catalyst (Fig. S13†), indicating that the
oxidation of the hydroxyl (–OH) group is faster than that of the
aldehyde (–C]O) functionality for PANI/CP catalysts (Fig. 3e).
Therefore, the HMFOR process is more inclined to follow the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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HMF-DFF-FFCA reaction path (Fig. 3e), which is different from
the HMF-HMFCA-FFCA path under the catalysis of metallic
materials in alkaline solutions reported in most of the literature
studies.32–46 This unique behavior of non-metallic PANI catalysts
may effectively protect the aldehyde group (–C]O) in HMF
from oxidation via altering the reaction path, leading to the
highly selective HMFOR process yielding FFCA.
3.3 Identication and quantication of the active sites and
structure–function relation analysis

As introduced above, the relative content of nitrogen functional
groups in PANI/CP catalysts can be adjusted by changing the
electro-polymerization potential. The concentration of N1, N2,
N3 and N4 could be determined from the peak area ratio of N1s
XPS bands (Fig. S14†),2,27,28 and the detailed values of the
concentrations for various nitrogen functional groups for all
PANI/CP catalysts aer the HMFOR are listed in ESI Table S5†
(the detailed calculationmethod could be found in Note S1†). In
this section, we will link the intrinsic HMFOR catalytic activity
to the chemical structure of the proposed PANI/CP catalysts to
reveal the basic structure–function relationship for this reaction
process. It is known that the relative content of nitrogen species
will affect the intrinsic redox capacity of PANI.47 As shown in
Fig. 4a, the conversion rate of HMF (rHMF) increases with an
increase in content of N3 and N4 species, suggesting that N3
and N4 are likely to be the active sites for the HMFOR. This
result is well proven using the theoretical calculation results. In
a typical procedure, the theoretical calculation models were
constructed for these four nitrogen species in PANI, and the
adsorption energies of HMF on N1, N2, N3 and N4 were
Fig. 4 Identification and quantification analysis of active sites. (a) Amoun
respectively. (b) Optimized structure and adsorption energies of HMF adso
N4 as a function of conversion rate of HMF. (d) Contribution of all active
FFCA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
calculated to be −0.72, −0.74, −1.82 and −1.91 eV, respectively
(Fig. 4b), which indicates a very weak interaction (e.g., van der
Waals forces) between N1 and N2 species and HMF molecules,
but a relative strong chemisorption exists between N3 and N4
groups and HMF reactants. It could also be observed that the
adsorption energy of N4 is higher than that of N3, suggesting its
higher activity to activate HMF.

A simple kinetic analysis was further performed to further
quantify the intrinsic catalytic activity and the contribution of
N3 and N4 active sites for the HMFOR. We assume that these
two active sites work independently, and the apparent conver-
sion rate of HMF (rHMF) can reect oxidation capacity of all
active sites on the catalyst surface, which could be expressed as
the summary of the conversion rate on each site as shown in
eqn (5):

rHMF = kN3$nN3 + kN4$nN4 (5)

where k and n represent the intrinsic catalytic activity (turn over
frequency, namely the reaction rate normalized by the number
of active sites in the unit of s−1) and the number (in the unit of
mmol) of N3 and N4 active sites, respectively. The values of kN3
and kN4 could be calculated via linear regression of rHMF and n,
which could be obtained experimentally from activity
measurement and structural characterization results. The
intrinsic catalytic activity for N4 (kN4 = 0.08 s−1) is about 8 times
higher than that of N3 (kN3 = 0.01 s−1), which is consistent with
the theoretical calculation results that N4 type nitrogen species
exhibit higher activity than N3 species. If we consider both the
intrinsic activity and the number of active sites, the contribu-
tion of N4 is about 4 times greater than that of N3 (e.g., 0.26 vs.
t of HMF transformation as a function of content of N1, N2, N3 and N4,
rbed on N1, N2, N3 and N4 of PANI, respectively. (c) Content of N3 and
sites (oxidation capacity) of PANI catalysts as a function of selectivity of
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0.06 mmol s−1 for PANI4/CP) as shown in Fig. S15.† Therefore,
N4 functionality, which contributes over 80% of overall activity,
is considered the main active site to adsorb and activate HMF.48

Fig. 4d shows the plot of the selectivity of FFCA as a function of
the total oxidation capacity of all active sites on the catalyst
surface showing a volcanic type of relation, and this result
suggests that a moderate oxidation capacity of the catalyst is the
key for highly selective electrochemical synthesis of FFCA. It is
worth noting that the prepared PANI4/CP catalysts with proper
oxidation capacity could achieve a relatively high FFCA selec-
tivity of 76% via adjusting the number of active sites. To our
best knowledge, this is the best performance for electro-
chemical synthesis of FFCA49,50 (Table S4†), shedding light on
the potential applications of non-metallic catalysts in related
systems.

4. Conclusions

In summary, we have developed a new reaction route for elec-
trochemical synthesis of FFCA as a high value-added product
via selective oxidation of HMF using PANI/CP catalysts. Opti-
mized FFCA selectivity up to 76% in alkaline media is exhibited,
which has reached the best performance in reported literature
studies. Identication and quantication of active sites are
further realized via linking the activity to structural composi-
tions of PANI; both polaronic-type nitrogen (N3) and positively
charged nitrogen (N4) species are proved responsible for
adsorption and activation of HMF, and the intrinsic activity of
N4 is higher than that of N3. In this study, the structure–func-
tion relationship of the HMFOR on PANI was proposed, which
laid the foundation for further development of non-metallic
applications in the eld of efficient utilization of biomass.
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