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ABSTRACT: The design of metal-free electrocatalysts for
efficient biomass-based cinnamaldehyde (CAL) conversion to
high-value-added 3-phenylpropanol (HCOL) and the insight into
their catalytic mechanism have drawn considerable attention.
However, they remained challenging due to the unclear
complicated hydrogenation pathways. Here, metal-free
mesoporous polymer-based electrocatalysts were synthesized,
for the first time, for the electrochemical hydrogenation of CAL to
HCOL. The catalysts consist of phytic acid (PA)-doped
mesoporous poly(m-phenylenediamine) (coined meso-PA/PmPD)
with high specific surface areas up to 95.3 m?%g. The optimized
meso-PA/PmPD exhibits a record-high performance with high
Faradaic efficiency (93.5%) and selectivity (97.5%), far

.

(N

el

N L b

Phytic acid-regulated hydrogenation

pathway HCOL

FE: 93.5%
Selectivity: 97.5%

Phytic acid-doped mesoporous poly(m-
phenylenediamine)

surpassing all the reported electrocatalysts (Faradaic efficiency < 55% and selectivity < 25%). Mechanistic studies reveal
that meso-PA/PmPD induces the parallel-configuration adsorption of CAL via m—1m and hydrogen-bonding interactions,
reducing the energy barriers for CAL carbonyl hydrogenation with active hydrogen (H*) to COL and its subsequent
hydrogenation to HCOL, thereby boosting the HCOL selectivity. Meanwhile, an appropriate PA doping amount accelerates
water dissociation to generate H* and interfacial charge transfer. The mesoporous structure facilitates CAL mass transport
into the catalyst interior to promote its conversion. This study provides novel insight into the electroreduction mechanism of
CAL, guiding the design of high-performance biomass-conversion electrocatalysts through rationally structural engineering

of porous polymers.
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1 Introduction

With the excessive consumption of fossil energy and the
continuous deterioration of ecological environment, the conversion
of renewable biomass into high-value-added chemicals has attracted
great attention [1-3]. In this context, the hydrogenation of
cinnamaldehyde (CAL) derived from natural cinnamon to produce
valuable chemicals has been considered as a sustainable route.
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Among the different products of cinnamaldehyde, 3-
phenylpropanol (HCOL) is an important precursor and/or critical
intermediate in the pharmaceutical industries with medicinal
properties that can reduce cholesterol and promote bile secretion
[4]. In addition, it is also widely used in food, beverage, and
cosmetic industries [5]. Currently, the production of HCOL mainly
comes from the plant extraction and industrial thermo-catalytic
synthesis. However, these processes still face a host of challenges,
such as harsh reaction conditions (e.g., high temperature (80-
150 °C), high pressure (1-3 MPa), and strong acid) and high-cost
noble metal-based catalysts (e.g., Pt-, Pd-, and Ru-based catalysts)
[6, 7]. Therefore, it is desirable to develop mild strategies to convert
CAL into HCOL.

Electrocatalytic hydrogenation has emerged as an appealing
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strategy owing to its mild reaction conditions, specifically, utilizing
water as the hydrogen donor under ambient temperature and
pressure [8—12]. By obviating the need for high-pressure H, and
often-toxic homogeneous catalysts, this approach offers a safer and
more sustainable alternative to conventional thermal hydrogenation
processes. It has been extensively employed for the valorization of
organic compounds, biomass, N,, CO,, and wastewater streams.
These advantages make it particularly promising for green synthesis
in fine chemical and pharmaceutical manufacturing [13]. In
particular, the electrocatalytic hydrogenation of renewable CAL to
produce HCOL has been considered as one of the most important
reactions in the field of biomass conversion. Currently, most of the
reported electrocatalysts for CAL hydrogenation are metal-based
materials, including Pd/SnO,, CoS,,, Pt/MoO,, and Ru/Ta,0
[14-18]. Although great efforts have been made, the best
performance reported to date has only achieved a moderate
Faradaic efficiency (FE) of less than 55.0%, with a low selectivity of
24.6% (Table S1 in the Electronic Supplementary Material (ESM)).
In addition, the intrinsic reaction mechanisms of the
electrochemical hydrogenation of CAL to HCOL have still
remained unclear. Therefore, it is desirable to design low-cost non-
metallic electrocatalysts and gain deeper understanding of the
reaction mechanisms for the electrocatalytic hydrogenation of CAL
to HCOL.

From the molecular structure of CAL, it is known that CAL
features an aromatic ring linked to an aldehyde group via a a,p-
unsaturated C=C bond (Fig. S1 in the ESM). The electrocatalytic
hydrogenation of CAL to produce HCOL involves the
hydrogenation of both the a,p-unsaturated C=C bond and the
aldehyde group. To achieve their hydrogenations, the parallel-
configuration adsorption of CAL on the surfaces of catalysts is
considered as a crucial step (Fig. S1 in the ESM) [14, 18]. This
parallel-configuration formation primarily relies on the interactions
between the catalyst and the aromatic ring/aldehyde of CAL.
However, the conventional metal-based catalysts generally fail to
achieve such parallel-configuration adsorption due to their weak
Lewis acidic and/or insufficient d-m electronic interactions.
Recently, mesoporous polymer-based electrocatalysts have aroused
widely interest due to their high surface areas, diverse organic
linkers, adjustable functionality, and high stability [19]. Various
polymer-based materials (e.g., poly(3,4-ethylenedioxythiophene):
polystyrenesulfonate (PEDOT:PSS), polypyrrole, polydopamine,
poly(5,5-divinyl-2,2’-bipyridine), and polytriazine) have been
engineered for the electrocatalytic ~biomass conversion,
including the electrochemical conversion of ethanol, 5-
hydroxymethylfurfural, benzyl alcohol, furfural, furfuryl alcohol,
and glucose [20-23]. These polymeric catalysts exhibit distinct
structural and electronic advantages over traditional inorganic
counterparts, such as tunable functional groups, flexible molecular
skeletons, and adjustable conductive properties, which enable
efficient modulation of the adsorption energy of biomass-derived
intermediates on the catalyst surface. In addition, their abundant
functional groups such as aromatic ring, -OH, C=0, and -NH, can
enhance the adsorption of aromatic and/or oxygen-containing
groups (e.g, -CHO and -OH) through the m-m, hydrogen-
bonding, and electrostatic interactions [19]. In particular, rational
functionalization of mesoporous polymers structure can endow
them with a capability to activate specific functional groups and/or
rapid charge transport [24]. For example, Ma et al. reported that the
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introduction of aromatic naphthalene structures into porous
polycarbazole can enhance the adsorption selectivity toward
aromatic compounds (benzene and 3-methylthiophene) via -
interaction between the naphthalene rings of porous polycarbazole
and the planar m-electron clouds of the aromatic compounds [25].
Recently, Liu et al. demonstrated that incorporating thiophene
moieties into polymeric carbon nitride framework can effectively
extend the m-conjugated network, thereby significantly enhancing
the charge transport capability of polymers [26]. Phytic acid (PA) is
a natural compound derived from seeds and grains [27]. Owing to
its multiple phosphate protons, PA can protonate amine and/or
imine groups of polymers when incorporating PA into polymers,
thus enhancing the conductivity of polymers containing these
functional groups [28-30]. In addition, PA can provide rich
hydrogen-bonding sites, thus improving polymer’s adsorption
capacity. Inspired by the advantages of polymer catalysts and PA,
the construction of PA-doped mesoporous conductive polymers to
simultaneously enhance the parallel adsorption of CAL and charge
transport holds promise to enhance the FE and selectivity of
electrochemical hydrogenation of CAL to HCOL. However, to our
knowledge, there have been no reports on this concept thus far.

Here, a series of PA-doped spherical mesoporous poly(m-
phenylenediamine) (meso-PA/PmPD) composite nanospheres
were prepared through a block copolymer templated self-assembly
strategy (Fig. 1). The average diameter of the meso-PA/PmPD
spheres locates in the range of 126-246 nm with a pore size of
approximately 7.5 nm. When employed as electrocatalysts for the
electrochemical hydrogenation of CAL to HCOL, the optimized
meso-PA/PmPD catalyst exhibits a record-high electrocatalytic
performance with high FE (93.5%) and selectivity (97.5%) of
HCOL, outperforming those of all the reported electrocatalysts
significantly (Table S1 in the ESM). Mechanism studies
demonstrated that the meso-PA/PmPD can induce the parallel-
configuration adsorption of CAL through the m-m and hydrogen-
bonding interactions, which reduced the energy barriers for the
hydrogenation of CAL carbonyl group with active hydrogen (H*)
species to the cinnamyl alcohol (COL) and the subsequent
hydrogenation of COL to HCOL, thereby largely boosting the
selectivity of HCOL. In addition, an appropriate amount of doped
PA may accelerate water dissociation to generate H* species and the
interfacial charge transfer rate. The mesoporous structure promotes
the mass transport of CAL into the internal space of the catalyst,
thus promoting the conversion of CAL. These synergistic effects
induce the excellent electrocatalytic performance.

2 Experimental

2.1 Materials

1-Butyl-3-methylimidazolium tetrafluoroborate (BmimBE,, 98%)
was purchased from Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences. PA (50 wt.%), m-phenylenediamine
(mPD, 99%), and ammonium persulfate (APS, 99%) were supplied
by J&K Scientific Co., Ltd. Pluronic F127 (99%) and
cinnamaldehyde (95%) were obtained from Sinophar Chemical
Reagent Co., Ltd. Nafion D-521 dispersion, Nafion N-117
membrane (0.180 mm thick, > 0.90 meg/g exchange capacity), and
Toray carbon paper (CP, TGP-H-60, 19 cm x 19 cm) were
purchased from Alfa Aesar China Co., Ltd.

Tsinghua University Press
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Figure1 (a) Schematic diagram of the synthesis of meso-PA/PmPD composites. Structural characterizations of meso-PA(20)/PmPD nanospheres: (b) SEM image, (c)

TEM image, and ((d)-(i)) element mapping images.

2.2 Preparation of meso-PA/PmPD nanospheres

Firstly, 300 mg of F127 was dissolved in deionized water (50 mL),
and stirred with a magnetic stirrer at 500 rpm until the color was
clear. Then, 300 mg of 1,3,5-trimethylbenzene (TMB) was added to
the mixed solution. After 1 h, 100 mg of mPD was added. The
mixture was stirred continuously for 1 h, then a certain amount of
(0/5/10/15/20/25 pL) PA was added. After 1 h, 2 mL of APS
(100 mg/mL) was added to the mixed solution to trigger the
copolymerization self-assembly of m-phenylenediamine and PA.
The mixture was stirred continuously for 24 h, and the resulting
filtrate was centrifuged and washed with ethanol and water for
3 times to remove the F127 template and ammonium persulfate.
The product was denoted as meso-PA/PmPD (e.g, meso-
PA(0)/PmPD, meso-PA(5)/PmPD, meso-PA(10)/PmPD, meso-
PA(15)/PmPD, meso-PA(20)/PmPD, and meso-PA(25)/PmPD,
respectively).

(B 7% 2w | Sci@pen
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3 Results and discussion

3.1 Preparation and characterizations of meso-PA/PmPD
nanocomposites

The meso-PA/PmPD nanocomposites were prepared through a
block copolymer templated self-assembly strategy [31, 32], which
used Pluronic F127 copolymer as a soft template, TMB as a
hydrophobic interaction mediation agent, mPD as monomers, and
PA as a dopant (Fig. 1(a)). Typically, spherical micelles composed
of F127/TMB were constructed by dissolving Pluronic F127 in
water and then adding TMB [31]. After that, mPD and PA were
introduced into the solution of the spherical micelles. Through the
hydrogen bonding and electrostatic interaction, the precursors of
the mPD and PA molecules can be adsorbed in the polyethylene
oxide domain of Pluronic F127 to form mPD/PA/F127/TMB
composites  [31]. Under the initiation of APS, the
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mPD/PA/F127/TMB  composites ~ were  crosslinked  and
polymerized, forming a spherical polymeric structure. After
removing the F127/TMB template, meso-PA/PmPD composites
with a spherical mesoporous structure were obtained. By varying
the doping amount of PA, a series of meso-PA/PmPD composites
were prepared, including meso-PA(0)/PmPD, meso-PA(5)/PmPD,
meso-PA(10)/PmPD, meso-PA(15)/PmPD, meso-PA(20)/PmPD,
and meso-PA(25)/PmPD; the numbers in the sample names
represent the amount of the added PA in the synthetic process of
meso-PA/PmPD. The contents of PA in meso-PA/PmPD are
determined by inductively coupled plasma spectroscopy and listed
in Table S2 in the ESM. The detailed preparation procedures are
described in the ESM.

The morphology of the meso-PA/PmPD nanocomposites was
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Figs. 1(b)
and 1(c), and Figs. S2-S7 in the ESM, the meso-PA/PmPD
composites clearly display a spherical mesoporous structure. N,
adsorption—desorption isotherm shows that the meso-PA/PmPD
composites have different specific surface areas ranging from 95.3
to 48.6 m*/g (Figs. S8-S13 and Table S3 in the ESM). In addition,
Fourier transform infrared (FT-IR) was employed to further study
the chemical nature of the meso-PA/PmPD composites (Figs.
S14-S19 in the ESM). Taking meso-PA(20)/PmPD as an example
(Fig. S14 in the ESM), it can be clearly observed that the wide peak
at 3340 cm™ belongs to the tensile vibrations of -NH- and —~OH.
The peaks at 1620, 1510, and 1220 cm™ correspond to the tensile
vibrations of the quinone, benzene, and C-N groups, respectively
[33]. The peaks at 940 and 1065 cm™ are caused by tensile
vibrations of phosphate groups [34], indicating the doping of PA in
meso-PA/PmPD. X-ray diffraction (XRD) pattern shows a weak
and wide diffraction peak at ~ 24° corresponding to the (002)
diffraction plane of carbon (Fig. S20 in the ESM), indicating an
amorphous nature [35]. In addition, the element mapping images
show the homogeneous distribution of C, N, O, and P elements in
the meso-PA(20)/PmPD nanospheres (Figs. 1(d)-1(3)).

3.2 Electrocatalytic performance of meso-PA/PmPD for
the CAL hydrogenation

Based on the structural advantages of meso-PA/PmPD composites
and their potential electrocatalytic activity, the linear sweep
voltammetry (LSV) measurement was initially used to evaluate the
electrochemical activity of the meso-PA/PmPD composites toward
the electrochemical hydrogenation of CAL. As shown in Fig. 2(a),
when CAL was introduced into the cathode electrolyte system, the
cathode current density increased significantly, indicating the
occurrence of CAL hydrogenation. In addition, it can be observed
that the cathode current density of meso-PA(20)/PmPD is higher
than those of other meso-PA/PmPD samples (Fig. 2(a)), indicating
that meso-PA(20)/PmPD delivers the highest response to the
electrocatalytic hydrogenation of CAL. Gas chromatography-mass
spectrometry (GC-MS) and 'H nuclear magnetic resonance (NMR)
analysis showed that HCOL was the main product accompanied
with a very small amount of by-products, including phenylpropyl
aldehyde (HCAL), COL, and the dimer (Figs. S21 and S22 in the
ESM).

It is well known that the applied potential plays a crucial role in
the performance of electrocatalytic reactions. Therefore, the effect of
applied potential on the CAL hydrogenation over meso-
PA(20)/PmPD was investigated. As shown in Fig. 2(b), the
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electrochemical hydrogenation of CAL to HCOL exhibits limited
efficiency at a lower potential (-1.4 V), with low FE (66.4%) and
selectivity (83.9%), accompanied by a low conversion (41.2%). With
the increase of the applied potential, the conversion of CAL
increases gradually, while the FE and selectivity of HCOL increase
first and then decrease gradually. This phenomenon can be
attributed to the fact that with an increase in the applied potential,
more charges can be provided for the conversion of CAL, while
high potentials (> —2.0 V) will accelerate the competitive hydrogen
evolution reaction and the generation of by-products, thus leading
to the decrease of FE and selectivity of HCOL. At —2.0 V vs.
Ag/Ag', the FE and selectivity of HCOL reach the optimal values,
which are 93.5% and 97.5%, respectively. In addition, the
electrochemical performance of other meso-PA/PmPD composites
(meso-PA(0)/PmPD, meso-PA(5)/PmPD, meso-PA(10)/PmPD,
meso-PA(15)/PmPD, and meso-PA(25)/PmPD) for the CAL
hydrogenation was also investigated. The corresponding results are
given in Figs. S$23-527 in the ESM.

Figure 2(c) shows the effect of the different meso-PA/PmPD
composites with different amounts of PA on the CAL
hydrogenation. The meso-PA(20)/PmPD sample exhibits the best
performance among all the meso-PA/PmPD samples. When using
meso-PA(0)/PmPD without PA doping as an electrocatalyst, low
FE (~ 73.5%) of HCOL was obtained. As the doping amount of PA
increased within the range of 0-20, the FE and selectivity of HCOL
gradually increased, while the conversion rate of CAL decreased
first and then increased gradually. With the further increase of the
PA amount (> 20), FE, selectivity, and conversion decreased. The
reason can be that the excessive PA in meso-PA/PmPD can lead to
a gradual increase in the size of meso-PA/PmPD nanospheres and a
reduction in the pore size of nanospheres (Table S3 in the ESM),
which significantly reduces the specific surface area of meso-
PA/PmPD and ultimately decreases the exposure of active sites.
Therefore, it can be concluded that an appropriate amount of PA in
meso-PA/PmPD plays a key role in the catalytic performance. In
addition, no obvious decrease in the FE, selectivity, and conversion
of electrochemical hydrogenation of CAL to HCOL was observed
after cycling for five times (Fig. 2(d)), indicating good cycling
performance. TEM, FT-IR, and XPS characterizations reveal that
the morphology and the chemical nature of meso-PA(20)/PmPD
after use are basically identical to those of the fresh meso-
PA(20)/PmPD (Figs. S28 and S29 in the ESM), indicating its
excellent structural stability.

We also investigated the effect of charge quantity on the CAL
hydrogenation by controlling the electrocatalytic time. As shown in
Fig. 2(e), with the increase of charge quantity, the conversion of
CAL gradually increases, and the selectivity of HCOL has no
obvious change, while FE of HCOL significantly decreases.
Particularly, when the charge consumption reaches 2Q (Q
represents the stoichiometric amount of charge required to
completely convert CAL to HCOL), the conversion of CAL reaches
89.1%, whereas FE of HCOL decreases to 40.7%. The possible
reason is that the decreased concentration of CAL in the reaction
system with the prolongation of electrolytic time could induce the
enhancement of competitive hydrogen evolution reaction and
result in a decrease in FE of HCOL. Furthermore, the catalytic
performance of meso-PA(20)/PmPD at higher CAL concentrations
was also evaluated. As shown in Fig. 2(f), FE and selectivity of
HCOL decrease gradually with the increase of the CAL
concentration. At the same time, it can be observed that the dimer

B) 72w | Sci@pen
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Figure2 Performance evaluation of the meso-PA/PmPD composites for the CAL hydrogenation. (a) LSV measurements. (b) Effect of the applied potential over meso-
PA(20)/PmPD. (c) Effect of the PA amount. (d) Cycling performance of meso-PA(20)/PmPD. (e) Effect of charge quantity. (f) Effect of the CAL concentration (“other”
represents the trace by-products (phenylpropyl aldehyde and cinnamyl alcohol) generated during the electrocatalytic CAL reduction).

product from free CAL radical coupling gradually increases (Fig.
S30 in the ESM) [36]. The reason could be that there is competitive
adsorption of H* and CAL on the surface of meso-PA/PmPD. Due
to the accumulation of a large amount of CAL on the cathode

..................
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surface at high CAL concentrations, the coverage rate of H* would
be reduced, which easily induces the formation of CAL dimer. This
phenomenon is similar to that reported in literature, in which the
degree of electric hydrodimerization enhances with the increase of
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the CAL concentration [37, 38]. To mitigate the dimer formation
during the high-concentration CAL electroreduction in future
work, future studies could focus on two key strategies: (1)
regulating catalyst active sites/surface properties and/or tailoring
pore sizes of polymer-based catalysts to suppress intermediate
coupling, and (2) employing flow reactors to enhance mass transfer
and reduce local reactant concentration.

3.3 Mechanism investigation

Insights into the reaction mechanism are helpful for the
understanding of electrochemical hydrogenation process of CAL.
First, we employed Tafel plots to investigate the reaction kinetics.
As shown in Fig. 3(a), the Tafel slope of meso-PA(20)/PmPD
exhibits the smallest value (10579 mV/dec) among those of
the different meso-PA/PmPD samples (122.11 mV/dec for
meso-PA(0)/PmPD, 16126 mV/dec for meso-PA(5)/PmPD,
148.10 mV/dec for meso-PA(10)/PmPD, 121.18 mV/dec for meso-
PA(15)/PmPD, and 132.07 mV/dec for meso-PA(25)/PmPD),
indicating a fast reaction kinetic that is beneficial for accelerating
the CAL reduction. In addition, the Tafel slopes of CAL
electrochemical reduction over the meso-PA/PmPD samples are
close to the benchmark value of 120 mV/dec, suggesting that the
first proton-coupled electron transfer step acts as the rate-
determining step [39, 40]. Meanwhile, the cyclic voltammetry (CV)
measurements (Fig. S31 in the ESM) exhibit distinct desorption
peaks of the adsorbed hydrogen (H*) species [41, 42],
demonstrating that the hydrogen atoms generated via the proton-
coupled electron transfer process are readily adsorbed onto the
surface of meso-PA/PmPD, that is, proceeding through the Volmer
step to form H* intermediates. Meanwhile, meso-PA(20)/PmPD
exhibits the highest coverage of the H* species on the surface of
meso-PA/PmPD due to its highest current density (Fig. S31 in the
ESM). In addition, the electrochemical active surface areas of the
meso-PA/PmPD composites were evaluated by double-layer
capacitance method (Cy). As shown in Fig. 3(b), the meso-
PA(20)/PmPD has the highest Cy value (0.22 mF/cm) among these
meso-PA/PmPD composites (0.15 mF/cm?” for meso-PA(0)/PmPD,
0.14 mF/cm* for meso-PA(5)/PmPD, 0.14 mF/cm’ for meso-
PA(10)/PmPD, 0.18 mF/cm* for meso-PA(15)/PmPD, and
0.17 mF/cm® for meso-PA(25)/PmPD), indicating that meso-
PA(20)/PmPD has more catalytic active sites. Meanwhile, the N,
adsorption—desorption analysis reveals that there is an obvious
change in the specific surface areas of meso-PA/PmPD composites
with the change of the PA amount (Table S3 in the ESM). These
results indicate that the appropriate amount PA doping is
conducive to the exposure of more active sites.

The advantage of the mesoporous structure of meso-PA/PmPD
was also investigated. A control sample without mesoporous
structure (denoted as non-PA(20)/PmPD) was synthesized as well,
and the corresponding characterization results are shown in Fig.
S32 in the ESM. LSV experiments of non-PA(20)/PmPD and meso-
PA(20)/PmPD performed at different CAL concentrations revealed
that the electrochemical reduction of CAL followed a diffusion-
controlled process due to the increased cathode current density
with the increase of the CAL concentration (Figs. S33 and S34 in
the ESM) [43, 44]. Meanwhile, the current density of meso-
PA(20)/PmPD is significantly higher than that of non-
PA(20)/PmPD at different CAL concentrations (Figs. S33 and S34
in the ESM), indicating that the mesoporous structure contributes
to enhancing the mass transfer of CAL, thus resulting in an increase
in the current density of reaction. Moreover, the electrocatalytic
performance of non-PA(20)/PmPD is generally inferior to that of
meso-PA(20)/PmPD (Fig. S35 in the ESM). According to the LSV
curves (Figs. S33 and S34 in the ESM) and relevant literature
[36, 38], it is known that the nonporous structure of non-
PA(20)/PmPD exhibits poor mass transfer of CAL, which may
result in the increase of CAL concentration at the local reaction site
caused by poor mass transfer. The elevated local concentration
consequently induces a side reaction where CAL polymerizes to
form a dimer, thus reducing the selectivity and FE of HCOL.

Electrochemical impedance spectroscopy (EIS) was also
employed to study the charge transfer resistance of the meso-
PA/PmPD composites in the CAL hydrogenation process.
Figure 3(c) shows the Nyquist diagram of the meso-PA/PmPD
composites at open circuit potential. It is seen that meso-
PA(20)/PmPD shows the smallest semicircle among these meso-
PA/PmPD composites, indicating a faster charge transfer at the
interface of meso-PA(20)/PmPD and the cathode solution, which is
beneficial for accelerating the reduction of CAL. In-situ EIS of meso-
PA(20)/PmPD in the presence of CAL and N, was conducted to
investigate the process of CAL reduction at —1.6 V vs. Ag/Ag’
(Fig. 4(a)). After adding CAL to the electrolyte, the phase angle
intensity of meso-PA(20)/PmPD is significantly lower than that
without adding CAL. This phenomenon can be attributed to that
the H* species generated in-situ by the water molecule dissociation
react with the adsorbed CAL of high activity, which helps to inhibit
the self-recombination of the H* species to H, [41].

The electrocatalytic processes of the CAL hydrogenation over
meso-PA(20)/PmPD at different potentials were investigated by the
in-situ Bode phase diagrams. As shown in Fig. S36 in the ESM,
there is a distinct angular peak in the frequency region of
10-100 Hz, indicating that the interfacial charge transfer dominates
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Figure 3 (a) Tafel slopes of the meso-PA/PmPD composites under 11.35 mM CAL. (b) Capacitive currents of meso-PA/PmPD composites under 11.35 mM CAL. (c)

EIS spectra at open circuit potential.
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reaction charge transfer process.

the entire reaction process [45-47]. In the range of -0.1--0.5 V, the
peak intensity of phase angle decreases with the increase of applied
potential. This phenomenon is associated with the gradual
generation of H* from the water dissociation [48]. As the applied
potential further increases from —0.5 to —0.7 V, the peak intensity of
the phase angle increases, possibly due to an increase in the number
of H* occupied at the active site, thereby leading to a decrease in the
number of accessible sites for producing H* [49, 50]. As the applied
potential further increases (from —0.7 to —1.6 V), the peak intensity
of the phase angle significantly decreases, which may be due to the
accelerated dissociation of water at high potential to produce more
H* species [41, 45], thus accelerating the reduction of CAL
(Fig. 2(b)). In the range of —1.6-—1.9 V, the peak intensity increases
and the peak slowly moves towards low frequencies, which is
related to the uneven charge contribution produced by the reaction
between the H* recombination and the interfacial reaction charge
transfer of H* and CAL [37]. In the range of —1.9--2.2 V, the peak
intensity of phase angle decreases until the disappearance of phase
angle peak, indicating the rapid depletion of H* species. Meanwhile,
from the investigation of the potential (Fig. 2(b)), a large amount of
CAL is converted in the range of —1.9--2.2 V, indicating that the
interfacial reaction charge transfer between CAL and H* is
dominant in the electrocatalytic process compared to the H* self-
recombination.

Figure 4(b) shows the Tafel plots of hydrogen evolution reaction
and CAL electrochemical hydrogenation. It is seen that the Tafel
slope of the CAL reduction (105.79 mV/dec) is lower than that of
hydrogen evolution reaction (151.42 mV/dec), indicating that the
electrochemical reduction of CAL is kinetically more favorable than

(B 7% 2w | Sci@pen
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hydrogen evolution reaction, which is conducive to inhibiting the
recombination of H* species to generate H,. Similar phenomenon
was also observed in the reported literature [41, 51]. Based on these
results, we proposed a simplified equivalent circuit to study the
electrochemical hydrogenation behavior of meso-PA(20)/PmPD at
high potentials (Figs. 4(c) and 4(d), and Fig. S37 in the ESM). The
equivalent resistance of Volmer step (R;) and the interfacial reaction
charge transfer process (R,) were investigated. As shown in Fig.
4(c), the value of R, in the presence of CAL is much smaller than
that in the presence of N,, indicating that H* species are rapidly
consumed and the Volmer step of water molecule dissociation to
H* is accelerated in the presence of CAL. In addition, in the
presence of CAL, the value of R, is also significantly lower than that
in N, environment (Fig. 4(d)), indicating that the interfacial
reaction charge transfer between H* and CAL is more favorable
than the self-recombination of the H* species. These results indicate
that meso-PA(20)/PmPD prefers to enhance the reactivity of H*
with CAL and inhibits the self-recombination of H* species.

Based on the experimental results, we propose two reaction
pathways for the electrocatalytic hydrogenation of CAL to HCOL
over meso-PA/PmPD composites. As shown in Fig. 5(a), pathway a
involves the preferential hydrogenation of CAL C=C bond to
HCAL as the intermediate. Then the HCAL aldehyde group is
hydrogenated to HCOL. Pathway b (Fig. 5(b)) involves the
formation of COL as the intermediate by the preferential
hydrogenation of CAL aldehyde group and H*. Subsequently, the
C=C bond of COL is subjected to further hydrogenation to form
HCOL. In both of the pathways, the step of water dissociation to
generate H* species is promoted, accompanied by the electron
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transfer process on the surface of meso-PA/PmPD, thus enhancing
the coverage of H* on the meso-PA/PmPD surface. For pathway a,
the H* species react with the C=C bond of CAL adsorbed on the
meso-PA/PmPD surface to form H-CAL*(IM-1la) through the
electrocatalytic hydrogenation mechanism. Due to the faster
reaction kinetics of H* species and CAL, the recombination step of
H* can be efficiently inhibited. The H-CAL*(IM-1a) is further
hydrogenated with the second H* to form HCAL. Then the C=O
group of HCAL couples with a H* to form H-HCAL*(IM-2a), and
then is converted to HCOL. For pathway b, the C=0O group of CAL
prefers to adsorb on the surface of meso-PA/PmPD and reacts with
H* to form H-CAL*(IM-1b). The resulting H-CAL*(IM-1b) is
further hydrogenated with the second H* to form COL. Then the
C=C group of COL is coupled with a H* to form H-COL*(IM-2b),
which is subsequently further converted to HCOL.

Density functional theory (DFT) calculations were used to gain
deeper insight into the CAL reduction process. The simplified
surface fragments of the catalyst with/without the PA doping were
employed due to their periodicities. Figure 5(c) and Fig. S38 in the
ESM show the free energy of the reduction of CAL to HCOL via
the two pathways (pathways a and b). For pathway a (Fig. 5(c)),
meso-PA/PmPD requires high energy barriers for the protonation
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of the CAL* C=C bond (TS-1a, 3.17 V), which is much higher
than that of pathway b, namely, the protonation of the CAL*
aldehyde group (TS-1b, 0.83 eV). In addition, in pathway a, the
Gibbs free energy change for the intermediate HCAL* protonation
process was 2.83 eV (TS-2a), while the intermediate COL*
protonation process exhibited a Gibbs free energy change of
0.77 €V (TS-2b). Therefore, it is considered that meso-PA/PmPD
catalyzes the electrochemical hydrogenation of CAL mainly
through pathway b. For comparison, the meso-PA(0)/PmPD
without doping PA was also studied. In pathway a (Fig. S38 in the
ESM), the Gibbs free energy change for the CAL* C=C bond
process was 2.55 eV (TS-1a’). However, for pathway b (Fig. $38 in
the ESM), the Gibbs free energy change for the formation of TS-1b’
process was 3.07 eV. The results indicated that incorporating PA
into meso-PA/PmPD can reduce the energy barriers for the
hydrogenation of CAL* aldehyde group with H* to the H-CAL*
(IM-1b) and subsequent hydrogenation of the COL* intermediate
to the intermediate H-COL* (IM-2b). In addition, Fig. S39 in the
ESM shows that whether or not incorporating PA into the meso-
PA/PmPD, it can induce the parallel-configuration adsorption of
CAL on their surface through the m-mn interaction. According to
literature, the parallel-configuration adsorption of CAL is

(B 7% 2 | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452
https://www.sciopen.com/article/10.26599/NR.2026.94908452

Nano Research | Vol. 19, No. 5

Wu et al.

conducive to the formation of HCOL. Adsorption energy
calculations (Fig. S39 in the ESM) demonstrate that the PA doping
can enhance the adsorption of CAL. The optimized configuration
indicates that the enhanced adsorption of CAL can be attributed to
the hydrogen-bonding interaction between the CAL aldehyde
group and PA (Fig. S40 in the ESM), which is helpful for the
activation of the CAL aldehyde group and induces its preferential
hydrogenation, namely, pathway b. These results explain the higher
activity of meso-PA/PmPD for the HCOL production in our
experiment. Based on the above analysis, the m-m stacking
interactions between the aromatic moieties of the catalyst and the
conjugated structure of CAL play a pivotal role in substrate
adsorption and activation. Therefore, n-conjugated polymers-based
catalysts with extended aromatic frameworks (e.g., covalent organic
frameworks with triazine or benzene building blocks and
conjugated microporous polymers) are promising candidates for
this reaction.

4 Conclusions

In summary, a series of PA-doped metal-free mesoporous polymer-
based meso-PA/PmPD composites were constructed through a
block copolymer templated self-assembly strategy. The optimized
meso-PA/PmPD  exhibited an  excellent electrocatalytic
performance for the electrochemical reduction of CAL to HCOL,
with high FE (93.5%) and selectivity (97.5%). Mechanistic studies
revealed that the parallel-configuration adsorption of CAL caused
by the m-m and hydrogen-bonding interactions reduced the energy
barriers for the hydrogenation of CAL carbonyl group toward COL
intermediate and subsequent hydrogenation of COL to HCOL.
Moreover, an appropriate amount of PA could accelerate the water
dissociation to generate H* species and interfacial charge transfer
rate. Meanwhile, the mesoporous polymeric structure of meso-
PA/PmPD improved the mass transport of CAL into catalyst. These
synergistic effects collectively delivered the excellent performance.
This work opens a new avenue for developing polymer-based
electrocatalysts to efficiently convert biomass into high-value-added
chemicals and provides insightful clues to help understanding
complex biomass conversion mechanisms.

Electronic Supplementary Material: Supplementary material
(materials, experimental methods, DFT calculations, and
supporting tables and figures) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908452.
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