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Electrochemical oxidation of styrene to benzaldehyde by
discrimination of spin-paired 1t electrons

Selective oxidation of organic compounds is intriguing and
challenging, both chemically and electrochemically. In this
work, Wei and co-workers developed a novel electrochemical
oxidation system to produce benzaldehyde from styrene
selectively. The spin-paired 1t electrons in the vinyl group of
styrene were discriminated with the aid of the asymmetric
electronic configuration of MnO, to form a “diradical.” One
of the two discriminated 1t electrons combined with reactive
oxygen species (ROS) that were produced simultaneously
on a bifunctional anode such as OH, OOH, etc, to then form
benzaldehyde via Grob fragmentation.
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The oxidation of styrene to benzaldehyde has been a considerable challenge in the electrochemical
synthesis of organic compounds because styrene is more easily oxidized to benzoic acid. In this work,
MnO, with an asymmetric electronic configuration is designed to discriminate the spin-paired 7
electrons of styrene. One of these discriminated © electrons combined with reactive oxygen species
(ROS), "OH, "OOH, etc., produced simultaneously on a MnO,/(Rug 3Tig7)O,/Ti bifunctional anode, to
form benzaldehyde via Grob fragmentation, rather than benzoic acid. However, only benzoic acid is
obtained from the oxidation of styrene on the anodes MOs/(Rug 3Tig7)O,/Ti, where MOs are other metal
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1 Introduction

Electrochemical synthesis is widely used in the development
of chemical products.’” As electrons can be injected into or
ejected from raw molecules by regulating the applied electric
potentials, electrochemical synthesis therefore possesses many
advantages, e.g., stoichiometric oxidants or reductants can be
avoided, flow reactors can be used instead of batch reactors,
and the reaction dynamics can be easily accelerated by
adjusting the applied current density.*® Among the developed
electrochemical synthesis methods, organic selective
electrochemical oxidation is both intriguing and challenging
from a catalysis perspective due to its complexity: the reaction
either fails to proceed or proceeds in excess, making the aim of
achieving intermediate products difficult.'®"” On the other
hand, developing organic selective oxidation is important not
only for the environment but also for the economies of energy
and raw materials, for example, the production of the simplest
aromatic aldehyde, benzaldehyde.*® Benzaldehyde is commonly
used in medicine, pesticides, spices, dyes, etc. The conventional
synthesis of benzaldehyde from styrene always requires massive
amounts of oxidants (H,O,, TBHP, etc.) and catalysts (Au, Ag,
TiO,, TS-1, etc.) and harsh reaction conditions (high
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oxides with symmetric electronic configurations.

temperature, high pressure, etc).®?* Also, benzaldehyde is
highly reactive, therefore, the inexpensive but hard-to-separate
byproduct benzoic acid is inevitably generated, which
decreases the utilization efficiency of styrene and increases the
separation costs of benzaldehyde.>** Therefore, it is a not
commonly used method to produce benzaldehyde from styrene,
due to the superior stability of styrene and the poor separation
efficiency. To overcome these obstacles, the electrochemical
oxidation of styrene to benzaldehyde with green oxidants, can
therefore be achieved as long as the reactivity of styrene and
overoxidation problems can be solved.

The vinyl bond of styrene is conjugated with the benzene
ring, which forms an ultrastable aromatic system. Therefore, it
is not easy to oxidize styrene, and it is even more difficult to
selectively oxidize styrene because of its stable conjugated
bonds, as mentioned before, resulting in either no reaction or
overreaction. To achieve the selective oxidation of the vinyl
bond, its conjugation with the aromatic ring must be weakened.
Fortunately, the presence of MnO, makes it possible. MnO, has
an asymmetric electronic density of states (DOS) distribution.
This means that the energy distributions of the upper and lower
electrons for MnO, are not symmetric.”® Hence, as shown in
Scheme 1, when styrene is adsorbed on the MnO, surface via its
vinyl group, the asymmetric distributed electrons in MnO, will
form different interactions with the paired two electrons in the
vinyl group. Therefore, the two paired 7 electrons in the vinyl
group that were previously degenerate in energy, will differ in
energy and density distribution because of the asymmetric
electronic interaction with MnO, electrons. We call this
phenomenon as the “discrimination” of the vinyl electrons.
Therefore, after the vinyl group adsorbed onto MnO,, the
electrons in the vinyl group will be discriminated to two energy
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Scheme 1 Electrochemical oxidation of styrene with a MnO,/(Rug 3Tig7)O,/Ti electrode in acid media coupled with a water splitting reaction.
MnO, and RuO, were used to activate styrene and produce ROS, respectively.

distinct 7 electrons, accompanied by the weakening of the
conjugative effect with aromatic rings. In other words, the
styrene is selectively activated. This makes the styrene serve as
a “diradical” (ph-CH'-CH,’), the two “singly occupied”
electrons can be therefore selectively oxidized by different
oxidants with different activities and energies, respectively.
Reactive oxygen species (ROS), such as "OH and ‘OOH, can be
easily generated on the anode via the oxygen evolution reaction
(OER) during water electrolysis, where ROS are further
converted to oxygen gas and emitted directly to the
atmosphere.””*° Therefore, coupling these ROS radicals with
the styrene “diradical” to selectively oxidize styrene is not only
a novel green approach to produce benzaldehyde from styrene
but also a promising strategy to increase the energy efficiency of
hydrogen production.

In this work, we developed an electrochemical oxidation
system to produce benzaldehyde from styrene. Styrene was
activated by discriminating its vinyl 7 electrons with the aid of
the asymmetric electronic configuration of MnO,. ROS from
RuO,-catalyzed water splitting were used as clean oxygen
sources. Therefore, bifunctional catalytic electrodes consisting
of MnO, and RuO, were developed to discriminate the spin-
paired 7 electrons of styrene and produce ROS. As shown in
Scheme 1, the asymmetric electronic configuration of MnO, was
employed to discriminate the paired 7 electrons of styrene to
form the “diradical’. In addition, the traditional water
electrolysis catalyst RuO,-TiO, was used to generate ROS,
thereby realizing the selective oxidation of styrene coupled with
water splitting via Grob fragmentation.>*

1680 | Chem. Sci., 2023, 14, 1679-1686

2 Results and discussion
2.1 Electrode design and preparation

All electrode preparation processes are described in the ESI.f
Rutile-type RuO, and TiO, were simultaneously introduced to Ti
mesh with a thermal chemical deposition method. Specifically,
RuO, was used to catalyze the splitting of water to obtain
abundant ROS. TiO, was used to maintain excellent adhesion
between the metal oxide and the Ti mesh and to stabilize the
crystallinity via the solid solution structure.’*** The molar ratios
of the Ru and Ti precursors were controlled at 3:7,2:8,1:9
and 0.5:9.5, which was examined using the electro-probe
microanalyzer (EPMA) images (Fig. S1t). Therefore, the
obtained electrodes were named (Rug 3Tiy7)O»/Ti, (Rug,Tigs)
0,/Ti, (Rug1Tip.9)0,/Ti, and (Rug o5Tig.05)0/Ti. Y-MnO, was
further introduced to the presynthesized (Ru,Ti; _,)O,/Ti (where
x = 0.3, 0.2, 0.1, and 0.05) electrodes via an electrochemical
oxidation method. The resultant bifunctional electrodes were
named MnO,/(Ru,Ti; ,)O,/Ti (where x = 0.3, 0.2, 0.1, 0.05).
Additionally, an electrode in which MnO, was deposited directly
on Ti mesh (MnO,/Ti) was prepared for comparison.

To understand the effect of the asymmetric electronic
configuration of MnO, on the selective oxidation of styrene,
rutile-type TiO,/(Ru3Tip7)O0,/Ti and MoOs/(Ruy 3Tig ;)0,/Ti
electrodes were prepared by the same thermal treatment
method by using TiO, and MoO; with perfectly symmetric
electronic configurations. The precursors were tetrabutyl
titanate and ammonium molybdate, respectively. For
comparison, a MoO,/(Ru, 3Tiy;)O,/Ti electrode with a slightly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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asymmetric electronic configuration of MoO, was produced by
the electrodeposition reduction method. Fig. S2-S51 show that
all the corresponding materials were successfully synthesized
by these procedures. The crystal form and exposed crystal plane
of these materials were obtained from the corresponding XRD
spectra and TEM images. Density functional theory (DFT)
calculations were then performed according to the above
obtained crystalline information.

2.2 Theoretical discussion

As discussed previously, MnO, can potentially discriminate
the vinyl 7 electrons of styrene molecules by its asymmetric
electronic configuration. The (131) lattice plane of y-MnO,,
which was extracted from XRD, TEM and HAADF-STEM (Fig. S2
and S47), was applied to perform the DFT calculation. As shown
in Fig. 1(a), the DOS of the upper and lower spin electrons
is highly asymmetric. Styrene itself has a closed shell
configuration and spin-symmetric electronic orbitals (Fig. 1(b)).
The completely symmetrically distributed DOS makes it difficult
to selectively oxidize styrene to benzaldehyde. From the DOS
of styrene, we can summarize the following reasons why
styrene is too stable to be selectively oxidized. First, the DOS
of each orbital of styrene is dissociated, which means that
the electrons are strictly confined within a certain energy range
(molecular orbitals). Second, the energy of the electrons in
the highest occupied molecular orbital (HOMO) is much lower
than the Fermi level (ca. 2 eV energy gap), which makes
them difficult to be activated or removed. Third, the DOS of
styrene is perfectly symmetric, indicating that the paired
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Fig. 1 The total DOS of MnO, and the partial DOS of styrene before
and after the adsorption on MnO, (131) with two adsorption patterns.
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7 electrons in the vinyl group of styrene can only be
simultaneously activated.

In contrast, after being adsorbed onto the MnO, surface, as
shown in Fig. 1(c and d) and S6,f styrene underwent two
changes. First, the DOS of styrene adsorbed on MnO, was
delocalized and merged with adjacent orbitals/energy bands.
Second, the upper and lower DOS lost symmetry. The former
facilitated the jump/transfer of the electrons of the adsorbed
styrene between adjacent orbitals/energy bands. The latter
enabled the selective activation of the electrons in the upper or
lower orbitals because of their energy difference. All these
factors facilitated the removal of only one electron from the
vinyl moiety of the adsorbed styrene to produce the “diradical”.
In addition, the DOS of the upper spin electrons of styrene
became more spread out than that of the lower spin electrons
because MnO, has a more spread DOS of the upper electrons.
Therefore, the introduction of MnO, caused the paired =
electrons in the vinyl group of styrene to be more easily
discriminated and activated.

To further confirm our hypothesis, the asymmetrical
electronic configuration of an electrode is essential for
activating one of the double bonds of styrene to produce
benzaldehyde. We chose electrode materials with different
degrees of electronic configuration symmetries: TiO, (perfectly
symmetric), MoO; (slightly symmetric)) MoO, (slightly
asymmetric), and MnO, (extremely asymmetric, as discussed
above). The corresponding electrode materials were grown on
the synthesized (Ru,;Tiy7)O,/Ti. Their exposed lattice faces
were examined with XRD and TEM (Fig. S2 and S57), and DFT
calculations were performed (Fig. S71). The corresponding DOS
of the exposed material surfaces and PDOS for the adsorbed
styrene on these surfaces were calculated and illustrated in
Fig. 2. The DOS of TiO, (101), MoO; (110) and MoO, (110)
exhibited the expected symmetricities. The PDOS of the
adsorbed styrene is consistent with the DOS symmetries of TiO,
(101), MoO; (110), and MoO, (110). All the synthesized
electrodes with different DOS symmetries were used for the
oxidation of styrene coupled with electric water splitting.

2.3 Oxidation of styrene coupled with electric water splitting

The electrochemical oxidation of styrene was conducted in an
H-type three-electrode system electrolytic cell (see Scheme 2),
where the cathode was a Pt sheet, the anode was the studied
electrode, and the electrolyte was 0.5 M sulfuric acid (pH = 0)
with 1,4-dioxane. 1,4-Dioxane was introduced to increase the
solubility of styrene in water. The volume ratio of electrolyte and
1,4-dioxane was controlled to be 25 : 5.

As shown in Fig. 3, in the case of Ti mesh and MnO,/Ti, there
is no anodic current observed on them regardless of styrene.
This means that these two electrodes are not active for water
oxidation and styrene oxidation. In the case of (Ru, 3Ti¢ ;)O,/Ti,
the current density without styrene addition is greater than that
with styrene. This means that (Ruy 5Ti, ;)O,/Ti is only active for
water oxidation but not for styrene oxidation. Even worse,
styrene inhibits water oxidation on (Rug3Tij,)O,/Ti. Fig. 3
shows that styrene oxidation only takes place on the (Rug 3Ti.7)

Chem. Sci., 2023, 14, 1679-1686 | 1681
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Fig.2 The DOS of MoO, (110), MoOs (110) and TiO, (101) and the PDOS of styrene before and after adsorption on the corresponding electrode
materials, (a) for MoO, (110), (b) for MoOs (110) and (c) for TiO, (101), respectively.
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cosolvents (v; : v, = 25: 5) with (solid lines) and without (dashed lines)
0.3 mmol styrene.

0,/Ti electrode, where the current density with styrene addition
becomes greater than that without styrene after the electrode
potential passes through 1.78 V (vs. RHE). Below 1.78 V (vs.
RHE), styrene adsorption on the electrode only weakens water
adsorption and inhibits water oxidation. However, above 1.78 V
(vs. RHE), the orbital energy of styrene is regulated to match the
energy of ROS. In other words, some of the paired 7 electrons in
the vinyl group can consume the produced ROS. In this case, the

1682 | Chem. Sci, 2023, 14, 1679-1686

current density with styrene addition is greater than that
without styrene. However, an electrode potential that is too high
should be avoided in the case of styrene overoxidation to ben-
zoic acid rather than to benzaldehyde, as shown in Fig. S9(b and
¢).T Therefore, we take 1.78 V (vs. RHE) as the styrene activation
potential in the studied system. The styrene oxidation products
were checked after 3 hours at 1.78 V (vs. RHE), as summarized in
Table 1. Additionally, the Ru amount in RuO,/TiO, is crucial for
ROS generation. We further screened the Ru : Ti ratio to obtain
the electrode with the highest catalytic efficiency, which is
summarized in Fig. S8(a) and S9(a).t A Ru:Ti ratio of 3:7 is
thought to be the best composition for styrene electro-
oxidation.

The onset potential for the optimized MnO,/(Ruy 3Tiy ;)O,/Ti
electrode was evaluated with the potential step method. The
potential was gradually stepped up from 1.28 V to 1.88 V (vs.
RHE). From the obtained I-¢ curves as illustrated in Fig. S10,f
we can find that when the potential increased to 1.33 V (vs.
RHE), the current can be detected, and the benzaldehyde
product can be obtained. Therefore, we believe that 1.33 V (vs.
RHE) is the onset potential for the styrene electro-oxidation
reaction. The amount of the styrene was also optimized to be
0.3 mmol in 30 mL electrolyte (Fig. S117), where the amounts of
ROS and adsorbed styrene can be made to strike a balance.

As expected from the theoretical discussion, Fig. 3 and Table
1 show that only the electrodes with an asymmetric DOS and
with the participation of the ROS can selectively oxidize styrene
to benzaldehyde, in which MnO,/(Ruy 3Tiy ;)O,/Ti with a grossly
asymmetric DOS has 79.78% conversion and 65.02% selectivity
for benzaldehyde (entry 1d), MoO,/(Rug3Tiy;)O,/Ti with
a slightly asymmetric DOS has 58.34% conversion and 6.59%
(entry 1e). The electrodes with a symmetric DOS and even with
the participation of the ROS cannot selectively oxidize styrene to
benzaldehyde but directly to benzoic acid (entries 1f and 1g),
which means that the paired m electrons in the vinyl group of
styrene are simultaneously activated rather than only one
electron being selectively activated. In the bifunctional
electrodes, RuO, was used to produce ROS. Therefore, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Conversion and selectivity of styrene oxidation on electrodes with different symmetries

Entry Electrode Symmetry ROS Con./% Sel./%
la Ti N.A. N.A. 0 0

1b (Ruy 5Tio 70,)/Ti N.A. v 49.34 0

1c MnO,/Ti Asymmetric N.A. 0 0

1d MnO,/(Rug 3Tio 7)O/Ti Asymmetric v 79.78 65.02
1e MoO,/(Rug 3Tiy 7)O,/Ti Slightly asymmetric v 58.34 6.59
1f MoO3;/(Ruyg 3Tiy ;0,)/Ti Symmetric v 35.07 0

1g TiO,/(Rug 3Tip 70,)/Ti Perfectly symmetric v 63.34 0

electrode without ROS (without the RuO, catalyst) cannot
produce benzaldehyde either (entries 1a and 1c).

2.4 Mechanism discussion

Commonly, water electrolysis can be performed in acidic or
basic electrolytes to achieve high OER efficiency. Therefore,
we performed our coupled electric oxidation of styrene with
water splitting in multiple pH environments. However, as
summarized in Table 2, we found that the selective oxidation of
styrene can only be realized in rigorous acidic environments
(pH = 0). To eliminate the possibility that the styrene was
directly oxidized on the electrode, the electric oxidation reaction
of styrene under anoxic and anhydrous conditions was
performed. As shown in Fig. S12,} there was no obvious direct
electron transfer process after the adsorption of styrene on the
electrode surface. Additionally, no benzaldehyde product can be
obtained when pure oxygen gas is pumped into the styrene-
water system, which suggests that styrene is not directly
oxidized by the oxygen gas either.

To delve into the mechanism of the reaction, electron
paramagnetic resonance (EPR) and in situ attenuated total
reflectance FTIR (ATR-FTIR) experiments were performed. As
shown in the EPR spectra (Fig. 4(a)), both "'OH and ‘OOH
radicals can be observed in the electrolyte during the styrene
electro-oxidation.** Also, as shown in the ATR-IR spectra
(Fig. 4(a)), three distinct absorption peaks at 1089 cm™*,
1128 cm ' and 3729 cm ' for ‘OO’ and 'OH radicals can
be observed after the electro-oxidation happened.***® The

Table 2 The effect of different pH values on the reaction

@/\ Cathode F Anode} @Ao

25°C, 3 h, 0.3 mmol, 1.78V
VH,0VDioxane=2°3 H-Cell

Styrene MnO,/(Ruy 5 Ti, ;)O,/Ti Benzaldehyde
Entry pH Con./% Sel./%
2a 0 78.78 65.02
2b 2 NA. N.A.
2¢ 4 N.A. N.A.
2d 7 NA. N.A.
2e 14 N.A. N.A.

© 2023 The Author(s). Published by the Royal Society of Chemistry

benzaldehyde peaks (1702 cm ' and 1980 cm ') can be

identified, as well as the formaldehyde byproduct peaks
(1471 cm™" and 1626 cm™').*** The formed formaldehyde is
extremely reactive, which will be further oxidized to formic acid
(HCOOH, detected with HPLC, Fig. S137).

The absorption peaks at 2857 cm ™" and 2968 cm ™" can be
ascribed to styrene.*’ It can be found that as the reaction time
lapsed, the amount of the adsorbed styrene first increased then
decreased. The increase can be attributed to the spontaneous
enrichment of styrene on the electrode, when the electric
potential is applied; the further decrease corresponds to the
gradual drain of styrene, which is accompanied by the
consumption of the ‘OH and "‘OOH radicals (decrease of the
‘00’ signal and formation of the negative peak for "OH). It is
interesting that the absorption peaks for styrene somewhat red
shifted to the region of phenylethane, which can be ascribed the
formation of the “diradical” that the conjugated system
between the vinyl group and aromatic ring is weakened.*® The
interaction between styrene and MnO, was further evaluated
with EPR measurements (Fig. 4(c)) and in situ electrochemical
XPS (Fig. 4(d)) at the electrode-electrolyte interface. We can find
that after the activation of the electrode with cyclic voltammetry,
some oxygen vacancies can be formed (g = 2.003),
corresponding to the formation of Mn(u) and Mn(m) (Fig. 4(c
and d), 0 h).**> However, when the electro-oxidation occurred,
the formed ROS will decrease the amount of oxygen vacancies,
and therefore increase the ratio of Mn(w) (Fig. 4(c and d), 1 h).**
Then, as the reaction time lapsed, the amount of the oxygen
vacancy will increase and then decrease, corresponding to the
enrichment and consumption of styrene (Fig. 4(c), 2-3 h). This
is consistent with the Mn oxidation state changes, as illustrated
in Fig. 4(d).

In this regard, the mechanism of our designed coupled
selective oxidation of styrene with water splitting can be
suggested. As shown in Scheme 3, RuO, will produce abundant
ROS ("OH, 'OOH, ‘O, etc.). In the meantime, styrene will be
activated on the MnO, surface to act as a “diradical”. The
discriminated 7 electrons that are far from the benzene ring
will couple with 'OOH to produce a stable benzyl radical.
As discussed previously, the acidic environment is essential,
where the proton will be gained by R-OOH. Therefore, Grob
fragmentation will finally be boosted to produce benzaldehyde,
formaldehyde, and H,O. The reactive formaldehyde will be
further oxidized to HCOOH or CO,. Additionally, as the
aldehyde group in benzaldehyde is relatively sluggish toward

Chem. Sci., 2023, 14, 1679-1686 | 1683
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(a) The electron paramagnetic resonance (EPR) spectra of the reaction solution at different reaction times. The DMPO trapping agent was used

to trap the radicals. In situ attenuated total reflectance FTIR (ATR-FTIR) spectra (b), EPR spectra (c), and in situ electrochemical XPS spectra (d) of the
electrode-solution interface at different reaction times, respectively. MnO,/(Rug 3Tig 7)O5/Ti was used as the electrode, potential: 1.78 V (vs. RHE).
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Scheme 3 Proposed mechanism for the oxidation of styrene coupled with electric water splitting.

the radical reaction, the selectivity for our electric oxidation can
be guaranteed to be high.

2.5 Reaction scope

To monitor the universality of the developed coupled selective
oxidation of styrene with the water splitting method, we further

1684 | Chem. Sci, 2023, 14, 1679-1686

evaluated the oxidation of other aromatic vinyl compounds
(Fig. S14-16t). The results are summarized in Table 3. Moderate
selectivity can be achieved for all substrate molecules.
Vinylnaphthalene exhibited the best selectivity (86.84%), which
can be attributed to the high reactivity nature of the substrate.
Generally, our developed method can be used to synthesize
multiple types of aromatic aldehydes coupled with water splitting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electrochemical oxidation of various substituted aryl olefins
on the MnO,/(Rug 3Tig7)O,/Ti anode

e,
N Cathode Anode X H
Ry 25°C, 3, 03 mmol, 1.78V N L~

Vi1,0VDioxane=2:5, H-Cell

3 MnO,/(Rug ;T )O,/Ti 3
o~ ot o ot
3a,65.02% 3b,65.32% 3¢,72.04% 3d,59.47%
oo o
Br
3e,62.12% 3f,64.30% 39,57.33% 3h,86.84%

3 Conclusion

In summary, a brand-new strategy to electrochemically oxidize
aromatic vinyl compounds to aldehydes was developed. This
strategy came out of the process by which the designed
bifunctional electrode MnO,/(Ru, 5Ti, ;) O,/Ti can discriminate
the paired 7 electrons in the aromatic vinyl group by MnO, and
produce ROS as the oxygen source on RuO,. Styrene is therefore
activated as a “diradical”, couples with ROS radicals, and finally
undergoes acid-catalyzed Grob fragmentation to form benzalde-
hyde. When coupled with electric hydrogen production, this
method paves a novel way to increase the energy and material
utilization rate of water splitting, and conventional abandoned
ROS can be used as green oxidants to synthesize organic
compounds, therefore demonstrating its significant advance in
organic synthesis, electrochemical and green
chemistry.
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