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Abstract DOI: 10.1039/DSRE00539F

Selective oxidation plays a pivotal role in the interconversion of organic compounds
and the synthesis of high-value products. However, industrial-scale electrochemical
oxidation is often hindered by low reaction efficiency, limited current density, and
excessive electrolyte waste. Herein, we reported a highly efficient one-pot emulsion-
based electrochemical approach for aldehyde synthesis using catalytic amounts of
TEMPO with sodium chloride and sodium bromide as the electrolytes in a biphasic
solvent system. This method achieves benzaldehyde in excellent yields (80-99%) with
high Faraday efficiencies (76.4-90.9%) at 100-900 mA-cm™ current densities and
tolerates substrate concentrations up to 4 mol-L-'. Gram-scale electrolysis of
benzaldehyde at 2 A for 21.3 min produced 1.16 g of benzaldehyde with a 90.9%
isolated yield and a production rate of 816.9 gzm™-h™'. Furthermore, the method
features recyclable electrolyte, reusable immobilized TEMPO, a representative
substrate scope, and gram-scale synthesis, demonstrating both robustness and
generality of the emulsion strategy, emphasizing its promise for industrial
implementation.

Keywords: electrochemistry, TEMPO-oxidation, emulsion reaction strategy,

electrolyte recycling, aldehyde

1| INTRODUCTION

Organic electrosynthesis provides a sustainable alternative to traditional organic
synthesis and has been increasingly emerged as a promising approach for chemical
transformations. In particularly, for the production of high value-added fine chemicals
and pharmaceutical intermediates that require conversion under mild conditions,
electrochemical methods offer a superior and environmentally friendly synthetic
pathway.l['"4] However, the practical applicability of the electrochemical methods
remains a subject of debate,’! as most reported electrosynthesis systems operate at

relatively low current densities, typically in double-digit or even single-digit
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milliamperes per square centimeter range.l%’] Meanwhile, improving mass ttpangfeis/DsRE00539F
efficiency, reducing ohmic resistance, and enhancing the selectivity of target products
have also become key challenges in large-scale electrochemical production.[®°1 The low
substrate concentrations and excessive solvent consumption in these systems result in
high raw material costs and considerable energy demand during the product separation,
thereby undermining the economic viability of large-scale electrochemical production.
For instance, the electrochemical oxidation of primary and secondary alcohols into their
corresponding carbonyl compounds is a fundamental transformation in the synthesis of
fragrances, pharmaceutical and food additives industries.['%!!] Due to the high reactivity
of aldehydes relative to their parent alcohols, overoxidation and competing side
reactions are often inevitable during the process.[!?] Therefore, precisely designing and
controlling the selective oxidation process to achieve efficient conversion of primary

raw materials into high-value-added products remains a central pursuit for researchers.

2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMPO), which has gained widespread
attentions in both academic and industrial fields, is extensively employed for the
selective oxidation of alcohols to aldehydes and ketones.[!>!4] But its high price and

homogeneous nature have hindered its application in large-scale industry processes.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Consequently, designing recyclable and reusable TEMPO-based systems while

preserving high catalytic activity and selectivity continues to represent a significant

Open Access Article. Published on 02 March 2026. Downloaded on 3/3/2026 12:36:37 PM.

challenge in the field of electrochemical oxidation. In recent years, numerous progress

(cc)

has been achieved in the immobilization of TEMPO and its derivatives on various
supports, including mesoporous silica,['>16] magnetic nanoparticles,l'’! carbon
nanotubes,['8] ionic liquids,!'®! and so on. Moreover, the cooperative action of TEMPO
with sodium hypochlorite (NaOCI) and sodium bromide has been shown to
significantly improve the oxidation of alcohols to aldehydes as well.['42% Mo et al.
achieved the continuous production of benzaldehyde by immobilizing TEMPO in a
fixed-bed reactor, attaining a space-time yield (STY) of 516.95 kg'm3-h"! with an

alcohol conversion exceeding 90% and an aldehyde selectivity approaching 100%.[11]
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Similarly, Baumann et al. developed a robust metal-free process for the selective/D5rE00539F

oxidation of alcohol using catalytic amounts of TEMPO in combination with
NaB1r/NaOCl as co-oxidant, achieving over 90% yield of phenylpropanal and
demonstrating the feasibility of scale-up.[?!! Despite recent advances in heterogeneous
TEMPO-catalyzed selective aldehyde synthesis, the development of practical and
sustainable methods that allow for facile product separation and maintain high

efficiency at industrially relevant current densities remains highly desirable.

Considering product separation and energy consumption, biphasic system allow
the spontaneous phase separation of organic and aqueous phases upon standing, thereby
eliminating the need for cumbersome extraction steps.l*>27] For example, Zhang et al.
developed a "sandwich-type" organic-solid-water (OSW) electrochemical system. By
employing a Janus superwetting electrode to separate the organic and aqueous phases
at the OSW interface, they achieved high selective oxidation of benzyl alcohol to
benzaldehyde, as well as the direct electrosynthesis of high-purity benzaldehyde
(91.7%) from concentrated benzyl alcohol without the need for a separation operation.
This strategy provides a universal platform for the electrosynthesis of organic
compounds that are insoluble in aqueous phases.[*”l Organic syntheses involving
immiscible liquid organic reagents, such as Pickering emulsions, have been also
extensively studied because they can markedly enhance the interfacial reaction
kinetics.[?82%1 For example, Yang et al. designed a Pickering emulsion reaction system
to accelerate the electrosynthesis of cyclohexanone oxime from cyclohexanone and
nitrogen oxides. The emulsion droplets in this system acted as microreactors, achieved
a Faraday efficiency (FE) of 83.8% and a production rate of 0.78 mmol-h!-cm2,
demonstrating significant advantages in reaction efficiency, selectivity, and
environmental friendliness compared with conventional electrocatalytic strategies,
while also highlighting the enhanced mass-transfer capabilities of the microemulsion

system.[30]
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Here, we report the construction of an emulsion system for selectives/D5RE00539F

electrochemical oxidation (Scheme 1). Leveraging the advantages of multiphase
reactions and Pickering emulsion, the organic and aqueous phases undergo spontaneous
separation upon standing, facilitating the efficient reuse of the saline aqueous phase. To
achieve this goal, we developed a one-pot system enabling the in-situ generation of
hypohalous acid alongside TEMPO-mediated co-catalytic oxidation of alcohols. Under
high-speed stirring (600 rpm), the generated hypohalous acid efficiently contacted with
both the substrate alcohol and TEMPO, affording aldehyde yields of 80-99% at
industrially relevant current densities (100-900 mA-cm™), and the overall Faraday
efficiency (FE) exceeding 70%. Meanwhile, the combination of commercially available
electrodes, compatibility with high-concentration substrates (4 M), and the robust
cycling stability of both the electrolyte and immobilized TEMPO highlights the

system’s strong potential for industrial application.

» Highly selectivity and yield

» High substrate concentration adaptability

» Reusable electrolyte and industrially
relevant current density

» Broad substrate scope
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Scheme 1. Proposed strategy for selective electrochemical oxidation of alcohols.

2 | RESULTS AND DISCUSSION

2.1 | Electrochemical emulsion reaction strategy for alcohol oxidation

The key to achieving highly selective electrochemical oxidation of alcohol in a
biphasic system lies in establishing efficient contact between the substrate and the
oxidant. To investigate the influence of the water-oil emulsion on mass transfer, the
electrochemical oxidation of benzyl alcohol to benzaldehyde was selected as a model

reaction. Emulsion formation can be facilitated by rapid mechanical stirring,
5
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ultrasonication, or the introduction of surfactants, which collectively incréaseothe/psreo0s3or

interfacial area between the two phases and enhance mass transfer efficiency in biphasic
reactions.l31=33 However, maintaining uniform dispersion of oil droplets in an aqueous
phase by ultrasonication is challenging, and the use of surfactants may affect the
electrochemical process. Hence, vigorous stirring was adopted as the optimal strategy
for emulsion generation and maintenance. This method facilitated through mixing of
aqueous and organic phases, producing numerous microdroplets, which can promote
the efficient interphase mass transfer and consequently enhance selectivity of the target
reaction.l3] Organic solvents were first screened, and the results showed that
dichloromethane (CH,Cl,) afforded a higher benzaldehyde yield while requiring a
lower reaction voltage (Figure S11) compared with ethyl acetate (EA), chloroform and
toluene. Therefore, dichloromethane was selected as the preferred organic phase for the

emulsion reaction in subsequent studies.

The NaClO-NaBr-TEMPO system has been extensively utilized for selective
alcohol oxidation,!!20-211 and numerous studies have demonstrated that halide ions can
serve as effective redox mediators (X7/XO7), highlighting the great potential of
adapting this chemical strategy into an electrochemical platform.[3-343¢ Many of these
systems enabled the oxidation of halide ions to higher valence states at high current
densities, offering an efficient pathway for electrochemical conversion of alcohols to
aldehydes under industrially relevant conditions. On the basis of previous studies, 21301
we proposed that CI- can be oxidized to the active chlorine species, which
synergistically cooperated with TEMPO and active bromine under vigorous stirring.
The emulsion system enables rapid interfacial contact between the alcohol- and
TEMPO-containing organic phase and the hypohalous acids generated in the aqueous
phase, effectively suppressing direct electrode oxidation and overoxidation, and
thereby achieving highly selective conversion of alcohols to their corresponding

aldehydes (Figure 1a).

To validate the proposed strategy, the optimal anode material for chlorine/bromide

6
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oxidation reaction was identified, and various electrode materials were investigatee/DsrRE00539F
using linear scanning voltammetry (LSV) (Figure S12). The DSA electrode has the
lowest onset potential and the largest current density for the chlorine/bromide oxidation
reaction. In bulk electrolysis, DSA also showed the best performance for benzyl alcohol
oxidation (Figure 1b). Thus, DSA was selected as the optimal anode for the following
studies. Then, we utilized unsupported TEMPO in a one-pot undivided cell and
examined the influence of stirring rate on mass transfer, benzaldehyde yield, and the
Faraday efficiency. Without stirring, benzyl alcohol conversion was only 11.2%
(Figure 1c), as the oxidizing species generated in the aqueous phase are confined to the
water-CH,Cl, interface. The limited interfacial area and slow interphase diffusion
significantly hinder mass transfer, which was lowering reaction efficiency.”]
Additionally, under these conditions, a substantial accumulation of active chloride
occurred in the aqueous phase, and some active chloride is reduced at the cathode
without any cathode suppressing method, leading to a decreased Faraday efficiency.[34]
At stirring speeds of 200 rpm and 400 rpm, benzyl alcohol conversions exceeded 99%,
while benzaldehyde yield were only 82.1% and 88.9%, respectively. At lower stirring

speed, although small droplets disperse into the aqueous phase, the two-phase

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrolyte remained well-defined (Figure S13).

Open Access Article. Published on 02 March 2026. Downloaded on 3/3/2026 12:36:37 PM.

Droplet adhesion on electrodes let to increased cell voltage (3.09 V and 2.97 V)

and pronounced voltage fluctuations as we observed (Figure 1c and Figure S13). To

(cc)

further explore the impact of stirring, solution resistance was measured at various
stirring rates (Figure 1d). And the results showed that uniform droplets formed at 600
rpm and 800 rpm corresponded to similar resistance values, indicating improved
interfacial contact. When the stirring speed exceeded 600 rpm, reaction performance
improved markedly, with both benzyl alcohol conversion and benzaldehyde selectivity
exceeding 99% (Figure S14-S15). Under these conditions, the electrolyte formed a
uniform dispersion with no distinct phase interface (Figure S13), and the cell voltage

stabilized at 2.7 V-2.8 V, slightly higher than observed for pure aqueous electrolysis.
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These observations indicated that vigorous stirring enhances interfacial mass trangfepg/DsrRE00539F

allowing the electrode reaction to proceed predominantly via the chlorine evolution

reaction, with minimal influence from the organic phase.[3340]

The organic solvent proportion in biphasic system strongly influenced reaction
performance (Figure le). Increasing the organic-phase content increased solution
resistance (Figure S16), likely due to more oil droplets adhering to the electrode surface.
Furthermore, higher organic-phase content reduced dispersion of the organic phase in
water, weakening interfacial mass transfer and resulting in direct oxidation of the
alcohol and aldehyde, which produced some overoxidized byproducts.*!l A larger
proportion of organic solvent also promoted direct dissolution of Cl, or Br, into CH,Cl,,
preventing their conversion into the more reactive hypohalous acid (Figure S17-S18).
Overall, optimization of stirring rate and electrolyte composition facilitates efficient in
situ generation of hypohalous acid in the NaCl-NaBr-TEMPO system, enabling
efficient contact between the substrate and the oxidant produced in situ, and thus
achieving highly selective and high-yield preparation of aldehydes. This is because
vigorous stirring converts the continuous organic phase into uniformly dispersed
droplets, forming an oil-in-water (O/W) emulsion, and the resulting emulsion increases
the interfacial area while maintaining good conductivity, thereby enhancing mass

transfer and facilitating selective oxidation.!*?]

To elucidate the role of each component in the NaCI-NaBr-TEMPO system, we
then investigated how variations in electrolyte composition influence the selective
oxidation of benzyl alcohol to benzaldehyde (Figure S9 and Table S1). In the absence
of TEMPO, the benzaldehyde yield fell to 24%, and it further decreased to 9.2% when
NaBr was removed (Table S1, Entries 4 and 5), demonstrating that TEMPO is vital for
catalysis, and the bromine redox process is a key step facilitated by chlorine and
TEMPO. This is because without the bromine redox process, the active chlorine
generated at the anode exhibited insufficient oxidative ability to directly oxidize benzyl

alcohol or to convert TEMPO into the [R-N"=0] active species required for substrate

8
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oxidation.[*3] When NaBr-TEMPO or NaBr was used alone as the reaction medipenithe/D5rRE00539F
benzaldehyde yields were 85.0% and 64.4%, with the corresponding FE of 70.8% and
53.7% (Table S1, Entries 2 and 3). Bromine species (Br- or Br") are less effective than
NaClO in regenerating TEMPO from TEMPOH according to the previous study.!*4
Hence, bromine and TEMPO act synergistically as co-catalysts, ensuring both the
stability and efficiency of the catalytic cycle (Table S1, Entries 7 and 9). These findings
demonstrated that the NaCl-NaBr-TEMPO two-phase system, with concentrated NaCl
and catalytic amounts of NaBr and TEMPO, achieves efficient and highly selective

electrooxidation of benzyl alcohol.

Acting as the primary conductive medium and participating in the anodic reaction,
NaCl concentration critically influences both the reaction efficiency and energy
consumption. Experiments with NaCl concentration from 0.5 M to 3 M showed that

benzaldehyde yield remains above 99%, while energy consumption dropped from

2132.6 kWh-t! to 1571.39 kWh-t! (Figure 1f, Supplementary Note 2, Figure S19).

These results demonstrated that the system performed efficiently across a wide

concentration range, with 3 M NaCl identified as the optimal electrolyte concentration

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in terms of energy consumption.
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Figure 1. Construction of electrochemical emulsion reaction strategy in this work. a) The Pickering emulsion electrocatalytiGew Article Online
aldehyde production route presented in this work. b) Effect of anode materials on benzaldehyde yield. The materi&l8 inbRiding?/D5RE0O0539F

dimensionally stable anode (DSA), carbon paper (CP) and platinum plate were investigated. The reaction was performed with 0.5 mmol
of benzyl alcohol in 1 mL CH2Clz with 5 mol% TEMPO (4 mg), then adding 14 mL water with 3M NaCl and 0.01 M NaBr. The current
density is 100 mA/cm? and total charge passed is 2.2 F/mol. c-d) Effect of stirring speed on the yield of benzaldehyde, voltage and the
solution resistance. Reaction conditions: 0.5 mmol of benzyl alcohol in 1 mL CH2Cl2 with 5 mol% TEMPO (4 mg), then adding 14 mL
water with 3M NaCl and 0.01 M NaBr at different stirring speeds. Anode: DSA (1 cm?). Cathode: Nickel foam (1 cm?). The current
density is 100 mA/cm? and total charge passed is 2.2 F/mol. The reaction voltage measured prior to the end of the experiment. The
solution resistance value was obtained from electrochemical impedance spectroscopy (EIS). e) Effect of organic phase ratio on
benzaldehyde yield. Reaction conditions: 0.5 mmol of benzyl alcohol with 5 mol% TEMPO (4 mg). Anode: DSA (1 cm?). Cathode: Nickel
foam (1 cm?). The current density is 100 mA/cm? and total charge passed is 2.2 F/mol. The current density is 100 mA/cm? and total
charge passed is 2.2 F/mol. f) Changes in benzaldehyde yield and system energy consumption at different NaCl concentrations. In a
dual Y-axis chart, the bar colours represent the descriptions of the corresponding colour axes. Reaction conditions: 0.5 mmol of benzyl
alcohol in 1 mL CH2Cl2 with 5 mol% TEMPO (4 mg), then adding 14 mL water with various concentrations of NaCl and 0.01 M NaBr.
Anode: DSA (1 cm?). Cathode: Nickel foam (1 cm?). Stirring at 600 rpm. The current density is 100 mA/cm? and total charge passed is
2.2 F/mol.

2.2 | TEMPO catalyst immobilization and characterization

Despite the system’s excellent performance, with high selectivity, yield, Faraday
efficiency, and industrially relevant current density, the high cost and homogeneous
nature of TEMPO present major challenges for large-scale implementation. To address
this limitation, a heterogenous TEMPO catalyst was prepared by anchoring TEMPO
onto the silica through reduction and amination reactions (Figure 2a).[434] As detected
by FT-IR (Figure 2b, Figure S20), TEMPO-Silica showed characteristic absorption
peaks corresponding to C-H stretching vibrations at 2991 cm! and 2942 ¢cm!, and an
additional peak at 1389 cm! attributed to the N-O radical stretching vibration,[!!47]
closely matching the infrared features of the TEMPO monomer.[*] X-ray photoelectron
spectroscopy (XPS) analysis revealed a clear N 1s signal (Figure S21), and the
deconvolution of the peak showed two nitrogen species, nitroxyl-N (N-O, 400.94 eV)
and amino-N (C-N-C, 399.19 eV) (Figure 2c), confirming that TEMPO was

successfully grafted on the silica, in agreement with FT-IR results.

BTE characterization further confirmed the surface area and the porosity of silica
and TEMPO-Silica, both materials exhibit type IV isotherms with clear H2 hysteresis
loops (Figure 2d) according to the IUPAC classification.[*8] The saturated adsorption
plateau appearing in the relative pressure range (P/P, of 0.5-0.99) indicates that both
samples possess well-defined mesoporous structures (Figure S22),14%-30] and the detailed
textural parameters of two samples are summarized in Table S2. TEMPO-Silica shows

reduced specific surface area, pore volume and average pore size, compare to pristine

10


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5re00539f

Page 11 of 27

Open Access Article. Published on 02 March 2026. Downloaded on 3/3/2026 12:36:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

View Article Online

silica, indicating partial pore occupation by TEMPO moieties and the formationiofoa/osre00539F

multi-level hierarchical mesoporous structure. The surface morphology of both samples

was further examined by scanning electron microscopy (SEM). The pristine silica

exhibited a spherical morphology with an average diameter of ~50 um (Figure S23a),

while the TEMPO-Silica sample displayed a rougher surface (Figure 2f and Figure

S23b), likely resulting from the grafting of TEMPO via the APTES silane coupling

agent. Elemental mapping by Energy-dispersive X-ray spectroscopy (EDS) revealed a

homogeneous distribution of C and N elements on the TEMPO-Silica microsphere

surface (Figure 2g-21), in addition to the inherent Si and O elements from silica matrix

(Figure S23g). And the overlapping spatial distributions of C and N further verified the

uniform immobilization of TEMPO on the silica surface.
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Figure 2. Characterization of immobilizing TEMPO-Silica. a) Synthesis procedure for immobilizing TEMPO
on Silica. b) FI-IR spectra of Silica and TEMPO-Silica. c) The N 1s XPS spectra of Silica and TEMPO-Silica. d)
N2 adsorption-desorption isotherms of Silica and TEMPO-Silica. SEM images of e) Silica and f) TEMPO-Silica
and the elemental mapping figures g-i) of TEMPO-Silica.

2.3 | Practical application potential in emulsion-based aldehyde synthesis

11
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After synthesizing the immobilized TEMPO-Silica material, we investigatedothe/DsrRe00539F

electrochemical-chemical tandem alcohol oxidation reaction in a single-cell system.
The catalytic performance of TEMPO-Silica was first evaluated, revealing that its
activity remained essentially unchanged after immobilization. This result indicates that
the immobilized TEMPO catalyst can effectively replace the TEMPO monomer (Figure
3a). Given that the TEMPO content in TEMPO-Silica was approximately 1 wt%
(Figure S23g, calculated based on N content), 40 mg of TEMPO-Silica was initially
added to access its catalytic activity. Under these conditions, the yield of benzaldehyde
exceeded 99%, with an overall Faraday efficiency of 90.9%, and the performance

remained stable even when the catalyst dosage was reduced to 20 mg.

Productivity is a critical parameter in industrial applications, and at comparable
performance levels, higher current densities typically result in enhanced productivity
and improved prospects for practical application. Remarkably, the electrolysis system
achieved nearly 100% yield of benzaldehyde over a broad current density range (100-
700 mA-cm2, Figure 3b), reaching a maximum productivity of up to 130 mol-m=2-h-!.
Further increase the current density, the selectivity declined, likely owing to the direct

anodic oxidation of benzaldehyde and the formation of overoxidized byproducts.[4!]

Increasing the substrate concentration can effectively reduce solvent consumption,
thereby lowering both production and separation costs. However, in electrochemical
oxidation processes, substrate concentrations are typically limited due to direct
electrode oxidation and overoxidation side reactions. To evaluate this effect, we
examined various substrate concentrations in the CH,Cl, phase at a current density of
500 mA-cm2. The results revealed that the system exhibits excellent tolerance to high
substrate concentrations, with productivity reaching to 80 mol'm?-h’!, and the
benzaldehyde yield exceeded 94% at concentrations below 3 mol-L-! and decreased
modestly to 87.3% at 4 mol-L! (Figure 3c-d). The decline in selectivity at higher
concentration was likely due to the increased benzaldehyde content in organic phase,

which promotes side reactions as mentioned above. Compared with the existing
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electrochemical oxidation studies of benzyl alcohol,[!!-27:31-34] this two-phase Peac¢tiopp/DsRE00539F
system enables efficient benzaldehyde synthesis under industrially relevant current
densities and high substrate concentrations, demonstrating the outstanding productivity

and promising potential for industrial application (Figure 3e, Table S3).
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2.4 | Electrolyte recycling and immobilized TEMPO recycling process

(cc)

In industrial practice, the recycling of saline wastewater mainly relies on ion
exchange, membrane separation and evaporation techniques.’3¢1 However,
conventional evaporation processes are highly energy-intensive, while both ion
exchange and membrane separation require costly membranes. In the treatment of high-
salinity wastewater, membrane durability is significantly reduced,l¥’-*%! leading to
increased maintenance cost. Although the feasibility of bromine recycling was explored
in our previous study,l®! the process required secondary treatment involving the

extraction of the saline phase and precipitation of the organic phase at 0°C for 30 min
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to achieve the complete phase separation. In contrast, the current system operates.as a/D5RE00539F

two-phase reaction system. Vigorous stirring induces emulsification without adding
additional amphiphilic agents, and upon completion, the organic and aqueous phases
can be readily separated by simple standing, enabling straightforward electrolyte

recovering and recycling (Figure 4a).

For TEMPO-Silica recycling (Supplementary Note 1), after each reaction cycle,
the catalyst was separated by filtration through a 0.22 pum microporous membrane and
subsequently washed three times with deionized water and CH,Cl,, respectively. As
shown in Figure 4b, both the benzaldehyde yield and Faraday efficiency gradually
decreased with increasing cycle number, and declined to 93.0% and 84.5% by the fourth
cycle. Due to the small size of the catalyst particles, repeated filtration and washing
operations led to a recovery of only 35% of TEMPO-Silica after four cycles,
significantly lower than the optimal dosage as studied in Figure 3a. Thus, three parallel
experiments were conducted to further verify that the decrease in catalytic performance
is primarily attributed to physical mass loss of the recovered catalyst rather than
chemical deactivation or halogen leaching. The TEMPO-Silica catalyst recovered after
the fourth cycle was mixed evenly, and 20 mg was used for a fifth-cycle reaction (Figure
S24). The results showed that both the benzaldehyde yield and Faraday efficiency
returned to their initial levels (Figure 4a). Deactivation of the heterogeneous TEMPO
catalysts has been reported to mainly originate from the gradual loss of active sites
caused by continuous leaching of TEMPO moieties,!®) which is associated with
irreversible cleavage of the covalent C-N bonds.[°!l Within the limited number of reuse
experiments conducted, we therefore attribute the performance decline observed during
the previous cycles due to the physical catalyst loss rather than the intrinsic deactivation

of the immobilized TEMPO sites.

To further examine the influence of TMEPO and halogen species, electrolyte
recycling experiments and TEMPO-Silica cycles were performed independently. After

each electrolysis, the aqueous phase was recovered for reuse, with 20 mg of TEMPO-
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Silica added for each subsequent cycle (Supplementary Note 1). Over four consecutive/D5rRE00539F
electrolyte recycling runs without replenishing chloride or bromide ions, the
benzaldehyde yield consistently exceeded 90%, accompanied by a slight voltage from
2.9 V to 3.2 V (Figure 4c and Figure S25). Meanwhile, the DSA anode still maintains
its surface trench structure after undergoing TEMPO-Silica and electrolyte cycles
experiments (Figure S26-S27). These results further indicate that the yield decreased in
the catalyst recycling test (Figure 4b) mainly originated from catalyst loss rather than
the electrolyte degradation and the DSA deactivation, demonstrating the robustness of
this emulsion system. Given that the chloride concentration far exceeded the critical
threshold, ICP-MS was further employed to monitor the bromide content during the
first and fourth cycles. The bromide concentration and total amounts remained
effectively unchanged, with variances of 1.76 and 1.55, respectively (Figure 4d). These
results demonstrate that both the halogen mediator and the immobilized catalyst can be
effectively reused, supporting the system’s potential for sustainable, large-scale

electrooxidation.
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Figure 4. Electrolyte recycling and TEMPO-Silica stability test. a) Reaction scheme for the electrochemical oxidation of benzyl
alcohol and the recycling process. b) Yield and Faraday efficiency of benzaldehyde during the TEMPO-Silica recycling process.
Reaction conditions: Benzyl alcohol (0.5 mmol) with initial TEMPO-Silica (40 mg) in 1 mL CH2Cl>. Aqueous phase: 14 mL water with 3
M NaCl and 0.01 M NaBr. Anode: DSA (1 cm?). Cathode: Nickel foam (1 cm?2). Stirring at 600 rpm. Current density: 100 mA/cm?. Total
charge passed: 2.2 F/mol. All experiments employed recycled TEMPO-Silica. In a dual Y-axis chart, the bar colours represent the
descriptions of the corresponding colour axes. c) Yield of benzaldehyde during four recycles of aqueous solution. See Supplementary
Information for details. d) The concentration of bromine in aqueous solution after the first cycle and the fourth cycle, as determined using
ICP-MS. e) The proposed mechanism of NaCl-NaBr-TEMPO-mediated electrooxidation of alcohol.

2.5 | Proposed reaction mechanism and the scope of electrochemical oxidation

As shown in Table S1, the presence of TEMPO and NaBr exerts a significant
16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5re00539f

Page 17 of 27 Reaction Chemistry & Engineering

View Article Online

influence on the probe reaction. TEMPO is vital for catalysis, and the bromimeredoxe/DsrE00539F
process is a key step facilitated by chlorine and TEMPO. Based on previous studies,
the alcohol oxidation catalyzed by TEMPO in the presence of sodium bromide and
sodium hypochlorite proceeds might through the following steps as presented in Figure
4e: First, Cl- undergoes oxidation via a two-electron process at the anode to generate
hypochlorite (C10-),13! which subsequently transfers electrons via Br/TEMPO redox
mediator to generate the oxidatively active species A [R,N*=0].121:441 The N-O radical
in [RoN™=0] attacks the hydroxyl group of the alcohol substrate, abstracting the
hydrogen atom to form a coupling intermediate B. Intermediate B then undergoes a-H
elimination to yield the corresponding aldehyde product and the byproduct TEMPOH.
Finally, TEMPOH is re-oxidized by BrO- to regenerate TEMPO, thereby completing
the catalytic redox cycle.[9263] At the cathode, the dominant reaction is the hydrogen
evolution reaction (HER). This cathodic process generates hydroxide ions, which help
maintain the alkaline environment required for stabilizing hypohalite species and do
not directly participate in the oxidation of the organic substrate. To verify the proposed
mechanism, a halide-free experiment was conducted to confirm the essential role of the

halogen cycle. As shown in Figure S28, benzaldehyde was scarcely produced in

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

halogen-free condition, which is consistent with the proposed pathway for the

generation of the oxidatively active species A.l'l* An N,-treated experiment was

Open Access Article. Published on 02 March 2026. Downloaded on 3/3/2026 12:36:37 PM.

further conducted to exclude the influence of dissolved oxygen, and the yield of

(cc)

benzaldehyde in the solution pretreated with N, for 30 min was comparable to that
obtained under conventional condition. These results, together with the related control
experiments (Figure S29, Table S1), further confirm that hypohalous acids are
generated via the anodic oxidation of halide ions to form halogens, which subsequently
react with water,!3!!l rather than originating from dissolved oxygen. Moreover, they
highlight the essential role of in situ hypohalite generation in the NaCl-NaBr-TEMPO

system.

A variety of substrates were also examined to evaluate the generality of this system,
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including primary, secondary, and aromatic alcohols such as 4-pyridinemethanob,12:9/05rRE00539F

thiophenemethanol, furfuryl alcohol, and vanillyl alcohol. Importantly, the oxidation
products of vanillyl alcohol and heteroaromatic alcohols are widely used as fine-
chemical building blocks or are closely related to intermediates encountered in
pharmaceutical and functional-material synthesis.[!%64] The selected examples were
chosen to represent different electronic and steric environments. Results showed that
the system exhibited excellent aldehyde selectivity (>99%) in the oxidation of diverse
substituted aromatic alcohols (Scheme 2, Figure S30-S46). Primary alcohol achieved
high conversion rates ranging from 79% to 99%. In contrast, for secondary alcohols
such as a-phenylethanol and cyclohexanol, although product selectivity remained high;
however, the substrate conversions decreased to 95.9% and 86.5%, respectively, with
a concomitant decrease in Faraday efficiency. This is likely attributed to the greater
steric hindrance at f-C in secondary alcohols, which impedes the formation of the
coupling intermediate B and the hydrogen abstraction process as discussed in the
mechanism part!4+92], Heteroatom-containing alcohols such as 4-methanolpyridine and
furfuryl alcohol were also efficiently oxidized with good selectivity, whereas 2-
methanolthiophene exhibited a significantly lower selectivity (42.7%) due to the high
reactivity of the thiophene ring, which promotes the formation of halogenated
compounds (Figure S41-S42). To illustrate its industrial applicability, benzaldehyde
was produced on a gram scale at a constant current of 2 A for 21.3 min using a DSA
anode (4 cm?). Following standing and rotary evaporation, 1.16g of benzaldehyde was
successfully isolated, achieving a 90.9% yield and a production rate of 816.9 g'm=2-h-!.
These results, together with the system’s high performance across a broad current
density range, underscore the versatility of emulsion-based reaction strategy and

highlight its potential for practical, large-scale electrochemical synthesis of aldehydes.
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Scheme 2. Universality of the electrochemical oxidation for different alcohol substrates and the scaled-up production.
aReaction conditions: substrate (0.5 mmol) with initial TEMPO-Silica (30 mg) in 1 mL CH2Cl.. Aqueous phase: 14 mL water with 3 M
NaCl and 0.01 M NaBr. Anode: DSA (1 cm?). Cathode: Nickel foam (1 cm?). Stirring at 600 rpm. Current density: 100 mA/cm?2. Total
charge passed: 2.4 F/mol. The values directly displayed are the substrate conversion, and the values in brackets represent product
selectivity. °For gram-scale production, 3 M of benzyl alcohol with 5 wt% TEMPO in 4 mL CHzCl2. Aqueous phase: 56 mL water with 3
M NaCl and 0.01 M NaBr. The reaction was stirred at 600 rpm with 500 mA/cm?. Total charge passed: 2.4 F/mol. Anode: DSA (4 cm?).
Cathode: Nickel foam (4 cm?).

3 | CONCLUSIONS

In this work, we developed a one-pot emulsion-based electrochemical system for
highly selective alcohol oxidation, in which rapid stirring generates microdroplets
without the need for external amphiphilic additives. Benefiting from the exceptional

selectivity of TEMPO, the system achieved benzaldehyde yield up to 99% with a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Faraday efficiency of 90.9%. Combining the advantages of multiphase reactions and

Pickering emulsion, the system enabled high benzaldehyde yields (80-99%) and

Open Access Article. Published on 02 March 2026. Downloaded on 3/3/2026 12:36:37 PM.

Faraday efficiencies (76.4-90.9%) at industrially relevant current densities (100-900

(cc)

mA-cm?) and tolerated high substrate concentrations (up to 4 mol-L!), which
represented record-high performance among reported alcohol electrooxidation systems.
The biphasic design facilitates easy phase separation and electrolyte recycling, while
the immobilized TEMPO-Silica maintains stable performance over multiple cycles.
Moreover, the representative substrate scope and gram-scale applicability further
demonstrated the compatibility and feasibility of this emulsion-based strategy for
industrial applications. Combined with its varied substrate scope and gram-scale

productivity, this emulsion-based system offers an economical and sustainable pathway
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for selective electrooxidation under practical conditions, providing a genetalizables/D5rRE00539F

platform for scalable mediated electrosynthesis.
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