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Electrocatalytic nitrate reduction reaction (NOzRR) coupled with organic compounds to synthesize
oximes for value-added conversion of waste pollutants has very promising prospects. However, due to
the susceptibility of the feedstock to hydrogenation, the relatively low reaction efficiency, and the poor
stability of oximes, the reaction in acidic electrolytes remains a formidable challenge. Herein, we report a
novel strategy for the one-step synthesis of oximes from nitrite and aldehydes/ketones in acidic electro-
lytes using a Zn-based catalyst (multilayered Zn nanosheet catalyst, M-ZnNSs). 99% yield and 99% selecti-
vity of phenylacetaldehyde oxime were achieved at a constant current of —12 mA cm™2. Moreover, various
aldehydes/ketones were efficiently converted to oximes with yield and selectivity up to >90%, demon-
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strating the high versatility of this method. Furthermore, the catalyst exhibited remarkable long-term stabi-
lity (>100 h). This work proposes a green strategy to promote the recycling of nitrogen resources,
enhance the value of NOz~ conversion products, and develop new ideas for electrochemical C-N

rsc.li/greenchem coupling.

hexanone oxime serves as a key precursor in the production of
caprolactam,”® while perillartine finds extensive application in

Introduction

Anthropogenic emissions of nitrogen oxides (NO,) have
increased rapidly over the past century, posing a threat to
human health and ecosystems."? Various methods have been
employed to remove NO,.*> Among them, electrocatalysis has
received much attention from researchers due to its environ-
mental friendliness, energy saving, simple operation and con-
trollable products.*” Most of the studies on electrocatalytic
nitrate reduction reactions are based on the in-situ generation
of NH,OH for the preparation of C-N coupling products in
tandem with other suitable reactions to transform waste pollu-
tants into high value-added chemicals.>'® Oximes are impor-
tant intermediates in organic synthesis and have proved to be
industrially useful as fine chemicals."”™° For instance, cyclo-
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the flavor industry.>'

Recently, researchers explored the electrocatalytic NO,
reduction coupling reaction and demonstrated the preliminary
feasibility of electrocatalytic synthesis of oximes using NO, as
a nitrogen source (Fig. 1). For instance, existing literature
reports that oximes such as pyridine aldoxime,** cyclohexa-
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Fig. 1 Electrochemical C—N coupling of aldehydes and ketones with
NO;.
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none oxime,” and benzaldoxime®® have been synthesized
using Al-based and Fe-based catalysts with NO, NO,™ or NO;™
as nitrogen sources. These electrochemical coupling strategies
are typically conducted under alkaline conditions because the
alkaline environment restricts the electrochemical hydrogen-
ation of substrates, thereby driving the coupling step.>**®
However, in neutral or alkaline environments, the proton con-
centration is low, with most of the hydrogen in NH,OH orig-
inating from water.*”

Furthermore, currently available electrocatalysts are still
limited, and the balance between stability and activity under
alkaline conditions needs further optimization.”®*! In view of
this, there is an urgent need to develop catalytic systems for
the electrocatalytic synthesis of oximes under acidic con-
ditions. Acidic conditions offer advantages such as increased
proton concentration, enhanced system stability, and potential
yield improvement, aiding in overcoming limitations associ-
ated with alkaline conditions and providing new avenues and
higher yields for the reaction.’*** Although Wu et al. proposed
a reaction route for the synthesis of cyclohexanone by NO,~
electrochemical reduction coupling of cyclo-hexanone under
acidic conditions.>® It is still a challenge to achieve efficient C-
N coupling under acidic conditions with NO;™ as the nitrogen
source.

Herein, we report a novel electrochemical strategy for the
synthesis of high value-added oximes from aldehyde/ketone
and NO;™ in an acidic electrolyte using electrodeposited modi-
fied Zn catalyst (multilayered Zn nanosheets catalyst,
M-ZnNSs) as an electrode. 99% yield and 99% selectivity of
phenylacetaldehyde oxime were achieved at a constant current
of =12 mA cm™>. The durability of the catalyst was verified by
maintaining high performance after 10 cycle tests (>100 h). A
series of controlled experiments, combined with in-situ attenu-
ated total reflectance infrared spectroscopy (ATR-FTIR) and
online differential electrochemical mass spectrometry (DEMS)
tests, were conducted to elucidate the reaction pathway: NO;~
— NH,OH — oxime. In addition, isotope labeling experiments
demonstrated that the N source was derived from NO;™.
Importantly, this strategy exhibits broad applicability, not only
for aldehydes but also for ketones. This work introduces a
novel catalytic system for the value-added conversion of NO,,
with significant implications for energy and environmental
sustainability.

Results and discussion

The synthesis of oximes from aldehydes and NO;~ involves
two main steps: NO;~ reduction to *NH,OH at the electrode
surface, followed by nucleophilic addition-elimination with
aldehydes to form oximes and eliminate water. This process
includes electrochemical (e.g., hydrogenation and hydrodeoxy-
genation) and non-electrochemical pathways.>* Therefore, con-
trolling the electrochemical hydrogenation process in acidic
media without affecting intermediate production rates is
crucial for target product formation. It is worth mentioning
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that oxime is unstable in acidic conditions and may convert to
other organic nitrogen compounds. This places extreme
demands on both the electrode and electrolyte.

Based on the understanding of the reaction mechanism
described above, we first utilized metallic materials commonly
employed in electrocatalytic reactions as electrodes to directly
electrosynthesize oximes, aiming to identify suitable catalysts
(Fig. 2a). In the initial screening experiments, a weakly acidic
buffer solution (1 M PBS, pH = 5.8) was used as the electrolyte
to limit the electrochemical hydrogenation process of the
organics and to ensure that the products could exist stably.
Phenylacetaldehyde (PAH) and KNO; were used as organic
compounds and NO, model compounds, respectively, and
electrolyzed at —12 mA cm™? for 10 h. Although different elec-
trode materials have different electrosynthesis oxime yields
and selectivity in the co-reduction process of KNO; and PAH,
all electrode generated products can stably exist in the electro-
Iyte. Pt and Fe catalysts primarily drive hydrogenation reac-
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Fig. 2 Electrosynthesis of phenylacetaldehyde oxime performance
from KNOs. (a) Screening of catalysts for the electrosynthesis of pheny-
lacetaldehyde oxime using phenylacetaldehyde and KNOs as feedstock.
Reaction conditions: substrate (0.4 mmol), metal electrode (working
area: 1.1 x 1.5 cm?), 1 mol L™ PBS containing 0.4 mol L™ KNO3 (5 mL),
—12 mA cm™2, 10 h. (b) Effect of different pH on the electrosynthesis of
phenylacetaldehyde oxime over Zn foil. (c) Effect of different current
densities for phenylacetaldehyde oxime yield and selectivity with a total
720 C of charge using M-ZnNSs electrode. (d) The effect of molar ratio
of KNO3 to PAH over different electrodes. (e) Time-dependent PAH con-
version, phenylacetaldehyde oxime yield and FE using M-ZnNSs elec-
trode. (f) The long-term stability test for phenylacetaldehyde oxime
yield and FE on M-ZnNSs.
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tions due to their strong reducing abilities (ESI Fig. S1f).
Despite improved selectivity for oximes, catalysts like Pd, Ni,
Cu, etc., still struggle to effectively limit hydrogenation.
Encouragingly, Zn catalysts show a different selectivity, drasti-
cally reducing aldehyde hydrogenation and favoring C-N coup-
ling to form oximes as the main reaction pathway.

We further investigated the effect of acidic electrolyte at
different pH on the electrosynthesis of oximes when Zn foil
was used as catalyst. The pH of the electrolyte played a decisive
role in maintaining the stability of the oximes. In addition,
although pH was not directly related to the non-electro-
chemical coupling process, it will inhibit the non-electro-
chemical coupling by affecting the electrochemical hydrogen-
ation of key intermediates and the hydrodeoxygenation of alde-
hydes (hydride yield at different pH in ESI Fig. S271). Acidic
electrolytes with different pH were realized by preparing
different buffer solutions (for detailed steps see ESIf). As
shown in Fig. 2b, when the electrolyte was at medium acidity
(pH = 3.2), the feedstock was dominated by the hydrogenation
reaction (32% yield of alcohols), which inhibited the coupling
reaction. Under strong acid conditions, there were some hydro-
lysis products of oxime, which also led to the decrease of the
yield and selectivity of the target product. The stability of
product improved as the pH was raised gradually. At pH = 5,
hydrolysis of the oxime hardly happened, but some alcohol by-
product was produced. Optimal selectivity and yield of oxime
were achieved at pH = 5.8. However, increasing the pH further
led to some side reactions in the feedstock, slightly reducing
oxime selectivity.

After identifying the metal and optimal electrolyte, we pro-
ceeded to electrochemically modify commercial Zn foil, thus
obtaining different modified Zn electrodes (for detailed steps
see ESIT). The modified-Zn electrodes were prepared via a two-
electrode constant-current deposition method, controlling
deposition parameters such as current and time, while utilizing
different Zn salt precursors and KOH concentrations to fabricate
a series of Zn-based electrodes (ESI Fig. S3t). The performance
of modified Zn electrodes with different Zn salts were examined
by electrolysis at —12 mA cm™> for 10 h, the results were shown
in ESI Fig. S4.F The multilayered Zn nanosheets catalysts pre-
pared with ZnCl, (M-ZnNSs) showed the best catalytic perform-
ance, with 99% selectivity for oxime (ESI Fig. S5 and S6t). The
desired nanosheets were obtained when ZnCl, was used as the
deposition solution at —90 mA cm™> for 2 min. Scanning elec-
tron microscopy (SEM) revealed densely arranged layered Zn
flakes on the electrode, contrasting with the smooth surface of
unmodified Zn foil (ESI Fig. S7 and S8t), with an overall thick-
ness of the nanosheets about 3 pm (ESI Fig. S9t). X-ray diffrac-
tion (XRD) analysis confirmed their highly crystalline nature,
with diffraction peaks matching those of bulk Zn foil (ESI
Fig. S10%). X-ray photoelectron spectroscopy (XPS) indicated Zn
valence states close to 0 (ESI Fig. S117), consistent with the zero-
valence state of Zn atoms observed in X-ray absorption near-
edge structure (XANES) spectra (ESI Fig. S127).

To further improve the yield of oxime, different current den-
sities in the range of —3 to —30 mA cm > was used for electro-
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lysis while ensuring the passage of the same amount of charge
(720 C). As shown in Fig. 2c, at lower current densities, the
yield and selectivity of oxime were lower, the key intermediate
*NH,OH was less and the feedstock failed to combine with it
in time and other side reactions occurred. Increasing the
current initially boosted oxime production, reaching a peak
selectivity of 99% and yield of 82% at —12 mA cm > Yet,
further current increase led to declining yield and selectivity
due to raw material instability. This triggered more self-hydro-
genation, raising phenylethanol by-product levels and imped-
ing the desired reaction (ESI Fig. S13+).

Subsequently, the performance of electrocatalytic synthesis
of oximes was evaluated at different KNO3;/PAH molar ratios.
As illustrated in Fig. 2d, when the molar ratio was at 5:1,
although the selectivity of oxime was high, PAH was not com-
pletely converted, indicating that the *NH,OH produced
during the KNO; reduction process was not sufficient to com-
pletely convert the PAH into oxime. Increasing the molar ratio
to 10:1, all PAH in the system was basically converted to
oxime. To show the superiority of the electrochemically modi-
fied Zn foil strategy, we used unmodified Zn foil for the elec-
trosynthesis of oximes at the optimum molar ratio, and its per-
formance was not as good as that of M-ZnNSs. To further
enhance the yield and selectivity of electrochemically synthe-
sizing oxime, we also investigated the effect of reaction time.
As shown in Fig. 2e, the optimal reaction time was 10 h, PAH
was completely converted into oxime. Moreover, the durability
of the electrocatalyst was also evaluated (Fig. 2f). After 10 con-
secutive electrical cycles (about 100 h), there was no obvious
decrease in the yield and selectivity of oximes, which demon-
strated the excellent stability of the M-ZnNSs catalysts and
proved their excellent recyclability, which is important for prac-
tical applications. Moreover, the crystallographic structure,
and compositions of M-ZnNSs electrode remained stable even
after 100 h of reaction (ESI Fig. S147).

To gain a deeper understanding of the reaction pathways
and excellent performance of M-ZnNSs electrocatalysts, a
series of mechanistic experiments were conducted. The C-N
coupling reactions were carried out using K'*NO; and K'°NO;
as nitrogen sources to reveal the source of nitrogen in the
resulting oximes (Fig. 3a and b). A molecular ion peak of 136
appears in the K'’NO; solution, while the KNO; system
shows a molecular ion peak of 135, demonstrating that the
nitrogen in the coupling product is derived from nitrate. In
addition, in-situ ATR-FTIR spectroscopy was used to gain
insight into the reaction pathway of C-N coupling on M-ZnNSs
electrocatalysts. As shown in Fig. 3c, with the increase of elec-
trolysis time, the M-ZnNSs showed IR absorption peaks at
1632 cm ™', which may be the characteristic peak of NH,OH.*’
The persistence of this absorption peak indicates that NH,OH
is stable during the electrolysis process. To further verify that
NH,OH intermediates were produced during the reaction
process, an online DEMS was used to analyze the reaction with
optimal reaction conditions. As shown in Fig. 3d, applying the
current, the mass spectral signal of NH,OH could be detected,
which proved that NH,OH was produced during the reduction

Green Chem., 2024, 26, 9869-9873 | 9871
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Fig. 3 Reaction mechanism investigation. (a) The mass-spectrometry
spectrum of the electrocatalytic synthesis of phenylacetaldehyde oxime
from K¥*NOs and PAH. (b) The mass-spectrometry spectrum of the
electrocatalytic synthesis of phenylacetaldehyde oxime from K®NOs
and PAH. (c) Time-gradient electrolysis test using in-situ ATR-FTIR on
M-ZnNSs under working condition. (d) Online DEMS measurements for
the NOzRR over the M-ZnNSs electrode.

of KNO; (other nitrogen-containing products were shown in
ESI Fig. S157).

To demonstrate the versatility of this catalytic system, we
carried out electrosynthesis of various oximes bearing substi-
tuent groups over the M-ZnNSs electrode, such as aldehyde
oxime and ketone oxime (as shown in Fig. 4 and ESI
Fig. S16-277). It is shown that this method was applicable to
synthesizing different types of aldehyde oximes in high yields
(yield and selectivity >90%), demonstrating the high versatility
of this method. The above results indicate that the electro-
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Fig. 4 Substrate expansion and universality studies. (a) Reaction scope
of the direct electrosynthesis of aldehyde oxime from KNOsz and
R-CHO. Reaction conditions: RCHO (40 mM), M-ZnNSs (working area:
11 x 1.5 cm?), 1 mol L™ PBS containing 0.4 mol L™ KNOs (5 mL),
—12 mA cm™2, 10 h, isolated yield. (b) Reaction scope of the direct elec-
trosynthesis of ketone oxime from KNO3z and ketone. Reaction con-
ditions: R,COR; (40 mM), M-ZnNSs (working area: 1.1 x 1.5 cm?), 1 mol
L~ PBS containing 0.4 mol L™* KNO3 (5 mL), =12 mA cm™2, 10 h, isolated
yield.
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chemical in-situ production of hydroxylamine offers high feasi-
bility for converting nitrogen-containing waste gases and
wastewater into high-value organic nitrogen compounds.

Conclusions

In conclusion, we present a novel catalytic system for the syn-
thesis of oximes using NH,OH generated by KNO; electro-
catalytic reduction coupled with aldehyde/ketone compounds
under acidic conditions over Zn-based catalysts. The catalytic
system achieved outstanding results in oxime electrosynthesis,
offering high yield, selectivity, broad substrate compatibility,
functional group tolerance, and long-term stability. It also
excelled in synthesizing cinnamaldehyde oximes for food
flavors and butyl ketones oximes for coating antioxidants. This
study not only lays the groundwork for designing efficient cata-
Iytic systems for C-N coupling, enabling the conversion of
nitrates into valuable oximes, but also expands efficient
NH,OH production methods with promising applications.
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