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The electrocatalytic reduction of nitrogenous waste offers a sustainable

approach to producing nitrogen-containing chemicals. The selective synthesis
of high-value hydroxylamine (NH,OH) is challenging due to the instability of
NH,OH as an intermediate. Here, we present a rational electrocatalyst design
strategy for promoting NH,OH electrosynthesis by suppressing the competing
pathways of further reduction. We screen zinc phthalocyanines (ZnPc) with a
high energy barrier for NH,OH reduction by regulating their intrinsic activity.
Additionally, we discover that carbon nanotube substrates exhibit significant
NH;-producing activity, which can be effectively inhibited by the high cover-
age of ZnPc molecules. In-situ characterizations reveal that NH,OH and HNO
are generated as intermediates in nitrate reduction to NH;, and NH,OH can be
enriched in the ZnPc electrode. In the H-cell, the optimized ZnPc catalyst
demonstrates a Faradaic efficiency (FE) of 53 +1.7% for NH,OH with a partial
current density exceeding 270 mA cm™ and a turnover frequency of

7.5+0.2 s It also enables the rapid electrosynthesis of cyclohexanone oxime

from nitrite with a FE of 64 +1.0%.

Electrocatalytic conversion technology offers a promising approach
for the sustainable synthesis of high-value-added chemicals from
environmental waste™®, such as carbon dioxide (CO,), nitrate
(NO37) and nitrite (NO,7). This technology can be implemented
under mild conditions using renewable energy sources, thus redu-
cing the carbon footprint when compared to traditional methods.
Achieving large current densities while maintaining high product
selectivities is crucial in electrocatalytic technology, as it can drive
cost reduction and enhance competitiveness'*". However, in the
case of electrochemical reactions involving multi-electron and
proton transfers, complex reaction pathways can lead to the for-
mation of multiple products. Significantly, the selective production

of economically desirable intermediate products remains highly
challenging> .

Hydroxylamine (NH,OH) is a valuable intermediate in electro-
catalytic NO;~ or NO,™ reduction reactions (NOsRR or NO,RR). It is
widely used in industries such as textiles, pharmaceuticals, semi-
conductors, and nuclear energy”"®. The annual demand of NH,OH
worldwide is more than 10° tons and NH,OH is an important precursor
for the synthesis of nylon-6 and other chemicals”. Today, NH,OH is
primarily produced via NH; oxidation to form nitrogen oxides (NO,),
followed by subsequent reduction with H, or SO,'*%. This intricate
manufacturing process involves the use of explosive H, and corrosive
S0, and NO,, raising concerns about safety, cost, and sustainability?.
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Therefore, it is appealing to explore the sustainable production of
NH,OH using renewable electricity. NH,OH is a minor by-product of
electrocatalytic NOsRR or NO,RR to produce NHj;, and the reported
NH,OH partial current densities (jn2on) are currently two orders of
magnitude lower than NH;”*?*, For example, Guido et al. reported
that a Ti hollow fiber electrocatalyst could achieve a jyyaon Of
17 mAcm™at -0.60 V vs. reversible hydrogen electrode (RHE) in 0.1 M
HCIO, with 50 mM KNOs" (Supplementary Fig. 1). In contrast, elec-
trocatalysts promoting NH; formation have shown jyys nearly
1000 mA cm™", This significant difference may be ascribed to the
intermediate nature of NH,OH, as it is quite unstable and easily
reduced to NH;™218%2¢ Therefore, an electrocatalyst that can effec-
tively stabilize NH,OH intermediates from further reduction reaction
(NH,OHRR) is crucial for the selective production of NH,OH.

In this study, we present a combined strategy that incorporates
intrinsic activity tuning and external removal of side reaction sites to
enable the selective electrochemical production of NH,OH from NO5~
or NO,~ (Fig. 1). We first tune the intrinsic performance of metal
phthalocyanines (MPc) electrocatalysts by adjusting the metal center.
Theoretical calculations and experimental results reveal that the ZnPc
catalyst exhibits a higher energy barrier for NH,OH reduction, leading
to higher NH,OH FEs in NOsRR. Furthermore, we discover the inter-
ference of the carbon nanotube (CNT) substrate as a side reaction site
for NH; generation, and the higher coverage of ZnPc can eliminate this
effect. We also use the in-situ characterization technique to monitor
NO3RR, showing that NH,OH is generated as an intermediate and can
be enriched in our system. The optimized ZnPc catalyst exhibits
improved FE(NH,OH)s even at high current densities, enabling rapid,
selective, and stable in-situ electrosynthesis of cyclohexanone oxime
from NO5™ or NO,™.

Results

Design and characterization of electrocatalysts

Molecular electrocatalysts have demonstrated high selectivity in var-
ious electrocatalytic reactions, as their well-defined structures enable
precise control of reaction pathways through molecular
design*'"'*?2%_In our previous study, the molecularly dispersed

electrocatalyst of cobalt 3-tetraaminophthalocyanine (CoPc-NH, MDE)
reduced NO3;~ to NH,OH intermediate for the electrosynthesis of
methylamine”. However, the FE of NH,OH through NO3RR was lower
than 5%. Guided by density functional theory (DFT) calculations, we
initially predicted the electrocatalytic activity of MPcs with different
metal centers (M = Co, Fe, and Zn) in NH,OHRR (Fig. 2a, b). The free
energy diagrams show that the NH,OHRR process first encounters an
energy barrier during NH,OH adsorption (NH,OH to *NH,0H), fol-
lowed by several free energy downhill processes. The NH,OH
adsorption energy barrier for CoPc is only 0.09 eV, facilitating the
further reduction of NH,OH. Conversely, ZnPc and FePc exhibit higher
NH,OH adsorption energy barriers than CoPc, and ZnPc displays the
highest NH,OH adsorption energy barrier of 0.49 eV. This indicates
that ZnPc has significantly lower activity in catalyzing NH,OHRR,
suggesting it may be a more selective candidate for NH,OH production
in NOsRR.

MPcs easily aggregate when directly deposited on the electrode
surface™* %, On the surface of the ZnPc aggregated electrocatalyst
(AE) working electrode, significant aggregate particles with size ran-
ging from 0.2 to 20 pm could be observed by scanning electron
microscopy (SEM) (Fig. 2c and Supplementary Fig. 2). This aggregation
would slow down the transfer of electrons from the electrode to sur-
face active sites, often resulting in poor catalytic performance” . To
address this issue, we anchored the molecules on the surface of multi-
walled carbon nanotubes (CNTs) through m-m interactions and pre-
pared MPc MDEs, which can enhance the exposure of active sites and
accelerate the catalysis, enabling the studies of the real electrocatalytic
performance of MPc. From the SEM and transmission electron
microscope (TEM) images, aggregation of MPc molecules was pre-
vented in MDEs (Fig. 2d, e and Supplementary Fig. 3). On the surface of
CNTs, MPcs appear to be in a molecularly dispersed state, as indicated
by the isolated bright spot in the high-angle angular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) figure (Fig. 2e).
Zn 2p X-ray photoelectron spectroscopy (XPS) further confirmed that
the metal center of MPc in MDEs maintain its original valence state, as
there is no obvious shift in binding energy (Supplementary Fig. 4). The
metal content in the MPc MDEs was controlled to be around 0.3 wt.%.

Traditional NO3RR

®
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Fig. 1| Selective production of NH,OH from nitrate by metal phthalocyanine
electrocatalysts. The schematic diagram shows the tuning of the nitrate reduction
reaction for selective NH,OH production on the molecularly dispersed electro-
catalysts (MDEs) of metal phthalocyanine (MPc) supported on CNTs. The deep blue

weak adsorption

moieties represent the MPc molecules, and the black material represents the CNT
substrate. The deep green, pale blue, and grey balls represent the N, O, and H
atoms. The ellipse substrates represent the active sites on the electrocatalyst.
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Fig. 2 | DFT calculations and electrocatalytic performance of MPc MDEs. a The
molecular structure of MPc, M refers to the metal center. b The free energy diagram
for NH,OHRR on various MPcs at O V vs. RHE. The ellipse substrates represent the
active sites on the electrocatalyst. The black, blue and grey balls represent the N, O
and H atoms, respectively. ¢ SEM image of ZnPc aggregated electrocatalyst (AE).
d SEM image of ZnPc MDE. e HAADF-STEM image of ZnPc MDE. The bright spots
correspond to the Zn center of ZnPc. f The electrocatalytic performances of MPc
MDEs. The left side illustrates the required potentials in NH;OHRR to achieve a
current density of 1.0 mA cm™ in an electrolyte of 1.0 M KOH containing 33 mM

Wavelength (nm)

NH,OH (150 mL), R, =10.0 + 3.4 Q. The right side displays their FE(NH,OH) in
NOsRR at a current density of ~100 mA cm in an electrolyte of L0M KOH+1.0M
KNOj3 (14 mL), R, of CoPc, FePc and ZnPc MDE are 5.5+ 0.1 Q, 4.4+ 0.1 Q and

4.7 £0.4 Q. The metal content: ~ 0.3 wt.%. Three individual measurements were
taken with various working electrodes, and the average (mean) values are pre-
sented with the standard deviation as error bars. g UV-Vis spectra of colorimetric
quantification of NH,OH. The orange color shows the presentation of NH,OH in
solution, which can reduce Fe** to Fe*, forming an orange complex with 1,10-
phenanthroline. The abbreviation “arb. units” refers to “arbitrary units”.

The linear scanning sweep voltammetry (LSV) curves for
NH,OHRR tests were conducted in a 1.0 M KOH electrolyte containing
33 mM NH,OH (Supplementary Fig. 5). All potentials were converted to
versus RHE. To achieve a NH,OHRR current density of -1.0 mAcm™,
ZnPc MDE exhibits the highest potential requirement of -0.60V,
which was 450 mV more negative than CoPc MDE (Fig. 2f). Thus, ZnPc
MDE is the least active catalyst for NH,OHRR, followed by FePc and
CoPc, consistent with the theoretical calculation.

NO3RR performance of ZnPc MDEs

The electrocatalytic NOsRR performances were tested in a 1.0M
KOH +1.0 M KNOj; electrolyte (Fig. 2f and Supplementary Fig. 6).
Gaseous products, mainly hydrogen (H,), were detected using gas
chromatography (Supplementary Fig. 7). Liquid products, primarily
consisting of NO,~, NH,OH, and NHs;, were identified using colori-
metric methods and ultraviolet-visible (UV-Vis) spectrophotometry
(Supplementary Figs. 8-10)*°. In addition, the accuracy of the
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Fig. 3 | Electrocatalytic performance of ZnPc MDE for NOs;RR. a LSV curves of
NO3RR performance with bare CNT, ZnPc MDE, and ZnPc AE. Scan rate, 20mVs™.
The inset shows their jiy20n at —0.55 V. R, of CNT, ZnPc MDE and ZnPc AE are
49+030Q,4.8+0.1Q,and 6.1+0.8 Q. b The FE values of various NO3RR products
at the applied potential of -0.55 V. ¢ Schematic diagram shows the variation of the
NO;RR pathway on ZnPc MDE with different ZnPc loadings. The black ball repre-
sents the N atom, the pale blue ball represents the O atom, and the grey ball
represents the H atom. The black items with hexagonal structures represent the
CNT substrate, and the items with light blue molecular structure and orange center

E - 0.8iR (V vs. RHE)
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represent the ZnPc molecules. d FE(NH,OH)s for NO3;RR by ZnPc MDE with varying
Zn contents at —0.55 V. R, of ZnPc MDE with metal content of 0, 0.3, 0.6 and
09wt%are4.9+03Q,4.8+0.1Q0,44+01Q,and 4.3+0.2 Q. e The FE values of
various NO;RR products at different applied potentials by ZnPc MDE(H). f The
NH,OH production rate and jy0n at different applied potentials by ZnPc MDE(H).
All electrocatalysis measurements were conducted in an Ar-protected 1.0 M

KOH +1.0 M KNOs electrolyte. Three individual measurements were taken with
various working electrodes, and the average (mean) values are presented with the
standard deviation as error bars.

colorimetric quantification of NH,OH was verified by the Nuclear
Magnetic Resonance (NMR) method (Supplementary Fig. 11), and
the influence of different N-containing species was also investigated
(Supplementary Fig. 12). After the electrocatalysis, the solution
containing a high concentration of NH,OH molecules displayed a
vibrant orange color (Fig. 2g). After a 30-min constant current test at
-100 mA cm?, the ZnPc MDE delivered the highest FE(NH,OH) of
14 +1.8%, followed by FePc MDE. The CoPc MDE exhibits a
FE(NH,OH) of only 1.0 £ 0.2%, which is 10 times lower than that of
ZnPc MDE. These findings indicate that it is possible to design cat-
alysts that selectively produce NH,OH by investigating catalysts with
low inherent performance in NH,OHRR.

The performance of the ZnPc AE and ZnPc MDE in NO;RR was
compared (Fig. 3a, b). From the LSV curves, it is evident that ZnPc AE
exhibits a much lower reduction current density in NO;RR than ZnPc
MDE (Fig. 3a). However, the FE(NH,OH) of ZnPc AE was significantly
higher than that of ZnPc MDE. At a potential of —0.55 V, FE(NH,OH) of
ZnPc AE was as high as 36 + 0.4%, while ZnPc MDE was only 14 +1.8%.
This indicates that ZnPc molecules play a central role in ZnPc MDE for
NH,OH production in NO3RR (Fig. 3b). Despite exhibiting high NH,OH
selectivity, ZnPc AE shows lower electrocatalytic activity than ZnPc
MDE. For example, the jxizon Of ZnPc AE was only 4.7 + 0.6 mAcm™ at
-0.55V, which is approximately one-third of that of ZnPc MDE (Fig. 3a).
Therefore, introducing CNT with high conductivity is beneficial for
enhancing the electrocatalytic activity of ZnPc in the production
of NH,OH.

Interestingly, we noticed that FE(NH3) of ZnPc MDE was sig-
nificantly higher than that of ZnPc AE, with values of 62 +4.5% and
36 + 0.1% respectively (Fig. 3b). This suggests the presence of more
favorable catalytic sites for NH; production in ZnPc MDE compared to
ZnPc AE. Therefore, we investigated the performance of the CNT
substrate in NO3RR. Unlike traditional substrates, which are often less
active””, bare CNTs here exhibit significantly higher NOsRR activity
than ZnPc MDE (Fig. 3a). We also find that bare CNTs favor the pro-
duction of NH3, with a FE(NH3) as high as 88 +2.6% at -0.55V (Fig. 3b).
These findings demonstrate that there are side reaction sites on bare
CNTs that compete with ZnPc molecules in ZnPc MDE (Fig. 3c) for
NO;RR. Thus, a viable strategy to enhance the NH,OH selectivity is to
block the side reaction center by coating the surface of CNTs with a
sufficient amount of ZnPc molecules.

To validate this assumption, we further investigated the impact of
ZnPc content in ZnPc MDE on the FE(NH,OH) in NO5RR at a potential
of —0.55V (Fig. 3d). As the Zn content increases from 0 to 0.9 wt.%,
FE(NH,OH) is significantly enhanced (Fig. 3d) and reaches 31+ 1.9% at a
Zn content of 0.9 wt.%, which is similar to the FE(NH,OH) of ZnPc AE
(36 £ 0.4%). In contrast, FE(NH3) gradually decreases as the Zn content
increases (Supplementary Fig. 13). These results suggest that increas-
ing the coverage of ZnPc on CNTs effectively enhances the selective
reduction of NO;~ to NH,OH. It is also found that the further increase
of Zn content results in a slight decrease of FE(NH,OH), possibly due to
the overloading of ZnPc molecules on CNTs (Fig. 3d, Supplementary
Fig. 13 and 14).
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application of the reduced potential and gradually decreased to the baseline after
the potential was removed. b In-situ DEMS of NH,OH changes with applied
potential in LSV. Scan rate of LSV: 1.0 mV s™. The abbreviation “arb. units” refers to
“arbitrary units”. R, =12.9 + 1.1 Q. ¢ The electrocatalytic NO;RR pathway in our
experiment, derived from our in-situ DEMS experiment results. d In-situ ATR-FTIR
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spectra of the electrocatalytic NOzRR. As the spectra were background corrected,
the downward peak change in the blue region indicates the consumption of NO3™,
and the upward peak change in the yellow region signifies the formation of NH,OH.
R,=111%0.1 Q. All in-situ characterization experiments were conducted in an Ar-
saturated 1.0 M KOH + 1.0 M KNOj electrolyte. Resistances were measured by three
individual measurements, and the average (mean) values with the standard devia-
tion are presented.

The NO3RR performance of the high ZnPc coverage MDE with the
Zn content of 0.9 wt.%, marked as ZnPc MDE(H), was further investi-
gated at various potentials (Fig. 3e). NH,OH can be detected at —0.50 V
with a FE(NH,OH) of 22+3.3%. In the range of —0.70 to -0.85V,
FE(NH,OH)s exceeds 40%. Specifically, we achieve the highest
FE(NH,OH) of 53 +1.7% at the potential of —0.80 V. The highest jnuon
reaches 277 + 7.0 mA cm at the potential of -0.85V, equivalent to a
production rate of 57 + 1.4 mg h™ cm™ (Fig. 3f). The NH,OH-production
turnover frequency (TOF) of the ZnPc MDE(H) is calculated to be
7.5+0.2s? (based on the number of electrochemically active ZnPc
molecules determined from cyclic voltammetry, 63 nmol cm™, Sup-
plementary Fig. 15). This performance is significantly superior to that
of recently reported electrocatalysts for NO3RR to NH,OH, such as Ti
hollow fiber®, which achieved a FE(NH,OH) of 27% and juaon Of
24 mA cm? (Supplementary Fig. 1). It is important to note that FE(NH5)
is not over ~25% even at a more negative potential of —0.85V for ZnPc
MDE(H), highlighting the efficacy of high ZnPc coverage in inhibiting
the NH,OHRR process (Fig. 3e).

Mechanistic insights for NH,OH production in NO;RR

To gain insights into the NH,OH generation mechanism on ZnPc
MDE(H), in-situ differential electrochemical mass spectrometry
(DEMS) was employed to analyze intermediates during NO3RR in
1.0 M KOH +1.0 M KNOj (Fig. 4a, b). In the multi-potential steps test,
the mass-to-charge-ratios (m/z) of 2, 46, 30, 31, 33, and 17 were
recorded, corresponding to Hy, NO,, NO, HNO, NH,OH, and NH3,
respectively (Fig. 4a, Supplementary Fig. 16). The clear detection of

intermediates, such as NO, HNO, and particularly NH,OH, can be
ascribed to the high selectivity of ZnPc MDE(H)s in producing
NH,O0H. We then further investigated potential-dependent NH,OH
DEMS measurements. NH,OH can be detected below -0.15V, sug-
gesting it is a key intermediate in NOsRR (Fig. 4b). Additionally, we
performed the same multi-potential steps test using isotopically
labeled K®NO; (Supplementary Fig. 17). Significant signals corre-
sponding to ®NO, (m/z = 47), ®NO (m/z = 31), ®"NH,OH (m/z=34), and
BNH; (m/z=18) were detected, confirming that these intermediates
are produced from NO3RR. We also performed the electrocatalytic
NO reduction on ZnPc MDE(H) (Supplementary Fig. 18). The elec-
trocatalyst exhibits apparent NO reduction activity in 1.0 M KOH, and
NH,OH is detected after a 30-min electrolysis at -0.80V vs. RHE.
Thus, the NOsRR by the ZnPc MDE(H) proceeds in the following
reaction pathway: NO3™ > NO, > NO - HNO > NH,OH > NHj; (Fig. 4c).

In addition, we also performed potential-dependent in-situ atte-
nuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) analysis with the potential dependency (Fig. 4d). Two distinct
troughs were observed at 1350 and 1398 cm™ appeared at a potential of
-0.30V and their prominence increased at more negative potentials,
indicating the depletion of NO;~ near the electrode surface’*.
Meanwhile, two peaks in the range of 1100 to 1200 cm™ are associated
with the N-O stretching of the formed NH,OH*, which is corroborated
by the direct addition of NH,OH to the electrolyte prior to electro-
catalysis. The emergence of the surface NH,OH peak signal immedi-
ately follows the consumption of NO;~ at -0.4V, indicating that
NH,OH is produced as a result of the NO;RR. As the potential becomes
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Fig. 5 | The NO;RR performance of ZnPc MDE(H) for the electrosynthesis of
cyclohexanone oxime. a '"H-NMR spectra of standard cyclohexanone (CYC),
standard cyclohexanone oxime, electrolytes after electrocatalysis, and electrolytes
before electrocatalysis containing 1.0 M KOH +1.0 M KNO5 with 6 mM CYC. The
yellow boxes indicate the detection of distinct peaks of cyclohexanone oxime in
the electrolyte following catalysis, with no other distinctive peaks of side products
such as cyclohexylamine. The abbreviation “arb. units” refers to “arbitrary units”.
b NH,OH and cyclohexanone oxime formation FE on ZnPc MDE(H) in NO3;RR with
varying concentrations of CYC in 1.0 M KOH +1.0 M KNO; electrolytes at an

applied potential of -0.75V. R, of ZnPc MDE(H) in the electrolyte with 0, 6,12 and
40mM of CYC were 52+0.2Q,5.6+0.1Q,5.7+0.1Q and 6.0+0.2 Q. Three
individual measurements were taken with various working electrodes, and the
average (mean) values are presented with the standard deviation as error bars.

c Long-term electrosynthesis for a large amount of cyclohexanone oxime. The bars
represent the conversion rate of CYC, and the symbols represent the concentration
of CYC or cyclohexanone oxime in the electrolyte. Tested in a flow cell with a
constant current of 250 mA using 0.5 L of electrolyte (1.0 M KOH +1.0 M KNO3,
40 mM CYC), R, =12 Q.

more negative, these two peaks steadily increase to a highly significant
signal level. This trend exhibits a robust and consistent correlation
with the electrochemical measurements (Fig. 3) and in-situ DEMS
results (Fig. 4b). The trough at 1217 cm™ is ascribed to the Si-O-Si bond
of the substrate®?*. The prominent signal of NH,OH observed in ATR-
FTIR spectroscopy offers compelling evidence that NH,OH is enriched
in the electrolyte as the major product produced by ZnPc MDE(H)
during NO3RR.

Electrosynthesis of cyclohexanone oxime

Recently, it has been demonstrated that higher-value chemicals, such
as methylamine?, cyclohexanone oxime*®, and amino acids®, can be
produced from the in situ formed NH,OH. Among them, cyclohex-
anone oxime is an essential precursor in synthesizing high-
performance polymers like nylon**. Consequently, we further investi-
gated the performance of ZnPc MDE(H) for the selective electro-
synthesis of cyclohexanone oxime by reacting cyclohexanone (CYC)
with NH,OH produced in situ.

The synthesis of cyclohexanone oxime by ZnPc MDE(H) was
performed in a 1.0 M KNO3 + 1.0 M KOH solution containing CYC. The
successful synthesis of cyclohexanone oxime is confirmed by
analyzing 'H-NMR spectroscopy for the electrolyte after the reaction
(Fig. 5a and Supplementary Fig. 19). It is noteworthy that ZnPc MDE(H)
demonstrates a high selectivity of 100% in the electrochemical con-
version of ketones to oximes, without any detectable by-products such
as cyclohexanol or cyclohexylamine. In addition, ZnPc MDE(H) does
not show an increase of reduction current densities with the addition
of 40 mM cyclohexanone or cyclohexanone oxime, which suggests the
difficulty of reducing CYC or cyclohexanone oxime by ZnPc electro-
catalysts (Supplementary Fig. 20) These highlight the unique advan-
tages of ZnPc MDE(H), including efficient use of raw materials and no
side reaction products. The notable performance of ZnPc MDE(H)
surpasses the reported Fe’ and Pd* catalysts, which produce cyclo-
hexanol as a byproduct through cyclohexanone reduction, as well as
OD-Ag® and CoPc-NH, MDE?, which produce cyclohexylamine as a
byproduct through oxime reduction.
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Fig. 6 | The NO,RR performance of ZnPc MDE(H) for the electrosynthesis of
cyclohexanone oxime. a Schematic of the electrosynthesis of cyclohexanone
oxime in the NO,RR with CYC. b FE of cyclohexanone oxime (bottom) and NH,OH
partial current density (top) at various potentials in an Ar-protected 1.0 M KOH +

b < NO,RR
§ 400 2
P .
2300, e
2z .
€ 2001 X
o . &
§ 100 -
3 o] a4 a4
®
% I
o 60 - = o
-
& 40
w
L
204 = [
0 : : : : :
04 05 -06 07 08 09

E - 0.8iR (V vs. RHE)

1.0 M KNO, +40 mM CYC electrolyte. R, =6.3 + 0.4 Q. Three individual measure-
ments were taken with various working electrodes, and the average (mean) values
are presented with the standard deviation as error bars.

The impact of CYC concentration on the synthesis of cyclo-
hexanone oxime was further investigated at —0.75V (Fig. 5b and
Supplementary Fig. 21). At a CYC concentration of 6.0 mM in the
electrolyte, the FE of cyclohexanone oxime is 17+0.1%, and no
unreacted CYC is detected. NH,OH is still detectable in the solution
with an FE of 31 + 2.3%, indicating that ZnPc MDE(H) can convert CYC
to cyclohexanone oxime with 100% efficiency when there is sufficient
NH,OH generation. As the concentration of CYC in the electrolyte
increased, there is a gradual decrease in the NH,OH content in the
reacted electrolyte, accompanied by a corresponding increase in the
content of cyclohexanone oxime. At a CYC concentration of 40 mM,
the maximum FE of cyclohexanone oxime reaches a peak of
47 +2.2%. This FE value is twice as significant as that of the previously
reported Fe® catalyst for the production of cyclohexanone oxime
from NO3RR with a CYC concentration of 0.1 M. NH,OH is no longer
detectable in the electrolyte after the reaction, while unreacted CYC
remains. It is important to note that the increase of CYC concentra-
tion does not significantly improve the overall FEs of NH,OH +
cyclohexanone oxime (Fig. 5b). This suggests that CYC in our system
does not substantially stabilize NO3RR at the *NH,OH step, different
from other catalysts reported for the electrosynthesis of cyclohex-
anone oxime. The feature of ZnPc MDE(H) enables the selective
electrosynthesis of cyclohexanone oxime at low CYC concentrations.
This discovery offers additional evidence supporting the preferred
generation of NH,OH on the ZnPc catalyst and its stability in the
electrolyte.

Interestingly, FE(NH,OH) declines in an electrolyte without CYC
as time extends while the FE of oxime remains stable in an electrolyte
with 40 mM CYC. The difference is ascribed to the fast conversion of
NH,OH to cyclohexanone oxime and no accumulation of NH,OH in
the electrolyte (Supplementary Figs. 22 and 23). We further investi-
gated the electrocatalytic performance of ZnPc MDE(H) for the
prolonged conversion of CYC to cyclohexanone oxime in larger
amounts using a flow cell (Fig. 5c). Over a continuous 27-hour
operation period with a current of 250 mA, 2g of CYC (in 0.5L1.0M
KOH +1.0 M KNO;, 40 mM) is successfully converted to cyclohex-
anone oxime completely, exhibiting an average FE of 42% for cyclo-
hexanone oxime. The XPS spectra analysis confirms that ZnPc in
ZnPc MDE(H) remained unchanged after the long-term operation,

suggesting the excellent stability of ZnPc MDE(H) (Supplemen-
tary Fig. 24).

We noticed that the FE of NO,™ as an intermediate product
constitutes about 17% to the FE on the ZnPc MDE(H)-catalyzed
NO3RR (Fig. 3e). This implies that substituting KNO5; with KNO, as the
reactant may further improve the selectivity of NH,OH production.
Moreover, employing CYC as a capture agent for the produced
NH,OH may hinder its rapid decomposition in the KNO, electrolyte
(Fig. 6a and Supplementary Fig. 23). In light of this, we performed
NO3RR tests in an H-cell using an electrolyte of 1.0M KOH+1.0M
KNO, containing with 40 mM CYC. At the same potentials, FEs of
cyclohexanone oxime in the NO,RR are significantly higher than the
FE(NH,OH) in the NO;RR (Fig. 6b). Within the wide potential range
from -0.55V to —0.90V, FE of cyclohexanone oxime exceeds 50%
and reached its peak of 64+1.0% at —0.80V. The partial current
density of cyclohexanone oxime reaches as high as 318 + 6.9 mA cm™
at —0.90V. This performance surpasses that of other reported elec-
trocatalysts, such as Cu-S*, which exhibited a cyclohexanone oxime
FE of 27% and a partial current density of 18 mA cm™ (Supplemen-
tary Fig. 1).

Discussion

In this study, a de novo electrocatalyst design strategy has been
developed for rapid and selective NH,OH production from NO3RR or
NO,RR. ZnPc with a high energy barrier for NH,OHRR can thermo-
dynamically suppress the further reduction of NH,OH to NHs. The
blocking of side reaction centers on the CNT substrate by high cov-
erage of ZnPc can inhibit the side reaction pathway from NO5~ to NH3.
With these features, the optimized ZnPc MDE(H) exhibits impressive
FE(NH,OH)s of over 50% even at high current densities up to
410mAcm™ The produced NH,OH also enables highly selective
electrosynthesis of cyclohexanone oxime at low CYC concentrations,
exhibiting an FE of 64% and partial current densities exceeding
318 mA cm™ in NORR. In-situ characterizations clearly reveal that
NH,OH and HNO are intermediates during nitrate electroreduction,
and confirm the enrichment of NH,OH on the ZnPc MDE-modified
electrode. This study also provides a guiding principle for electro-
catalyst design in the electrosynthesis of high-value intermediate
chemicals.
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Methods

Preparation of MPc MDEs

MPc MDEs were prepared using a reported method”. Take the pre-
paration of ZnPc MDE(H) as an example. At first, as-received CNTs
(FT9100, C-Nano) were calcined at 500 °C in air for 5 h. After cooling to
room temperature, they were sonicated in the 5wt.% HCI (Dongjiang
Chemical Reagent) solution for 30 mins. The purified CNTs were col-
lected after filtration, washing by deionized water and drying. 30 mg of
purified CNTs were dispersed in 15ml of N, N-Dimethylformamide
(DMF, > 99.5%, General-Reagent from Titan Co. Ltd) with the help of
ultrasound for 1 hour. 3.75 mg of ZnPc (97%, Sigma-Aldrich) dispersed
in 15ml of DMF was mixed with the CNT dispersion, followed by
sonication for another 1hour. After 24 h stirring, ZnPc MDE(H) was
finally obtained through centrifugation, followed by two ethanol (=
99.7%, Energy Chemical) washes, two deionized water washes, and
freeze-drying. The preparation of other MPc MDEs is the same as above
but in various ratio or with different MPc molecules, like FePc (96%,
Alfa Aesar) and CoPc (Alfa Aesar). Deionized water used throughout all
experiments was purified through either a Pall or a Millipore water
purification system to reach a resistivity of 18.2 MQ-cm (at 25 °C).

Characterization

Shimadzu UV-Vis spectrophotometer 3600 was used for UV-Vis
absorption measurements. ICP-MS was performed with Agilent Tech-
nologies 7700X. 'H NMR was recorded on a Bruker 400 M NMR
instrument. XPS was conducted on a Thermo Fisher Escalab Xi+
instrument with Al Ka radiation resource. SEM images were taken from
Hitachi ultra-high resolution SEM Regulus 8230. STEM image was
taken from Thermo Fisher (formerly FEI) Titan Themis G2 200 Probe
Cs Corrected STEM. In-situ FTIR spectra were collected using a Nicolet
iS50 FTIR spectrometer from Thermo Fisher. In-situ DEMS data was
collected using a QAS 100 mass spectrometer from Linglu Instruments
(Shanghai) Co. Ltd.

Electrochemical measurements

All electrochemical measurements were measured in a three-electrode
configuration with a CHI 660E potentiostat (Counter electrode: plati-
num plate (99.99%, Gaoss Union); reference electrode: saturated
calomel electrode (Gaoss Union)) and at 25 °C unless stated otherwise.
All potentials were converted to versus RHE with 80% iR corrections®
by using the following equation:

Epe = Escr +0.240+0.0591 x pH — 80% iR, 1)

where Eg is measured working potential corresponding to the
reference electrode, i is the average current, and R, is the solution
resistance and measured by the iR compensation method in
potentiostat.

The NH,OHRR tests of MPc MDE were conducted on a rotating
disk electrode (RDE). The electrolyte was Ar-protected 1.0 M KOH +
33 mM NH,OH. KOH (ACS) was purchased from Aladdin and hydro-
xylamine hydrochloride (NH,OH-HCI, 99%+) was from Adamas beta.
The working electrodes were prepared by dropping 20 pl catalyst ink
of MPc MDE (2 mg of catalyst in 2ml of ethanol containing 13 pl of
Swt.% Nafion solution (Dupont)) onto glassy carbon RDE (Gaoss
Union) of 5mm in diameter giving a loading of 0.1mgcm™. The
rotation speed was fixed at 1600 rpm. Ar (99.999%, Huashidai Gas) was
bubbled into the electrolyte solution (100 sccm) during the test.

The NO3RR tests were performed in a homemade H-cell (Sup-
plementary Fig. 25) with Ar-protected 1.0 M KOH +1.0 M KNO3, with
pH =14.03 £ 0.02 (mean # s.d., three individual measurements were
taken). The working electrodes were prepared by drop-casting
200 pl of catalyst inks on carbon paper (Toray 030, 30% PTFE-trea-
ted, Fuel Cell Store) to get a catalyst mass loading of 0.4 mg cm™ with
an electrode area of 0.5cm? During the test, electrolyte in the

cathode compartment was stirred at 300 rpm with a magnetic stir
bar and bubbled with Ar at 20 sccm. The gas products were analyzed
by an online gas chromatography (GC9720Plus, FULI Instruments)
equipment with a thermal conductivity detector (TCD) for H,
detection.

The electrosynthesis of cyclohexanone oxime tests was per-
formed using the same method as the NO3;RR, except using different
electrolytes. For the electrosynthesis of cyclohexanone oxime from
NO5, the electrolyte used Ar-protected 1.0 M KOH +1.0 M KNO3 with
CYC. For the electrosynthesis of cyclohexanone oxime from NO,™, the
electrolyte was Ar-protected 1.0 M KOH +1.0 M KNO, +40 mM CYC.
KNOj3 (99%) and KNO, (97%) were from Alfa Aesar. Cyclohexanone (AR,
99.5%) was from Aladdin, cyclohexanone oxime (> 98%) was from D&B
and cyclohexylamine (standard for GC, > 99.5%) was from Macklin.

The prolonged conversion test for the electrosynthesis of cyclo-
hexanone oxime by ZnPc MDE(H) was conducted in a commercial flow
cell from Gaoss Union (Supplementary Fig. 26). This device was divi-
ded into three parts by a gas diffusion electrode (GDE) and a bipolar
membrane (Fumasep FBM-PK). The window area for electrolysis was
set to 2x2cm?. The GDE working electrodes of ZnPc MDE(H) were
prepared by drop-casting catalyst ink onto a 3 x3cm? carbon fiber
paper (29BC, SGL Carbon), giving a catalyst mass loading of
0.4 mg cm2. The counter electrode was a nickel foam plate (0.5 mm,
YLS), and the reference electrode was an Ag/AgCl electrode (3.0 MKCl,
Gaoss Union). The cathode electrolyte was 1.0M KOH+1.0M
KNO3 +40 mM CYC, and the anode electrolyte was 1.0 M KOH. The
electrolytes, both in the anode and cathode compartments, were
recycled with a flow rate of 15 ml min™. During the process, Ar flowed
into the back side of the working electrode at a rate of 5 sccm.

Error bars in this work were calculated by averaging three inde-
pendent measurements.

Product quantification
NO,~, NH,OH, and NH; were quantified using the same colorimetric
methods reported in our previous study’. The samples used in
the colorimetric methods were first neutralized and diluted to
suitable concentrations. In NO,™ quantification, 100pL of a
4-aminobenzenesulfonamide (99.82%, Bide pharma) aqueous solution
(10 g L™ in 10 wt% HCI, Dongjiang Chemical Reagent) was added into
2 mL of the sample and allowed to react for 8 mins; 100 pL of a N-(1-
naphthyl) ethylenediamine dihydrochloride (98%, Aladdin) aqueous
solution (1gL™) was subsequently added and allowed to further react
for 10 mins. In NH; quantification, 500 pL of an aqueous solution
containing 0.4 M sodium salicylate (AR, > 99.5%, General-Reagent from
Titan Co. Ltd) and 0.32M sodium hydroxide (ACS, > 98%, General-
Reagent), 50 pL of a sodium hypochlorite aqueous solution containing
~4.5% active chlorine (Aladdin) and 0.75M sodium hydroxide, and
50 pL of a sodium nitroferricyanide (IlI) dihydrate (ACS, > 99%, Sigma-
Aldrich) aqueous solution (10 mgmL™) were sequentially added to
3 mL of the sample. For the quantification of NH,OH, 100 pL of an
aqueous acetate buffer (1.0 M sodium acetate (99%, J&K) +1.0 M acetic
acid (= 99.5%, Xilong Scientific)), 100 pL of a 4 mM ammonium ferric
sulfate (98%, Macklin) aqueous solution and 100 pL of a 10 mM 1, 10-
phenanthroline (98.74%, Bide pharma) ethanolic solution were
sequentially added into 3 mL of the sample. The organic products
(cyclohexanone and cyclohexanone oxime) were quantified by 'H NMR
(Supplementary Fig. 19), where 10 mM potassium benzoate (99%, Alfa
Aesar) in 100 pl of D,0 (99.8 atom%, Acros) was used as the internal
standard.

NH,OH was also quantified using the reported NMR method with
a slight modification®. 10 pl of cyclohexanone was injected into 2 mL
electrolyte after electrocatalysis and stirred vigorously for 1 minute.
100 pl of electrolyte, 300 pl of deionized water and 100 pl of D,0 with
10 mM potassium benzoate reference were mixed, and the 'H-NMR
was used to take the NMR test.
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Computational details

The first-principle calculations were based on the spin-polarized DFT
calculations using the Vienna Ab initio Simulation Package (VASP),
similar to those reported in our previous study”. The projector aug-
mented wave (PAW) potentials® for the core and the revised Perdew
—Burke-Ernzerhof (rPBE)**** for the exchange-correlation functional
were used, as rPBE improves the chemisorption energetics of atoms
and molecules on transition-metal surfaces*. The cutoff energy was
500 eV for the valence electrons. The structures were all optimized
until the force on each atom was less than 0.01eV A™, and the energy
tolerance was less than 10 eV on each atom. The cluster models for
MPcs were placed in a box of size 24 x 24 x15 A. The implicit solvent
model was applied for the solvent correction by using VASPsol*>**,

In-situ ATR-FTIR spectroscopy measurement

The working electrode was prepared by dropping the ZnPc MDE cat-
alyst ink onto the gold-plated Si prismatic window of the Nicolet iS50
FTIR spectrometer (Thermo Fisher). The Pt wire and Ag/AgCl elec-
trodes were used as the counter and reference electrodes, respectively
(Supplementary Fig. 27). The Ar-protected 1.0 M KOH +1.0 M KNO;
solution was employed as the electrolyte. Spectra were recorded at an
interval of 0.03 V with a continuous change in applied potential from
0Vto-2.5Vvs. Ag/AgCl. The background spectrum of the catalyst was
acquired at an open-circuit voltage before the electrochemical test.

In-situ DEMS measurement

In the in-situ DEMS experiment, a mass spectrometry (QAS 100, Linglu
instruments) was connected to the electrochemical cell via a con-
denser, and gas products were conducted to the mass spectrometry
through a porous PTFE membrane (Porosity > 50%, pore size <20 nm,
Linglu instruments) coated on the back side of the working electrode
(Supplementary Fig. 28). The working electrode was prepared by
loading the ZnPc MDE ink on the 29BC carbon paper (0.2mgcm,
1cm™). Pt wire and Ag/AgCl electrodes were used as counter and
reference electrodes, respectively. The electrolyte was 50 mL Ar-
protected 1.0 M KOH +1.0 M KNO; (*N or ®N) solution. In the multi-
potential steps experiment, potentiostatic tests at —0.70V vs. RHE
were conducted and the measurement was ended after 4 cycles. In the
LSV test, the applied potential was scanned from OV to —0.80V vs.
RHE, with a scanning rate of .0 mVs™.

Data availability

The authors declare that the main data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion. Extra data are available from the corresponding authors upon
request. Source data are provided with this paper.
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