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Single-entity Electrochemistry Unveils Dynamic Transformation
during Tandem Catalysis of Cu,0 and Co;0, for Converting NO;~

to NH;

Jian Zhang, Wenhui He, Thomas Quast, Jodo R. C. Junqueira, Sascha Saddeler,

Stephan Schulz, and Wolfgang Schuhmann*

Abstract: Electrochemically converting nitrate to ammo-
nia is an essential and sustainable approach to restoring
the globally perturbed nitrogen cycle. The rational
design of catalysts for the nitrate reduction reaction
(NO;RR) based on a detailed understanding of the
reaction mechanism is of high significance. We report a
Cu,0 + Co;0, tandem catalyst which enhances the NH;
production rate by =x2.7-fold compared to Co;O, and
~7.5-fold compared with Cu,O, respectively, however,
most importantly, we precisely place single Cu,O and
Co;0, cube-shaped nanoparticles individually and to-
gether on carbon nanoelectrodes provide insight into
the mechanism of the tandem catalysis. The structural
and phase evolution of the individual Cu,O + Co;0,
nanocubes during NO;RR is unveiled using identical
location transmission electron microscopy. Combining
single-entity electrochemistry with precise nano-place-
ment sheds light on the dynamic transformation of single
catalyst particles during tandem catalysis in a direct way./

Introduction

Ammonia (NH;) is an essential raw material in fertilizers,
the chemical industry, and emerging energy conversion
processes.l Presently, the production of NHj; relies on the
energy-intensive Haber-Bosch process, which is a gas-phase
reaction between H, and N, under high temperature and
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pressure.”). Alternatively, the electrochemical N, reduction
reaction (NRR) driven by renewable energy is increasingly
discussed as a more sustainable route for NH; production at
room temperature.”) However, the NRR has suffered an
ultra-low yield rate for NH; caused by the high dissociation
energy of the inherent stable N=N triple bond
(941 kJmol™),¥! which until now, prevents its practical
application.’! In stark contrast to the NRR, the nitrate
(NO;7) reduction reaction (NO;RR) stands out as a
promising route due to the relatively lower energy for
dissociating N=O double bond (204 kJmol™),/” allowing
much faster reaction kinetics for NH; production.”) NO;™ is
widely available in industrial wastewater and groundwater,
and hence the NO;RR can also address environmental
pollution problems simultaneously.

Developing a high-performance NO;RR catalyst based
on a rational catalyst design strategy is the prerequisite to
achieving highly efficient NO,~ to NH; conversion.”
“Tandem catalysis” has been successfully reported for
complex multi-electron transfer reactions, e.g. the CO,
reduction reaction, in which the synergistic action of multi-
ple components of a catalyst can break down the sequential
reaction steps to optimized active sites catalyzing each
step.” *NO, (* denotes a surface-adsorbed species) and the
related intermediates are critical for the eight-electrons
transfer during the NO;RR, and hence a tandem strategy
can facilitate the NO;~ to NH; conversion."! Very recently,
we have proposed a Co- and Cu-based tandem catalysts for
the NO;RR, in which the NO;~ to NH; conversion can be
divided into an initial NO;™ reduction step under formation
of NO,™ catalyzed by a Cu phases followed by the NO,™ to
NHj; conversion performed by the Co phases.? However,
although our previous report provides experimental evi-
dence for the tandem catalysis of NO;RR via in situ
scanning electrochemical microscopy (SECM), due to the
complexity of the multi-metal active phases derived from
metal-organic frameworks (MOF) at the nanoscale, the
tandem effect of the two catalysts and especially structural
re-modelling and interfacial effects due to possible alloying
during the reaction need to be further elucidated.'”! More
importantly, gaining knowledge about the dynamic evolu-
tion of different metal phases during tandem reactions is
highly challenging and until now impossible to be directly
visualized, which is vital for a deep understanding of tandem
catalysis for NO;RR. In recent years, the development of
single entity electrochemistry (SEE)!™ and especially the
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single-particle-on-the-nanoelectrode technique!® provided

direct insight into the intrinsic activity of a given electro-
catalyst as well as structural evolution at the nanoscale
accessible when combined with identical location TEM.["
Hence, we consider SEE suitable to unveil the tandem effect
between two catalysts during NO;RR.

In this work, we report Cu,O+ Co;0, tandem NO;RR
catalysts obtained by physically mixing of Cu,O and Co;0,
nanocubes. The Cu,0+ Co;0, catalyst shows a superior
85.4 % Faradaic efficiency of NH; formation (FEyy,) and a
high NH; yield rate (Yyy,) of 12.76 mgh 'cm ™ at —0.3 V vs
RHE which exceeds that of Co;0, by ~2.7-fold and that of
Cu,O by ~7.5-fold, respectively. To provide direct micro-
scopic evidence for tandem catalysis of Cu,O+ Co;0, at the
nanoscale and the interactions between the Cu,O and Co;0,
nanocubes, we established a carbon nanoelectrode (CNE)
platform, which enables us to precisely control the relative
locations of single similarly sized Cu,0 and Co;0, nano-
cubes by means of a micromanipulator arm inside a scanning

Research Articles

An dte

Chemie

Internatic

electron microscope (SEM). We confirmed the sequential
tandem catalysis of single Cu,0O and Co;0, particles on a
nanoelectrode and monitored the structural and phase
evolution caused by tandem catalysis during the reaction.

Results and Discussion
Performance of Electrochemical Nitrate Conversion

First, the tandem catalyst was prepared by physical mixing
of Cu,0O and Co;0,4 nanocubes on a carbon paper, in the
following named Cu,0 + Co;0,. We deliberately decided to
use cubes which are exposing the (100) lattice to avoid
contributions from different lattice orientations and hence
different catalytic activity to the overall response. SEM
images and energy dispersive X-ray (EDX) mapping (Fig-
ure la) show randomly distributed Cu,O and Co;0, nano-
cubes on the carbon surface. The size of both Cu,O and
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Figure 1. a) SEM image of Cu,0 + Co;0, on a carbon paper electrode and corresponding EDX elemental mapping. b) Linear sweep voltammo-
grams (LSV) at a scan rate 5 mVs™" in 0.1 molL™' NO;™ and 0.1 molL™"' NaOH. c) Faradaic efficiencies and d) yield rate for NH; on Cu,0, Co;0,,
and Cu,0 + Co;0,. Error bars denote the standard deviations from at least three independent measurements. e) Yield rate, FE and selectivity
comparisons of Cu,0, Co;0, and Cu,0+ Co;0, at —0.3 V (vs RHE). Error bars denote the standard deviations from at least three independent
measurements. f) Chronoamperometric stability test at —0.3 V (vs RHE) and corresponding NH; FEs as well as yield rate of Cu,0+ Co;0,.
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Co;0, nanocubes are predominantly in the range of 200-
300 nm (Figure S1). EDX confirms the presence of Cu, Co,
O and C, with an atomic ratio of Cu to Co of 2.8:1, as
determined by inductively coupled plasma mass spectrome-
try (ICP-MS; Figure S2 and inset of Figure S2). Raman
spectra were recorded to gain insight into the phase
constitution of the Cu,0 + Co;0, electrode showing a series
of intense Raman peaks at 216, 415, 485, 523, 525, 621, 629
and 693 cm™', which can be ascribed to the characteristic
vibrational modes of Cu,O and Co,0, (Figure $3).2**

The NO;RR catalytic activity was assessed by linear
sweep voltammetry (LSV) in 0.1 molL™' NaOH containing
0.1 molL™" NO,~. The NO;RR activity of Cu,O+ Co;0,
electrode can be initially determined by the pronounced
increased current density in the presence of NO;~ compared
to bare carbon paper and the less cathodic overpotential as
in the absence of NO;~ (Figure S4). Plots in Figure 1b show
that the mixed Cu,O + Co;0, electrode has a much higher
current density (normalized by geometric area) than the
only Cu,0 or Co;0, modified electrodes, indicating its
increased NO;RR activity. To compare the catalytic activity
more precisely, the double-layer capacitance (Cy) as a
measure for the electrochemically active surface area
(ECSA) was determined and used to normalize the current
density (Figure S5). Even after normalization by the Cg
(Figure S6), the mixed Cu,0O+ Co;0, modified electrode
exhibited the highest activity. Comparing the required
potentials of the electrodes to reach a current density of
20mAcm™? (kinetic area with negligible impact of mass
transfer) normalized by geometric area (Figure S7), we find
that the mixed Cu,O + Co;0, catalyst needs an overpotential
of 40 mV which is 122 and 209 mV more positive than that
of the Cu,O or the Co;0, modified electrodes, respectively.
Furthermore, the overpotentials normalized by the Cy
follow a similar trend, indicating that Cu,O + Co;0, exhibits
a favourable reaction kinetics towards the NO;RR.

The Faradaic efficiencies for the products (NH; and
NO,") of the three electrodes show a significant difference
(Figures S8-S11). Cu,O alone exhibits only 18.8% FE for
NH;, and Co;0, does not produce any NH; at —0.1 V. In
stark contrast to the single materials, Cu,O 4 Co;0, shows a
relatively higher FEyy, of 65.1 % (Figure 1c), which cannot
be explained simply through the individual contributions of
Cu,0O and Co;0,. Explicitly, Cu,O exhibits a very high
inherent selectivity towards the formation of NO, at
—0.1 V. This is also consistent with results of Cu-based
NO;RR catalysts, which desorb *NO, on the Cu surface
much easier to form stable NO,™ thus preventing further
reduction to NH,.”! Cu,O + Co;0, shows a higher selectivity
of 81.2 % for NH; over NO,™ at —0.1 V compared to 29.5 %
selectivity of Cu,O (Figure S12), suggesting a suppressed
NO,™ but simultaneously boosted NH; selectivity on the
Cu,0 + Co;0, surface. These results perfectly correspond to
the characteristics of tandem catalysis, in which NO,",
generated from Cu,O as the primary product, is transferred
to the nearby Co;0, surface for subsequent conversion of
NO,  to NH; At more negative applied potentials, the
Cu,0+Co;0, exhibits a high NH; selectivity suppressing

Angew. Chem. Int. Ed. 2023, 202214830 (3 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

the NO,  selectivity by tandem catalysis hence showing a
maximum FE of 85.4 % for NH; at —0.3 V.

The NH; yield rate (Yyy,) of all three catalysts is
presented in Figure 1d. The three electrodes show a linearly
increasing Yyy, with increasing applied negative potentials,
and the Cu,0 + Co;0, electrode stands out due to the much
higher Yy, of 3.23, 8.03, 12.76, and 14.72mgh'cm™ at
—0.1, —=0.2, —0.3 and —0.4 V (vs RHE), respectively. The Y
;> FEnp, as well as the selectivity of the three catalysts at a
potential of —0.3 V are shown in Figure le. The comparison
of the Yy, shows a volcano shape, and the Yy, of Cu,O+
Co;0, is~2.7-fold that of Co;O, and =7.5-fold that of
Cu,0, respectively. The high Yy, together with the FE and
selectivity toward NH; of Cu,O+ Co;0, shows its superior
performance, which is superior with respect to most recently
reported NO;RR catalysts (Table S1). Furthermore, the
durability of Cu,0+ Co;0, was investigated by chronoam-
perometry at a potential of —0.3 V, and the FEyy,, as well as
Y\n,, were analyzed by collecting the post-electrolysis
electrolyte after each 2 h. In Figure 1f, the i-t curve shows a
relatively stable trend after replacing with new electrolyte
solution each 2 h, and the FEyy, as well as the Yy, in each
cycle only fluctuate negligibly indicating high NO;RR
stability.

To determine the origin of the detected NH; and to
confirm the determined Yyy,, 'HNMR spectroscopy was
applied to investigate the NH; formation on Cu,O + Co;0, in
more detail (Figure S13).* '"H NMR spectra show two typical
peaks of “NH, " after being electrolyzed in 0.1 molL~' NaOH
containing 0.1 molL™"' ®NO;", confirming that the formed NH,
originated from the reduction of NO;~ (Figure S13c). The
amount of “NH," quantified by 'HNMR is close to that
determined by UV-Vis spectrophotometry, confirming the
reliability of the results (Figure S13d).

A detailed understanding of the intrinsic activity and
structure evolution of Cu,0O+ Co;0, is required to unveil
the reaction mechanism which is the basis for the observed
superior NO;RR performance. Deriving the intrinsic activity
of a nanosized catalyst material is challenging from the
results of macroelectrode experiments due to mass transfer
limitations (planar diffusion), local pH changes caused by
proton-coupled electron-transfer reactions, and film effects
such as the conductivity of the catalyst particle film, the
presence of binder materials etc. (Figure 2a).'**] Catalyst
particles scratched off from a macroelectrode after an
electrochemical experiment are not necessarily representa-
tive for the evolution of the structural morphology. Hence,
to directly establish structure-activity relationships and
elucidate the tandem electrocatalysis of individual Cu,O and
Co;0, nanocubes alone but also their synergistic reaction,
single-entity electrochemistry combined with identical loca-
tion transmission electron microscopy was established.

We built on a previously suggested single-nanoparticle-
on-a-nanoelectrode technique and first placed a single Cu,O
nanocube on the tip of a carbon nanoelectrode (CNE) was
used to demonstrate the feasibility of the single-entity
electrochemistry approach for the NO;RR. CNEs with a flat
disk surface were fabricated by focus ion beam (FIB) milling
(Figure S14) according to an earlier reported strategy,”
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Figure 2. a) Schematic diagram of the macroelectrode electrochemistry and the process for fabrica-ting single nanoparticle electrochemistry. b)—
d) TEM images of the three pristine single Cu,0 nanocubes on nanoelectrodes. (e and f) 1% CV and 5" CV of single Cu,O nanocubes in 0.1 mol L™
NaOH containing either 0.1 molL™' NO;™ or 0.1 molL™' NO,™ and pure 0.1 molL™' NaOH with a scan rate of 50 mVs™". g)—i) STEM images of a
Cu,0 nanocube before (g), after the 1% CV cycle (h), and after the 5" CV cycles (i) in 0.1 molL™' NaOH containing 0.1 molL™' NO;™ at a scan rate
of 50 mVs™". j)-I) EDX elemental mapping of a Cu,0 nanocube before (j), after the 1% CV cycle (k), and after the 5" CV cycles (1) in 0.1 molL™

NaOH containing 0.1 molL™' NO;™ at a scan rate of 50 mVs™".
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followed by surface functionalization by diamine grafting to
enhance the connection between CNE surface and the single
particle. As illustrated in Figure 2a and Figure S15, a single
well-defined Cu,O nanocube was then selected, picked up,
and precisely placed onto the tip of a CNE with a robotic
micromanipulator system inside the SEM chamber. TEM
images (Figure 2b—-d) and EDX mapping (Figure S16) show
three single Cu,O nanocubes on CNE assemblies (Cu,O_
CNE) with the nanocubes firmly attached to the CNEs.

The NO;RR activity of single Cu,O_CNE assemblies
was investigated by CV under the same conditions as used
for the macroelectrode experiments. Notably, all CVs for
single particles on CNEs are limited to 5 cycles due to the
much faster reaction and speed of structure evolution
compared to that on macroelectrodes.™'” Figures 2e and f
show the significantly increased current and lower over-
potentials in electrolyte containing NO;~ or NO, ", indicating
that the electrocatalytic activity is due to NO,  reduction.
Moreover, a deactivation process was observed in both
NO;™ and NO,” containing electrolytes with an increasing
number of CV cycles (Figure $17),*") indicating a change in
the surface activity of Cu-based NO,RR electrocatalysts.

The Cu,O_CNE nano-assemblies were investigated us-
ing identical location TEM to visualize the structural
evolution of a single nanocube after different numbers of
CV cycles in the electrolyte containing NO;~. The cubic
structure was preserved (Figures 2g and h) after the 1* CV,
but Cu started to leach out from the edge of the cube after
the 1% CV cycle, as confirmed by the diminished Cu
distribution in the EDX mapping (Figures 2j and k). EDX
line scans before and after the 1" CV show a decreased
content of O, suggesting the reduction of Cu,O to metallic
Cu (Figure S18). After the 5™ CV cycle, Cu leaching
becomes more pronounced, but the basic cubic structure is
still maintained (Figures 2i and 1). Cu,O nanocubes show a
similar structure evolution if investigated in an electrolyte
containing NO,™ or in the absence of any NO, species
(Figures S19 and S20).

This is supposedly due to the concomitant hydrogen
evolution reaction at more negative potentials.””! This
hypothesis is supported by the improved structure stability
before and after 5 CV cycles when the potential scan is
limited to more positive potentials of less than —0.4V
(Figures S21 and S22). To provide direct visual evidence for
the dynamic transformation of Cu,O + Co;0, during tandem
catalysis, a Cu,O+ Co;0, single particle arrangement with
precise nano-placement of a single Cu,O and a single Co;0,
nanocube was intended. Figure 3a illustrates how we
fabricate a single-entity assembly with a single Cu,O and a
single Co;0, cube placed together on one CNE to form a
defined Cu,0+Co;0, tandem catalyst. Firstly, a single
Cu,O nanocube was placed on a specific location of the
CNE using the micromanipulator arm inside the SEM.
Subsequently, the micromanipulator arm picked up the
Co;0, nanocube and placed it next to the Cu,O nanocube
on the same CNE (Figures S23 and S24). Before placing the
Co;0, nanocube, the moving speed of the micromanipulator
was adjusted to fine mode, and the previously placed Cu,O
was used as reference for placing the Co;O, nanocube

Angew. Chem. Int. Ed. 2023, 202214830 (5 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

accurately at the envisaged position on the CNE surface.
Both cubes were carefully selected under SEM control
before their placement on the CNE. The two particles nano-
assemblies were then characterized by TEM, STEM, and
corresponding EDX elemental line scans (Figure 3b-d).
Three different relative placements of the two nanocubes
were obtained, namely a CNE modified with two cubes next
to each other (Cu,O+ Co;0,_CNE-1), two partially over-
lapping cubes (Cu,O+ Co;0,_CNE-2) and two spatially
separated cubes (Cu,0 + Co;0,_CNE-3).

The electrochemical activity of the Cu,O+ Co;0,4 nano-
electrode assemblies was investigated in the presence of
NO;™ and a single Co;0, particle alone was also compared
as control (Figure S25). The Cu,O+ Co;0,_ CNE nano-
assemblies exhibited substantially different catalytic activ-
ities compared to a single Cu,O nanocube. The ratio of the
change of reduction current at 0.35 V was compared to the
1st CV (Figure 3e), as a descriptor of the NO;RR activity
change trend of different single-particle nano-assemblies
with increasing CV cycles.

In stark contrast to the single Cu,0O or Co;O, cubes
alone, Cu,0+Co;0,_CNE-1 and Cu,0+ Co;0,_CNE-2
show a substantially increased NO;RR current with the
number of the CV cycles, indicating a continuously growing
activity of Cu,O + Co;0, for the NO;RR. This result can be
well explained by assuming tandem catalysis in the case of
Cu,0 + Co50,, in which the NO;RR on Cu,O + Co;0, can
be divided into two sequential steps of the reduction of
NO;™ to NO,™ on Cu,O followed by the conversion of NO,~
to NHj at the close-by located Co;0, particle.

EDX mapping (Figures 3f and g) shows that both particles
still existed on the CNE with a relatively independent form
after 5 CV cycles, which excludes the possibility of alloying
between the two particles during the reaction. Cu,O + Co;0,_
CNE-3 (two particles placed with a gap of around 100 nm)
exhibits a similar activation process in the first 3 cycles in
Figure 3e, suggesting that the tandem catalysis also works with
two separated particles suggesting that the primarily produced
NO,™ can transfer to the nearby Co;0, to finish the subsequent
conversion of NO,  to NHj;, and simultaneously excludes any
possibility of interfacial effects for improving NO;RR activity.
Then the reduction current decreased in the last two CVs,
which is similar to the changes for the single particles alone.
This result, together with the finding that all Cu was dissolved
after 5CV cycles (Figure 3h) further support the proposed
tandem catalysis mechanism.

Cu,0 in Cu,0+ Co;0, nanoelectrode assemblies shows
a drastic morphology change compared to a single Cu,O
nanoelectrode assembly (Figures S26 and S27). At the same
experimental conditions, the cubic structure of Cu,O com-
pletely collapsed due to the massive leaching of Cu after
5 CV cycles in Cu,O + Co;0, nanoelectrode assemblies. This
result can be well explained based on our previous study
about tandem catalysis system, which high oxidative and
corrosive nitrogen dioxide (NO,) is produced at the Cu-
based phase during NO;RR tandem catalysis (NO;~ to
NO,")," which greatly accelerates Cu leaching. On the
other side, Co;0, in Cu,0 + Co;0, nanoelectrode assemblies
maintained the cubic structure after 5 CV cycles similar to
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the single Co;O, nanoelectrode assembly (Figure S28). This
can be ascribed to the fact that Co;O4 mainly converts NO,~
to NH; during tandem catalysis avoiding the formation of
NO,. The structure evolution of Cu,0O+Co;0, on the
carbon nanoelectrode during NO;RR corresponds well to
results from macroelectrodes. The cubic structure of Cu,O
was completely disintegrated after ten hours of chronoam-
perometric electrolysis, while the cubic structure of Co;0,
was well preserved (Figure S29). Post-electrocatalysis EDX
line scans show that the Cu,O in Cu,O + Co;0,_CNE-1 and
Cu,0+Co;0,_CNE-2 kept the high O content due to the
high oxidative NO, (Figures S30 and 31), which is in stark

Angew. Chem. Int. Ed. 2023, 202214830 (6 of 8)

contrast to single Cu,O (Figure S18). Co;0, in Cu,O+
Co;0, nanoelectrode assemblies shows a decreased O
content, indicating the conversion of Co;O0, to lower
oxidation states during the reaction (Figures S32 and S33).
To further confirm that the structural evolution in Cu,O
+Co03;0, is caused by tandem -catalysis, a single Cu,O
particle was placed on the top of a single Co;0, particle with
only the Co;0, particle in contact to the CNE surface
denoted as Cu,O+ Co;0,_CNE-4 (Figure S34), in which
electron transfer from the CNE to Cu,O is limited by the
relatively poor conductivity of Co;0,*! We expect that in
this configuration tandem catalysis is largely suppressed and

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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the Cu,O particle should not experience a drastic morphol-
ogy change. The preservation of the cubic structure of Cu,O
after 5 CV cycles is shown in Figure S35.

In situ Raman spectroelectrochemistry under variation of
the applied potentials in the presence of 0.1 molL™' NO;~
provides real-time insight into the phase evolution of the
catalysts. All in situ Raman measurements were conducted in
0.0l molL™' NaOH for protecting the water immersion
objective, and 0.045 molL™" Na,SO, was added to keep the
ionic strength and the concentration of Na* identical to a
0.1 molL™" NaOH solution. The Raman spectra of Cu,O
(Figure 4a) during the NO;RR shows two bands at 982 and
1050 cm™', which are ascribed to the characteristic vibration
modes of SO,>~ and NO;~.>*! Notably, the peaks at 716 and
817 cm™' are from the carbon paper (Figure $36). The initially
sharp Raman bands of Cu,O at 218, 415, 523 as well as
628 cm™' start to weaken with increasing negative potentials,
suggesting the reduction of Cu,O to metallic Cu, which is
consistent with the phase conversion observed in the single
Cu,0O CNE assembly (Figure S18). The characteristic Co;0,
Raman peaks evolution at different applied potentials are
shown in Figure 4b. The bands at 690 and 522 cm™, assigned
to the Ay, F,, vibrational modes of Co;O, are weak at
potentials above —0.1V, and the F,, peak disappeared at
—0.2 V.21 Simultaneously, a Raman peak of Co(OH), at
615 cm™' emerged and increased in intensity with increasing
negative potentials,*” which indicates the conversion of the
Co;0, phase to a lower oxidation state of Co(OH), during the
reaction. Raman peaks of Co;0,+Cu,O (Figure 4c) show
similar phase evolution characteristics of both Co;O, and
Cu,0O alone. Two Raman peaks of CuO emerged at —0.1 V at
295 and 347 cm™' due to oxidation of Cu’ by the initially
formed intermediate nitrogen dioxide (NO,), assuming that
this is the only oxidative species produced during NO;RR in
Ar-saturated electrolyte™*! This also explains the high O
content after 5CV cycles in Cu,0O+Co;0, nanoelectrode
assemblies (Figures S31 and S32).
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Conclusion

We evaluated physically mixed Cu,O+ Co;04 nanocubes as
a tandem electrocatalyst for converting NO;~ to NH; on a
carbon paper macroelectrode and demonstrated significantly
improved performance of Co;0,+ Cu,O for NO;~ to NH;
reduction with Cu,O or Co;0, alone. An 85.4 % FEyy, and
a high Yyy, of 12.76 mgh™'cm™ was attained at an applied
potential of —0.3 V vs RHE. To gain in-depth understanding
of the synergistic action of both types of nanocube catalysts
and to decipher mechanistic details of the tandem catalysis
between Cu,O and Co;0,, we established a single entity
Cu,0 + Co;0, nanocubes on a CNE tip approach with a
precisely controlled placement of the two particles relative
to each other. Single entity Cu,O+ Co;0, nano-electro-
chemistry combined with identical location TEM revealed
tandem catalysis by investigating the intrinsic activity
changes and unveiled the structural evolution before and
after the reaction. The phase evolution process observed
from the single entity of Cu,0O+Co;0, was further
evidenced by in situ Raman spectroelectrochemistry.
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A rational catalyst design strategy is vital
for a highly efficient conversion of NO;~
to NH;. Cu,0 + Co;0, tandem catalyst
exhibit a much higher NHj yield rate
than the single component alone. More
importantly, we confirmed tandem catal-
ysis by placing individual single Cu,O
and Co,;0, on carbon nanoelectrode.
Using single-entity electrochemistry and
identical-location TEM we unveiled the
dynamic transformation caused by tan-
mon — dem catalysis.

Single-entity Electrochemistry Unveils Dy-
namic Transformation during Tandem Cat-
alysis of Cu,O and Co;0, for Converting
NO,™ to NH,
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