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In this work, an effective catalyst of Cu/MnOOH has been successfully constructed for electrochemical
nitrate reduction reaction (eNO3RR) for synthesis of ammonia (NH;) under ambient conditions. The sub-
strate of MnOOH plays an important role on the size and electronic structure of Cu nanoparticles, where
Cu has the ultrafine size of 2.2nm and positive shift of its valence states, which in turn causes the in-
creased number of Cu active sites and enhanced intrinsic activity of every active site. As a result, this
catalyst realizes an excellent catalytic performance on eNO3RR with the maximal NH; Faraday efficiency
(FE) (96.8%) and the highest yield rate (55.51mgh~!cm™2) at a large NH3 partial current density of
700 mA/cm?, which could help to promote the industrialization of NH3 production under ambient condi-

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia (NH3), serving as industrial chemicals and energy
carrier, exhibits great potential in agriculture and industry [1,2].
Nowadays, the production of NHj is heavily dependent on the
energy-intensive Haber-Bosch approach, which is conducted at
high temperature and pressure along with massive carbon dioxide
(CO,) emission [3,4]. As an alternative, the electrochemical path-
way for NH3 synthesis which is derived from nitrogen (N,) and
water (H,0) under ambient conditions attracts much interest [5-9].
But the low NH; yield rate (<0.3mgh~! mgc,.~!) and poor Faraday
efficiency (FE) (<71%) critically restrict its widespread application
[10-12].

Compared with the inert N=N bond, the N=0 bond possess-
ing relatively low dissociation energy displays much better reaction
kinetics for electrochemical NH; production [13-16]. Therefore, ni-
trate (NO3~) can serve as an appropriate species for NH3 synthesis.
Besides, NO3~ is the majority source of N-containing pollutants in
industrial wastewater with high solubility [17,18]. Hence, the elec-
trochemical NO3~ reduction reaction (eNO3RR) not only realizes
renewable NH; synthesis but also accelerates the transformation
of the nitrogen cycle.

The application of Cu, Ni, and Ru based catalysts in eNO3RR has
been reported; however, most of these catalysts display the limited
current density and NH; yield rate [19-23]. Meanwhile, eNO3RR
is a reaction which involves multiple electrons and intermediates,

* Corresponding authors.
E-mail addresses: miaomiaoshi@jlu.edu.cn (M.-M. Shi), junminyan@jlu.edu.cn (J.-
M. Yan).

https://doi.org/10.1016/j.cclet.2024.109958

and the hydrogen evolution reaction (HER) is a competition reac-
tion during eNO3RR, and thus the NH3 FE faces significant chal-
lenges [19,24-26]. Previous studies have proposed various strate-
gies to improve the performance of eNO3RR [27,28]. Thereinto, sur-
faces with positive charge can accumulate anions due to the elec-
trostatic attraction effect [29-32]. Therefore, atoms with positive
charge might realize enhanced NO5;~ adsorption ability. It is worth
noting that the introduction of substrate is one of the most ef-
fective strategies to tailor the electronic structure of catalysts, and
then modulate the adsorption energy of the reactants and interme-
diates [33,34]. In addition, the anchoring and dispersing effects of
the substrate can create more active sites towards NH;3 synthesis.
Therefore, finding a suitable substrate to modulate the active cen-
ter, such as Cu, may improve its catalytic performance for eNOsRR.

Herein, we develop an effective eNO3RR catalyst by anchoring
Cu nanoparticles (NPs) on hydroxymanganese oxide (Cu/MnOOH)
via a convenient reduction method. Due to the dispersion effect
of MnOOH substrate, Cu NPs have a small average size of 2.2 nm,
which leads to abundant active sites. In addition, the presence of
MnOOH enables the charge of Cu a little positive shift, and the ad-
sorption experiment shows that Cu/MnOOH exhibits much better
adsorption capacity for NO;~ as expected. Benefiting from the nu-
merous active sites and enhanced adsorption capacity, Cu/MnOOH
displays a high catalytic activity, which can achieve a maximal FE
of 96.8%, and yield rate of 55.51mg h~! cm~2 at a large NH3 par-
tial current density of 700mA/cm?2 for NH5 synthesis. At the same
time, during the 20 h of long-term electrolysis, the eNO3RR perfor-
mance does not decline over Cu/MnOOH catalyst.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic diagram of synthesizing Cu/MnOOH catalyst. (b) TEM image of Cu/MnOOH, and the corresponding (c) size distribution of Cu NPs and (d) HRTEM image

of Cu/MnOOH.

Cu/MnOOH is synthesized via a two-step reaction involving
hydrothermal treatment and reduction procedure (Fig. 1a). The
loading mass of Cu on Cu/MnOOH is ~13.66 wt%, which is de-
termined by inductively coupled plasma optical emission spec-
trometry (ICP-OES). The scanning electron microscopy (SEM) im-
age reveals that the Cu/MnOOH and pure MnOOH exhibit a sim-
ilar lamellar structure (Fig. S1 in Supporting information). How-
ever, some NPs can be observed through the transmission elec-
tron microscope (TEM) image in comparison with pure MnOOH
(Fig. 1b and Fig. S2 in Supporting information), demonstrating the
formation of Cu NPs on MnOOH. The average Cu particle size is
2.2nm (Fig. 1c). In contrast, XC-72 carbon is also used as the
substrate to disperse Cu NPs (Cu/C) through the same method
(Fig. S3 in Supporting information), where the average particle
size of Cu is 2.3nm (Fig. S4 in Supporting information), which is
similar to that of Cu/MnOOH. Fig. 1d shows the high-resolution
TEM (HRTEM) image of Cu/MnOOH and the Cu (111) plane with
a lattice spacing of 0.207 nm and MnOOH (111) plane with a lat-
tice spacing of 0.338nm can be observed. The lattice spacing of
MnOOH (111) plane for Cu/MnOOH is consistent with that of pure
MnOOH (Fig. S5 in Supporting information), suggesting the loading
of Cu does not affect the crystal structure of the substrate.

As can be seen from the X-ray powder diffraction (XRD) pat-
tern of Cu/MnOOH (Fig. 2a), there are obvious diffraction peaks lo-
cated at 43.4°, 50.5°, and 74.2°, corresponding to (111), (200), and
(220) crystal planes of metallic Cu (JCPDS No. 04-0836), respec-
tively [35]. And the other peaks can be attributed to the crystal-
lized MnOOH (JCPDS No. 41-1379) [36]. The Raman spectrum of
Cu/MnOOH (Fig. 2b) exhibits bands in the range of 200-800 cm~!
that are consistent with MnOOH [37,38].

In general, the electronic state of the loading metal could be
modified by the support, especially the particles in small size
[39,40]. Therefore, X-ray photoelectron spectroscopy (XPS) charac-
terizations are carried out to analyse the valence states and chem-
ical compositions of Cu/MnOOH, pure MnOOH, and Cu/C catalysts.
As shown in Fig. 2¢, for Cu/C, the two prominent binding ener-
gies of Cu 2p are centered at 932.60 (Cu 2p3;) and 952.41eV (Cu
2pyp2), and Auger electron spectroscopy (AES) spectra of Cu LMM
for Cu/C is located at 569.88eV (Fig. S6 in Supporting informa-
tion), confirming the presence of Cu® [35,41]. However, the bind-
ing energies of Cu 2p for Cu/MnOOH exhibit a positive shift com-
pared to those for Cu/C, which are located at 932.74 and 952.55¢eV,
and Cu LMM AES spectra for Cu/MnOOH also have positive shift
compared to Cu/C (570.01 eV, Fig. S6). Namely, MnOOH can mod-
ulate the electronic structure and valence states of metals (or
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Fig. 2. (a) XRD pattern of Cu/MnOOH catalyst. (b) Raman spectra of Cu/MnOOH
catalyst, and XPS spectra of (c) Cu 2p and (d) Mn 2p for Cu/MnOOH, Cu/C, and
pure MnOOH.

metal oxides) through interfacial interactions as expected. This in-
teraction between Cu and MnOOH positively regulates the valence
shift of Cu NPs [42-44]. The Mn 2p spectra of pure MnOOH and
Cu/MnOOH are shown in Fig. 2d. For pure MnOOH, the binding en-
ergies are centered at 641.95 (Mn 2ps;,) and 653.60eV (Mn 2p ;)
[45]. The spin-orbit splitting value of Mn 2p binding energies (AE)
is 11.65 eV, illustrating the possible existence of Mn3* [46-48]. Ow-
ing to the formation of Mn3*, considerable empty orbits might in-
duce the electronic interactions between the Cu NPs and MnOOH
substrate, leading to the positive shift of Cu binding energies [49].
On the other hand, the Mn 2p binding energies of Cu/MnOOH
exhibit a negative shift relative to the pure MnOOH, with peaks
observed at 641.80 and 653.45eV. Both considering the binding-
energy shift between Cu and Mn, the electron transfer does occur
from Cu to Mn, which leads to the surface of Cu with a positive
charge. And this positive charge may help to enhance its NO;~ ad-
sorption ability and thus increase the catalytic activity for eNOsRR
(vide infra).

To investigate the effect between Cu and MnOOH, pure MnOOH
and Cu/C are also tested as control samples. The catalysts are
all evaluated under identical conditions, employing carbon cloth
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Fig. 3. (a) LSV curves of Cu/MnOOH, Cu/C, and pure MnOOH catalysts. (b)
Chronoamperometry curves for Cu/MnOOH catalyst at different potentials with
0.5mol/L NO3~ and 1.0 mol/L KOH. (c) NH; yield rates and FEs of Cu/MnOOH, Cu/C,
and pure MnOOH catalysts. (d) "H NMR spectra of NH,* standard solution and elec-
trolyte after eNOs;RR with Cu/MnOOH catalyst at —0.8V, and (e) recycle stability of
Cu/MnOOH for 10 runs at —0.7 V.

as the current collector. Initially, linear sweep voltammetry (LSV)
measurements are performed in (KOH, 1.0 mol/L) electrolyte solu-
tion with or without the presence of NO3~ (0.5 mol/L). The pres-
ence of NO3~ leads to an enhanced current density for all sam-
ples, while Cu/MnOOH exhibits the highest current density at the
same potential, indicating its superior catalytic performance to-
wards eNO3RR (Fig. 3a). Chronoamperometry (CA) tests at vari-
ous potentials are conducted to evaluate the NHs yield rates and
FEs, and the produced NHj is quantified by the indophenol blue
method (Fig. S7 in Supporting information) [19]. Fig. 3b presents
the current density of Cu/MnOOH at different potentials in KOH
(1.0mol/L) and NO3~ (0.5mol/L). The current density exhibits an
increase with the negative shift of potentials within the potential
range of —0.4V to —0.8V, and the NH3 partial current density can
reach a maximum value of 700mA/cm? at —0.8 V. After electrolysis
for 2 h, the NH3 production is tested by ultraviolet-visible (UV-vis)
spectrophotometry (Fig. S8 in Supporting information). The results
demonstrate that all FEs achieved with the catalyst of Cu/MnOOH
at the given potentials exceed 90%, with the highest value reaching
an impressive 96.8% at —0.7V (Fig. 3c). Additionally, the NHs yield
rate reaches a remarkable value of 55.51mg h-! cm~2 at —0.8V,
outperforming the majority of the reported ones, and the energy
consumption is comparable to other reported ones (Table S1 in
Supporting information). In contrast, at —0.8V, pure MnOOH ex-
hibits its optimum NHj yield rate (36.85mg h~! cm=2) and FE
(85.3%), which are comparatively inferior to those of Cu/MnOOH,
and the beneficial influence of Cu NPs is thus emphasized. In ad-
dition, Cu/C exhibits the lower eNO3RR performance with the op-
timum NH; yield rate of 41.93mg h-! cm~2 and FE of 73.4% at
—0.8V, demonstrating that MnOOH substrate could efficiently pro-
mote the activity and selectivity for NH3 synthesis from eNO3RR.
It should be noted that the possible gaseous NHj3 is also collected
by acid absorbent (0.1 mol/L HCl), and the results demonstrated
that the leakage of the gaseous NH;3 is proved to be negligible
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(Table S2 in Supporting information). Therefore, all eNO3RR pro-
cesses are conducted in a sealed cathode chamber.

Besides NH3, the possible by-product of NO,~ is also detected
which is derived from the desorption of adsorbed nitrite (NO,*) in-
termediate. And the determination of produced NO,~ is used the
N-(1-naphthyl)ethylenediamine dihydrochloride coloration method
(Fig. S9 in Supporting information). Notably, the FEs of eNO3RR
to the products of NH;z and NO,~ are nearly 100% in the po-
tential range of —0.4 ~ —0.8V, suggesting that eNO3RR can sur-
pass the competing HER (Fig. S10 in Supporting information), fur-
ther demonstrating the enhanced selectivity of Cu/MnOOH towards
NO3;~. To prevent the impact of pollutants on results, the elec-
trolyte with NO;~ before electrolysis and the electrolyte without
NO3~ after electrolysis is also tested. Fig. S11 (Supporting informa-
tion) displays that only the electrolyte with NO3~ after electrolysis
can detect NH; product, suggesting the produced NHs is derived
from NO5~.

To confirm the accuracy of the generated NHs, the NH3 yield is
also detected by 'H-nuclear magnetic resonance (NMR). As shown
in Fig. 3d, three peaks with the coupling constant of Jiy_1y =
52.1 Hz (J is determined by the product of the difference between
the chemical shifts of two neighbouring peaks and the strength
of the instrumental magnetic field) corresponding to “NH,* are
observed obviously with NO3~ (0.5 mol/L) after 2h electrolysis at
—0.8V, which is consistent with the standard “NH,4* solution
[50,51]. According to the calibration curves of 'H NMR in Fig. S12
(Supporting information), the NH3 yield rate is 56.06 mgh~! cm~2
(Fig. S13 in Supporting information). Remarkably, this result agrees
well with that obtained through UV-vis spectroscopy. Additionally,
the isotopic labeled >NO5~ is further used for eNOs;RR [52], and
two peaks with the coupling constant of Jisy_1y = 73.5 Hz corre-
sponded to >NH4* are also observed (Fig. 3d) [50], confirming
that the generated ammonia is originated from the added NO3;~
but not from air or other sources of N.

Durability is an important property of a catalyst, and thus a
long-term experiment is conducted to demonstrate the excellent
stability of Cu/MnOOH at -0.7V. Considering that the NO3~
would be consumed gradually during the eNO3RR process, fresh
electrolyte (0.5 mol/L NO3~ and 1.0 mol/L KOH solution) is replaced
every two hours. As a result, the NH; yield rates and FEs could
maintain stable for 10 cycles (20h) (Fig. 3e), and further charac-
terizations demonstrate that Cu/MnOOH possess good structural
stability (Fig. S14 in Supporting information). This might be due
to the anchoring effect of MnOOH which prevents the growth and
agglomeration of Cu NPs. Additionally, it should be noted that the
pH of the electrolyte can maintain stable before (13.84) and after
(13.92) reaction (Table S3 in Supporting information), which is
beneficial to the stability of the catalyst.

To further investigate the good performance of Cu/MnOOH, a
series of experiments are carried out. Through the results of elec-
trochemical impedance spectroscopy (EIS) (Fig. 4a), Cu/MnOOH
shows a much lower charge transfer resistance than those of pure
MnOOH and Cu/C, and this means that Cu/MnOOH has a good
electron-transfer capability during eNO3RR, leading to the higher
activity of Cu/MnOOH for NH3 synthesis. The eNO3RR process in-
volves multiple steps, including adsorption of NO3~, hydrogena-
tion, electron transfer. The adsorption ability of Cu/MnOOH, pure
MnOOH, and Cu/C to NO3~ are determined by comparing the con-
centration difference of NOs;~ in the solution before and after
soaking treatment, and the experimental details are provided in
Supporting information [53]. The concentration of NO3~ is tested
by UV-vis spectrophotometer (Fig. S15 in Supporting information).
The adsorption results (Fig. 4b) demonstrate that Cu/MnOOH has
the highest adsorption capacity towards NO3~, and the quantity of
adsorbed NO3~ (ge) in NO3~ solution (0.5 mol/L, 25 mL) for 2 h can
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mechanism for eNO3RR on the surface of Cu/MnOOH catalyst.

reach 200.27 mmol/gcar, which is much better than that of Cu/C
(98.37 mmol/gcat.) and pure MnOOH (80.83 mmol/gcat. ). This proves
our above hypothesis that the positive shift of binding energy of
Cu could enhance the adsorption of anions (NO3~). Moreover, in
comparison with Cu/C, MnOOH, and Cu/MnOOH exhibit more posi-
tive onset potentials, thereby MnOOH can facilitate the dissociation
of water and provide active hydrogen (H*) for eNO3RR (Fig. S16
in Supporting information) [54]. Therefore, based on the above re-
sults, the present impressive activity of Cu/MnOOH is attributed
to the synergistic effect between Cu NPs and MnOOH substrate, in
which Cu enhances the adsorption of NO3~ and MnOOH acceler-
ates the hydrogenation process.

Moreover, to further explore the effect of water dissociation on
eNO3RR, H*-quenching tests are applied in the presence of tert-
butyl alcohol (TBA) with or without NO3~, and the detailed ex-
perimental procedure has been provided in Supporting Informa-
tion [55]. As shown in Fig. S17 (Supporting information), NH3 yield
rates decrease obviously after the addition of TBA reagent for the
three catalysts, demonstrating the significant contribution of H*
during eNO3RR. Furthermore, to explore the catalytic mechanism
of the catalysts, KOH (1.0 mol/L) electrolyte with NO,~ (0.5 mol/L)
is also applied to NH; synthesis. Fig. 4c indicates that the FEs of
pure MnOOH and Cu/C catalysts increase obviously during eNO,RR
for NH; synthesis compared with those of eNOsRR. This phe-
nomenon is consistent with the previous conclusion that the re-
duction of adsorbed nitrate (NO3*) to NO,* is the main barrier
for eNO3RR [56-58]. Therefore, the synthesis of NH3 from NO3~
is more difficult than that from NO,~, which usually leads to the
lower NH3 FE for eNO3RR than for eNO,RR. Nevertheless, the FEs
of NHj3 synthesis from eNO3;RR and eNO,RR over Cu/MnOOH are
similar, and all of them are higher than 90% in the range of —0.4
~ —0.8V, suggesting that NH; synthesis activity of Cu/MnOOH
could overcome the rate limiting step of NO3* to NO,* [59-61],
which may also result from the enhanced adsorption ability of
Cu/MnOOH to NO5~.

Based on the above experiments and analyses, the superior ac-
tivity of Cu/MnOOH catalyst can be deduced by the following fac-
tors (Fig. 4d). Firstly, MnOOH substrate can disperse Cu NPs effi-
ciently with ultrafine sizes, creating lots of active sites. Secondly,
the electronic structure of Cu can be regulated by MnOOH sub-
strate with a positive shift of Cu valence state, improving the ad-
sorption ability of Cu active sites to NO3~. Finally, Cu/MnOOH
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could overcome the barrier in the step of reducing NOs* to NO,*.
As a result, Cu/MnOOH could realize excellent eNO3RR activity.

In summary, this work provides an efficient strategy to opti-
mize the activity of Cu by MnOOH substrate to improve its per-
formance of eNO3RR. Various characterizations demonstrate the
introduction of MnOOH substrate can regulate the valence states
of Cu, which is positively shifted compared with the Cu/C cata-
lyst. Adsorption experiments prove that Cu/MnOOH can enhance
the adsorption capacity of NO3;~. Additionally, electrochemical tests
demonstrate that Cu/MnOOH catalyst could overcome the barrier
in the step of reducing NOs* to NO,* efficiently. Benefiting from
these factors, Cu/MnOOH achieves outstanding NH3 synthesis per-
formance with a superior NH; yield rate (55.51 mgh~! cm~2), high
FE (96.8%), and large NHj3 partial current density (700 mA/cm?2) un-
der ambient conditions. In addition, during long-term electrolysis,
the Cu/MnOOH catalyst realizes a good stability within 20 h. The
present findings highlight the potentiality of eNO3RR as an appeal-
ing method for synthesizing NH; under ambient conditions, and
offer a promising prospect for its application in industrial-scale
production.
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