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Electrocatalytic nitrogen reduction reaction (NRR) is a highly attractive route for the synthesis of ammonia.
However, the efficiency of the electrocatalytic NRR remains low because of the lack of effective catalyst. Here we
use density functional theory (DFT) to investigate the effect of alloying Cu with Mn on NRR performance,
showing that the incorporation of Mn into Cu structure can greatly improve the NRR performance. Based on the
DFT results, we employ a dealloying method to prepare nanoporous CuMn (np-CuMn) alloy as the electrocatalyst

for NRR. Thanks to the synergy between Cu and Mn and the nanoporous structure, the as-prepared np-CuMn
alloy exhibits a high ammonia yield rate of 28.9 pg h™! cm~2 with a Faradaic efficiency of 9.83% at —0.3 V
versus reversible hydrogen electrode under ambient conditions. Both values are higher than those obtained for
most of the reported noble metal catalysts under similar conditions. Our findings offer an opportunity to design
high performance NRR catalyst for ammonia synthesis.

1. Introduction

Ammonia (NH3) is essential for the production of fertilizers, phar-
maceuticals, and chemicals in industry [1-3]. Recently, NH3 has been
regarded as a safe and convenient hydrogen carrier due to its high
hydrogen content (17.6 wt%) and it can be easily liquefied to store and
transport at room temperature [4-6]. Currently, the industrial produc-
tion of NHj3 is dominated by the Haber-Bosch process. However, the
Haber-Bosch process usually operates at high temperature (350-550 °C)
and high pressure (150-350 atm) and emits a large amount of carbon
dioxide (CO2) [6-9]. Thus, it is highly desirable to develop an energy-
efficient and environmental-friendly method to synthesize NHs. The
electrochemical N; reduction reaction (NRR) has been recognized as one
of the most attractive routes for the synthesis of NH3 because it utilizes
renewable electricity and operates at room temperature and ambient
conditions [10-13]. In recent years, tremendous efforts have been made
to improve NRR performance through designing suitable electro-
catalysts [14-18]. However, the electrocatalytic NRR is difficult to
proceed efficiently due to the extremely strong N=N triple bond in Na
molecule (940.95 kJ mol_l) and the occurrence of competitive reaction
(hydrogen evolution reaction) in aqueous medium [19,20]. Thus, the
development of highly efficient NRR catalysts for NH3 synthesis is highly
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required but remains a challenge.

So far, noble metals such as Au [21], Pd [22] and their alloys [23,24]
are the most active catalysts for NRR. However, the high cost and nat-
ural scarcity of noble metals severely restrict their practical applications.
Thus, the development of earth-abundant metal-based catalysts for NRR
is urgently required. Recently, earth-abundant metals such as Cu and Mn
have been demonstrated as promising materials for NRR because they
are much cheaper and more abundant than noble metals and show great
potential in electrocatalyzing NRR in aqueous media [22,25-31]. For
example, Chen and co-workers synthesized electron-deficient Cu nano-
particles (NPs) as catalysts for NRR, giving a NHj yield rate of 17.2 pg
h™! em™2 at —0.4 V versus reversible hydrogen electrode (RHE) and a
Faradaic efficiency (FE) of 6.56% at —0.3 V versus RHE [25]. Ding and
co-workers applied nanoporous Pd3Cu; alloy as efficient electrocatalyst
for NRR which exhibited a NHs yield rate of 39.9 pg h™! mg~! [22]. Yan
et al anchored Pdg »2Cug g amorphous nanocluster on reduced graphene
oxide as NRR catalysts, presenting a superior catalytic properity [28].
Liang and co-workers utilized the synergy of Fe and Cu atoms in
confined subnano space provides significantly enhanced NRR perfor-
mance [31]. Although considerable progresses in developing earth-
abundant metals-based catalysts for NRR have been made, their elec-
trocatalytic performances are still inferior to noble metal-based
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catalysts. Alloying is an effective way to improve the catalytic perfor-
mances of nanostructured catalysts by modulating their electronic
structures and interactions with reaction intermediates [32]. For
instance, bimetallic NPs with alloy structures usually exhibit much
higher catalytic activities than monometallic NPs for oxygen reduction
[33], CO5 reduction [34], formic acid oxidation reactions [35], and so
on. Thus, the rational design of earth-abundant metals alloy catalyst
would lead to enhanced electrocatalytic performance for NRR.

Herein, we report the theory-guided design of a three-dimensional
(3D) nanoporous CuMn (np-CuMn) alloy as the catalyst for NRR at
room temperature under atmospheric pressure. A theoretical analysis of
the reaction energetics using density functional theory (DFT) calculation
shows that alloying Cu with Mn can greatly improve the NRR perfor-
mance by reducing the reaction free energy of the rate determining step.
According to the DFT calculation results, we synthesized a series of np-
CuMn alloys with 3D interconnected nanoporous structures by a deal-
loying method. The 3D interconnected nanoporous structure is con-
structed because the metal catalyst with 3D nanoporous structure has
high electric conductivity, high stability, and provides a large specific
surface area with high density of stepped surface atoms as active sites for
catalytic reaction [36]. Moreover, the 3D nanoporous metal synthesized
by the dealloying method is a self-supported bulk material, and thus can
be directly used as the electrode for electrochemical reactions without
using supporting substrate and adhesive [37-40]. Benefiting from the
alloying effect and nanoporous structure, the np-CuMn alloy exhibits
excellent electrocatalytic performance for NRR, giving a NH3 yield rate
of 28.9 ug h™! cm ™2 with the FE of 9.83 % at —0.3 V versus RHE in 0.1 M
NasSO4 solution under ambient conditions.

2. Experimental section

First, the CujsMngs alloy precursor was prepared by arc melting
using pure Cu and pure Mn in vacuum. The as-prepared Cu;sMngs alloy
ingot was then re-melted in a quartz tube and subsequently injected onto
a rotating Cu wheel under Ar atmosphere to make Cu;5Mngs alloy rib-
bons. Finally, the np-CuMn alloy was obtained through the selective
chemical dissolution of Mn from the CujsMngs alloy ribbon in 0.025 M
HCl solution at room temperature for 2 h. The np-CuMn alloy catalysts
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with different Mn content were prepared by changing the dealloying
time. The obtained np-CuMn samples were washed with ultrapure water
for several times to remove residual acid and impurity ions.

3. Results and discussion
3.1. DFT calculation

The DFT calculation was firstly carried out to investigate the reaction
energetics of NRR to NH3 on Cu, Mn, and CuMn alloys with different Cu/
Mn ratios. Fig. 1a shows the reaction free energies (AG) of NRR on
different catalyst surfaces. It’s clear that the rate determining step (RDS)
of NRR on pure Cu, CugsMn; and Cu;Mn; is the step of first protonation of
NN* to generate NNH*, whereas on Cu;Mn3 and pure Mn is the process
of generating NH3(g) from NH,*. The corresponding geometric struc-
tures of intermediates during NRR on different catalyst surfaces are
shown in Fig. 1b and Fig. S1. The AG of the RDS (AGgpg) on pure Cu is
calculated to be 1.38 eV. After alloying Cu with Mn, the AGgpg decreases
from 1.38 eV to 0.69 eV on CusMn; and further decreases to 0.58 eV on
Cu;Mn;, suggesting the alloying of Cu with Mn can significantly
improve the NRR activity. However, too much Mn in CuMn alloy results
in the increase of AGgrps, with which the AGgpg on Cu;Mns alloy in-
creases to 1.25 eV. In addition, the AGgps on Cu;Mn; alloy is also lower
than that of pure Mn (0.64 eV). As a result, the Cu;Mn; alloy has the
highest activity for NRR among the above metal catalysts. Fig. 1c shows
the partial density of electronic states (PDOS) of nitrogen and Cu;Mn;
alloy before and after the nitrogen adsorption. It can be clearly seen that
the obvious hybridization between catalyst and nitrogen after adsorp-
tion. Moreover, the anti-bonding orbital of nitrogen is filled after
adsorption, which is a manifestation of the effective adsorption of ni-
trogen on the catalyst. The adsorption energies of N3 on the Cu, CusMn;,
Cu;Mn;, CuyMn3 and Mn are —0.03, —0.33, —0.91, —1.23, and —0.60
eV, respectively (Fig. S2). The enhanced adsorption energies of Ny on
CuMn alloys may lead to the improved NRR activity. In addition, the
adsorption energies of N on top or hollow sites of Mn atoms of Cu;Mn;
alloy surface are greater than that on Cu atoms (Fig. S3), suggesting that
the catalytic active sites of NRR in np-CuMn alloy may be Mn atoms. The
Mulliken charge analysis shows that the alloying of Cu with Mn results in
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Fig. 1. Density functional theory calculations. a) Free energy diagrams of the NRR on the surfaces of Cu, CuzMn;, Cu;Mn;, Cu;Mn3 and Mn. b) The geometric
structures of intermediates during NRR on Cu;Mn; surface. Color code: orange, Cu; purple, Mn; blue, N; white, H; the asterisk * denotes an adsorption state. ¢) The
partial density of electronic states of nitrogen and Cu;Mn; alloy before and after the nitrogen adsorption.
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charge transfer from Cu to Mn (Fig. S4). Therefore, the enhanced NRR
activity of Cu;Mn; alloy results from the alloying effect between Cu and
Mn.

3.2. Synthesis and characterization of np-CuMn alloy

To evaluate the theoretical prediction of high performance of CuMn
alloy for NRR, we prepared np-CuMn alloy catalyst by chemical deal-
loying Cu;5Mngs alloy in a 0.025 M HCl solution for 2 h (Fig. S5). Fig. 2a
shows a representative scanning electron microscopy (SEM) image of
the as-prepared np-CuMn catalyst. It can be seen that the sample has a
3D bicontinuous nanoporous structure with the pore and ligament sizes
of 10 ~ 40 nm. The nanoporous structure of np-CuMn catalyst was
further characterized by N, adsorption/desorption isotherm, which
shows a typical type-IV profile (Fig. S6). The pore size mainly ranges
from 10 to 40 nm. It should be noted that the ligaments with curved
surfaces have a high density of atomic steps, which are chemically active
for various catalytic reactions [40,41]. The high-resolution transmission
electron microscopy (HRTEM) image reveals the ligament has high
crystallinity, and the lattice spacing is measured to be 0.210 nm
(Fig. 2b), closing to the {111} facet of face-centered cubic Cu (0.209
nm, JCPDS file: 04-0836) [42]. The atomic ratio of Cu/Mn is quantita-
tively determined to be 50.4/49.6 by inductively coupled plasma optical
emission spectrometer (ICP-OES). The X-ray diffraction (XRD) pattern of
np-CuMn (Fig. 2c) shows that the diffraction peaks at 43.3 and 50.4° can
be indexed the (111) and (200) planes of a face-centered cubic struc-
ture, respectively [43]. In addition, these diffraction peaks are located
between the characteristic peak of Cu (JCPDS file: 04-0836) and Mn
(JCPDS file: 17-0910), demonstrating that the np-CuMn catalyst is
formed as an alloy structure [44]. The energy dispersive spectrometer
(EDS) mappings shown in Fig. 2d-f reveal that Cu and Mn elements are
homogeneously distributed in ligament, confirming the np-CuMn is
formed as an alloy structure. The X-ray photoelectron spectroscopy
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(XPS) spectrum of Cu 2p (932.5 eV for Cu 2p3,» and 952.5 eV for Cu 2p;,
2) shows that the surface Cu is mainly in the metallic state (Fig. S7a)
[45]. The binding energy of Mn 2p3/2 can be deconvoluted into three
peaks at 640.0, 641.7, and 643.7 eV, corresponding to metallic Mn,
Mn?* and Mn3*, respectively (Fig. S7b) [46]. The presence of Mn?* and
Mn®" in the np-CuMn alloy may be attributed to some Mn on the catalyst
surface were oxidized by air during the processes of the sample pre-
paring for XPS measurement.

3.3. Electrocatalytic NRR performance

The electrocatalytic performance of np-CuMn alloy towards NRR was
explored in 0.1 M NazSO4 solution under ambient condition using a gas-
tight two-compartment electrochemical cell [47]. The ultra-pure Ng
(99.999%) was initially purified by Cu/SAPO trap before bubbling into
the electrolyte [48,49]. Fig. 3a shows the linear sweep voltammetry
(LSV) curves of the np-CuMn alloy in Ar- and Ny-saturated 0.1 M NaySO4
solutions, respectively. It is clear that the current density (normalized by
the geometric area) obtained in Ny-saturated electrolyte is slightly larger
than that obtained in Ar-saturated electrolyte when the potential is more
negative than —0.1 V versus RHE, meaning that our np-CuMn alloy can
electrocatalyze the NRR under the present experimental conditions. The
current density in Nop-saturated electrolyte is still greater than that in Ar-
saturated electrolyte at —0.7 V versus RHE, which may be due to more
gas bubbles were accumulated on the surface of catalyst in Ar-saturated
electrolyte compared to that in Njy-saturated electrolyte. Similar phe-
nomena can also be observed in the previous reports [17,50,51]. To
further explore the electrocatalytic performance of np-CuMn alloy, the
chronoamperometry tests were carried out with different applied po-
tentials in the Nj-saturated electrolyte for 2 h (Fig. S8). After 2 h, the
obtained electrolyte was colored with the indophenol indicator, and
then characterized by the ultraviolet-visible (UV-vis) absorption. As
shown in Fig. 3b, the highest absorbance peak (~655 nm) is achieved at
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Fig. 2. Structural characterization of the np-CuMn catalyst. a) SEM image of np-CuMn. b) HRTEM image of np-CuMn. c¢) XRD pattern of np-CuMn. d-f) TEM image

and corresponding EDS elemental mappings of np-CuMn.
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Fig. 3. NRR performance of np-CuMn alloy catalyst. a) LSV curves of np-CuMn in Ar- and Ny-saturated 0.1 M NaySOy (scan rate: 10 mV s™*). b) UV-vis absorption
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responding NHj yield rates and FEs at various potentials. d) Isotopic labeling results from the NRR reaction at —0.3 V versus RHE using Ar, '*N; or '°Nj as the feeding

gas and compared to the standard "*NH4* and >NH,4".

—0.3 V versus RHE, suggesting that the highest NRR performance is
achieved with this applied potential. The amount of generated NH3 was
quantified using the calibration curves established by the indophenol
blue method (Fig. S9) [52,53]. Fig. 3c shows the NHj3 yield rate and
corresponding FEs with various applied potentials. Significantly, the
highest NH3 yield rate of 28.9 pg h™! cm™2 is achieved at —0.3 V versus
RHE, and the corresponding FE is 9.83%. When the applied potentials
are below —0.3 V versus RHE, both the NHj yield rate and FE decrease
significantly due to the hydrogen evolution reaction becomes the pri-
mary process as the potential is below —0.3 V versus RHE. The FEs of Hy
over np-CuMn catalyst at different applied potentials were tested by gas
chromatograph with a thermal conductivity detector. It was found that
the FEs of Hj are highly complementary to the FEs of NHg (Fig. S10),
which suggests that the np-CuMn catalyst has certain ability to suppress
hydrogen evolution reaction. In addition, only a small amount of by-
product of NoHy is detected (Fig. S11 and Fig. S12), indicating the
excellent selectivity of our np-CuMn alloy towards the electrochemical
reduction of Ny to NHs. It is worth noting that both the NHj3 yield rate
and FE over our np-CuMn alloy are higher than that of most reported no-
noble metal and noble metal catalysts under similar conditions
(Table S1).

To verify the N source of the detected NH3, a series of control ex-
periments were carried out (Fig. S13). No apparent NHj is detected
when using Ar as the feeding gas. With the open circuit voltage, no NH3
is generated. The above results indicate that the detected NH3 is pro-
duced via electrochemical reduction of Ny rather than the contamina-
tion such as laboratory, equipment, and membrane [54-57]. To further
verify the N source of obtained NH3, the isotopic labeling experiment
using 1°N, as the feeding gas was performed [58-61]. As shown in
Fig. 3d, only two peaks corresponding to 1°NH," are observed when

using '°N, as the feeding gas. On the contrary, there are three peaks
corresponding to *NH4* when using 1N, as the feeding gas. In addi-
tion, no signal of *>NH4" or 1°NH, can be detected when using Ar as the
feeding gas. These results further confirm that the detected NHg is
produced via an electrochemical NRR. Moreover, the NHs yield rate is
calculated based on the 'H nuclear magnetic resonance spectra to be
25.5 pg h™! em~2, which is consistent with result estimated by indo-
phenol blue method (28.9 pg h! cm’z) (Fig. S14).

The influence of the Mn content on the NRR performance of the np-
CuMn alloy was also studied. For this end, we prepared a series of np-
CuMn alloys with different Mn contents by changing the dealloying
time. It was found that the Mn content can be tuned from 60.2 at.% to
49.6 at.%, 33.5 at.%, 23.4 at.% and 17.7 at.% when the dealloying time
issetas 1 h,2h, 4h, 6 h, and 8 h, respectively. The SEM measurement
shows that the pore size increases as the dealloying time extends (Fig. 2a
and Fig. S15). Fig. 4a shows the NHj3 yield rates and corresponding FEs
versus the Mn content in np-CuMn alloys. It can be seen that both the
NH3 yield rate and FE increase with increasing Mn content up to 49.6 at.
%. However, further increase of the Mn content in np-CuMn alloy results
in the decreased NHj3 yield rate and FE. These results indicate that
alloying Cu with Mn can provide a necessary synergistic effect on the
electrochemical NRR, and 1:1 is the optimal ratio between Cu and Mn
for this reaction. To further illustrate synergistic effect of Cu and Mn, Cu
NPs, Mn NPs and bimetallic CuMn NPs were prepared by reduction of
CuSO4, MnSQy4, and CuSO4/MnSO4 mixture (molar ratio is 1:1) with
NaBH4 in aqueous soliton, respectively. The NRR tests show that
bimetallic CuMn NPs exhibit higher NHj3 yield rate and FE than that of
Cu NPs and Mn NPs (Fig. S16), suggesting the synergistic effect of Cu
and Mn plays an important role in improving NRR activity. Moreover,
the alloying of Mn with Cu can greatly reduce the cost of the catalyst.
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Fig. 4. NRR performance of np-CuMn alloy catalyst. a) NH3 yield rates and FEs of np-CuMn with different Mn contents at —0.3 V versus RHE. b) Recycling tests at

—0.3 V versus RHE under ambient conditions.

The pore size also affects the catalytic activity of nanoporous metal.
Generally, the nanoporous metal with smaller pore size exhibits
enhanced catalytic activity compared to the nanoporous metal with
bigger pore size. However, the np-CuMn catalyst with bigger pore size
(dealloying time 2 h) exhibits much higher NRR activity than the np-
CuMn catalyst with smaller pore size (dealloying time 1 h), suggesting
that the effect of pore size on NRR activity of np-CuMn catalyst is minor
in comparison with that of Cu/Mn ratio.

The stability of the np-CuMn alloy towards NRR was also investi-
gated. As shown in Fig. 4b, there is a slight decrease in the NH3 yield rate
and FE at 6th cycle. In addition, there is no noticeable morphology and
size changes after six cycles (Fig. S17). There are also no obvious
changes in composition, lattice spacing and crystal structure of the np-
CuMn catalyst after six cycles (Fig. S18 and Fig. S19). Unfortunately,
the NHj3 yield rate and FE decrease significantly at 7th cycle. Further
work on enhancement of the stability of the present catalyst for the NRR
is underway.

4. Conclusion

In summary, we have presented the theory-guided design of np-
CuMn alloy for electrocatalytic N reduction to NHs. The theoretical
investigation suggests that alloying Cu with Mn can greatly decrease the
AGgps of NRR. As expected, the np-CuMn alloy exhibits excellent elec-
trocatalytic performance for NRR, giving a high NHj yield rate of 28.9
pg h™ cm~2 and the FE of 9.83% at —0.3 V versus RHE in 0.1 M NaySO,
solution under ambient conditions, both values are higher than that of
most reported no-noble metal and noble metal catalysts. Our study
provides an attractive strategy for the design of high-performance NRR
catalysts, and demonstrates the present np-CuMn alloy is a highly active
electrocatalyst towards electrocatalytic NRR for NH3 production.

5. Experimental section

Experimental methods and any associated references can be found in
the Supporting Information.
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