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Abstract:

Electrocatalytic nitrogen reduction reaction (NRR) has been an important area of research for many
scientists. However, high voltage requirements, low NH3 yield and poor stability remain the biggest
challenges for NRR. Here, we report a novel high-entropy alloys (HEA) RuFeCoNiCu nanoparticles (NPs)
with small size (~16 nm) and uniformity were prepared in oil phase at atmospheric pressure and low
temperature (< 250°C) for the first time and applied them to NRR. According to the experiments, there is
a high NH3 yield at a low overpotential. When the test potential is 0.05 V vs. RHE in 0.1 M KOH, it has
a surprising NH:s yield of 57.1 pg h™! mg'cat (11.4 pg h'! cm™), and the corresponding Faradaic efficiency
(FE) reaches 38.5%, which is the electrocatalyst with the highest NH3 yield at the voltage of 0.05 V vs.

RHE reported so far. Similarly, the material also exhibits excellent electrochemical properties in other

This article may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission from Wiley or by statutory rights
under applicable legislation. Copyright notices must not be removed, obscured or modified. The article must be linked to Wiley’s version of record on Wiley
Online Library and any embedding, framing or otherwise making available the article or pages thereof by third parties from platforms, services and websites
other than Wiley Online Library must be prohibited.

1



electrolytes such as 0.1 M Li2SO4, 0.1 M Na2SO4 and 0.1 M HCI electrolytes. Besides, it also has an
excellent electrochemical stability. After the 100 h test, only slightly diminished in activity. Density
functional theory (DFT) shows that Fe surrounded by alloy metals is the best site for N2 adsorption and
activation. Co-Cu and Ni-Ru couples show an excellent capacity to surface hydrogenation at a low
overpotential, in which case *H preferentially adsorbs on these sites. *H makes it easier to activate the

adsorbed N2 which from adjacent Fe with maximum energy input (0.32 eV), and finally reduced to NH3.

1. Introduction

The development of the modern agricultural economy is inseparable from the use of ammonia. 3!
Modern ammonia production methods are diverse. One of the methods is biological enzyme nitrogen

(451 and the other is artificial nitrogen fixation using catalysts.!®’! Using the Haber-Bosch process

fixation,
to convert the N2 which accounts for 70% in the atmosphere into NH3 is still the important backbone force
for industrial ammonia production.’®® The high-temperature and high-pressure conditions make this
process engender higher energy consumption and aggravate the greenhouse effect.['13] Later, new
ammonia production methods appeared.!!*!” Electrocatalytic nitrogen reduction reaction (NRR) is a
nitrogen fixation technology that generates NH3 under relatively mild conditions using N2 and water as
raw materials.['®2% It has become a new research hotspot in the field of electrocatalysis due to its

[21,22

environmentally friendly characteristics.*!*?] The central link of the electrocatalytic process is the

preparation of high-efficiency catalysts. And a wide variety of effective electrocatalysts have emerged in

23-331 Among them, transition metals play important roles in the progress of NRR and

the past few years.
can be used to alleviate the kinetics issues of activating stronger N=N bond.**3%! However, the low NH3

yield, high overpotential as well as poor stability remain the biggest challenges for NRR.
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With the continuous advancement of materials science, new materials are constantly emerging.
Through precisely controlling the coordination entropy, high-entropy alloys (HEAs) are synthesized by

36:37) Duye to the distinctive properties such as

five or more metal elements with the same atomic ratio.
corrosion resistance under severe conditions and adjustable properties, HEA has received extensive
attention from scientists. [*®**1 Therefore, HEAs are expected to solve the above problems in NRR. At
present, the commonly used HEAs synthesis mainly includes arc melting method, thermal carbon impact
method, aerosol spray pyrolysis, melt spinning technology, ball milling and solvothermal method.
Nevertheless, these methods not only often produce nanoparticles (NPs) with large average size (usually
um level) and irregular morphology but also face challenges such as complicated processes, high
processing costs, or low yields. In addition, these processes often require high-temperature and high-
pressure conditions. These limitations have hindered the practical usage of HEAs in various applications.

491 For the time being, there is no simple synthesis method under low temperature (< 250°C) and

atmospheric pressure, and this type of material has not yet been applied to NRR.

In this article, we synthesized RuFeCoNiCu HEA NPs for the first time at low temperature (<
250°C) and atmospheric pressure and applied them to NRR. It was found that in 0.1 M KOH electrolyte,
at a low overpotential (0.05 V vs. RHE), the NH3 yield rate is 57.1 ug h! mgca (11.4 pg h! em™), and
the Faradaic efficiency (FE) is 38.5%. Based on the comparison of the data reported so far (Table S3), it
is the best material to boost NRR at 0.05 V vs. RHE. And this material also shows strikingly
electrochemical properties in other electrolytes such as 0.1 M Li2SO4, 0.1 M NaxSO4 and 0.1 M HCI
electrolytes. Besides, it exhibits excellent electrochemical stability. There was no significant attenuation
in activity after 100 h test. Through computational screening, the surface of RuFeCoNiCu HEA has been
examined by Monte-Carlo and density functional theory (DFT) approaches. Towards NRR, Fe in the alloy

is considered the best site for N2 adsorption and activation. Co-Cu and Ni-Ru couples have excellent



surface hydrogenation ability at low overpotential, forming *H on their surfaces. Rather than capturing
protons directly from the solution, this source of H will more easily activate N2 adsorbed on the adjacent

Fe site with a maximum energy input of 0.32 eV and produce NH3s.

2. Results and Discussion

We synthesized RuFeCoNiCu HEA NPs for the first time at low temperature (< 250°C) and
atmospheric pressure. During the experiment, the metal precursors were weighed and mixed at the same
molar ratio, and then the reducing agent Mo(CO)s was added for further mixing. After adding oleylamine,
ultrasonic mixing, the raw materials are fully dissolved in oleylamine and a transparent solution is formed
(Figure S1a). In the oil bath process, with the increase of temperature and the extension of time, the
transparent solution gradually turned black, which proved the occurrence of reduction and coordination
fusion process (Figure S1b). As shown in Figure 1a, the synthesized material exhibited the size of particle
concentrated about 15~16 nm (Figure 1b). X-ray diffraction (XRD) data show that only one significant
diffraction peak at 43.0°, which was attributed to RuNi, (JCPDS No. 65-6490) (Figure 1c), indicating that
there is only a single phase (hcp) instead of multiple phases. The XRD comparison of the RuFeCoNiCu
and the premixed elements also proved the occurrence of the chemical reaction. From the high-resolution
transmission electron micrograph (HRTEM), it was noted that the distance between two parallel lattices
is 0.21 nm, which corresponds to the (002) crystal planes of RuNi (Figure 1d). The element mapping
diagram of Figure S2 just proves that all five elements uniformly distribute in this material. Inductively
coupled plasma mass spectrometry (ICP-MS) analysis reveals that the ratio of RuFeCoNiCu is 22: 20: 18:

21: 19 (Table S1).

The state of each element in RuFeCoNiCu HEA NPs was investigated by X-ray photoelectron
spectroscopy (XPS) spectrum. Figure S3 shows detailed valence information for these five metal

elements. In Figure S3a, the peaks locate around 280.1 eV and 284.4 eV belong to Ru® 3ds;2 and Ru® 3d3.,



respectively. In Figure S3b, the peaks around 709.6 €V and 722.8 eV belong to Fe® 2p3/2 and Fe® 2pis.
The peaks of 711.6 eV and 724.2 eV belong to Fe** 2p32 and Fe*" 2p12. At the same time, these peaks are
all positively shifted by about 0.3 eV, which proves that Fe may act as an electron donor to participate in
the catalytic reaction. The peaks at 777.8 eV and 793.3 eV can be attributed to the Co® 2p32 and Co® 2p1.
The peaks at 780.5 and 796.4 eV can be attributed to Co*" 2p3/2 and Co®* 2p12 (Figure S3c¢). The peaks at
854.0 ¢V and 873.0 eV can be attributed to the Ni** 2p3/2 and Ni** 2p1/2. The peaks at 852.3 and 869.7 eV
can be attributed to Ni° 2p3»2 and Ni° 2p1/2 (Figure S3d). The peak at 932.2 eV corresponds to 2ps2 of
metallic Cu’, and the peak at 952.5 eV belongs to Cu’ 2p1.2 (Figure S3e). And there is no N element in
this material (Figure S4). The element content obtained from XPS analysis is shown in Table S2. Due to
the errors in the process of peak splitting and quantification, there are slight differences compared with
ICP AES and EDS image (Figure S5). In addition, the thermodynamic parameters of RuFeCoNiCu HEA
was evaluated. For multi-component synthetic alloys to form solid solution HEA, it is found that the
formation of HEA often requires the following conditions: atomic size difference 6 < 6.6%, -11.6 < AHmix
< 3.2 (kJ mol ™). In this work, we calculated the AHmix of RuFeCoNiCu HEA is 0.77 kJ mol! and ASmix=
13.35 J K'mol', the atomic size difference is §=2.15% < 6.6%, and AGmix= -5.8 kJ mol’'. Therefore, we

guess that the RuFeCoNiCu HEA is a solid solution alloy.

We further explored the NRR activity of RuFeCoNiCu HEA NPs. Firstly, we prepared
RuFeCoNiCu/C catalyst by combining the synthesized nanoparticles with Ketjen black (the mass ratio is
1:1) (Figure S6). We performed Temperature-programmed desorption of N2 (N2-TPD) on the
RuFeCoNiCu/C (Figure S7). The peaks around 260°C and 345°C are the physical and chemical
adsorption peaks of the RuFeCoNiCu/C, respectively, indicating that the RuFeCoNiCu/C has excellent

[41,42

physical and chemical adsorption capacity for N2.[*!*?] Then the catalyst was coated on 1x1 ¢cm? carbon

paper (RuFeCoNiCu/CP) to test the NRR activity in a 0.1 M KOH solution with a double cell electrolytic
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cell. During the experiment, the Nz, electrolytic cell, and electrode surface passed through the

(431 As the principal product in this

decontamination process (see the Supporting Information for details).
experiment, NH3 was detected by a common indophenol blue method,**! and the calibration curves are
shown in the Figure S8-11. N2H4 may also be produced during the experiments, which is monitored by
the Watt and Chrisp method,*! and the calibration curve is shown in Figure S12. The pollutants in the
gas are quantified by colorimetry after being treated with a copper catalyst to deduct the influence of
pollutants (Figure S13). We carefully conducted several repeated tests on the linear sweep
voltammograms (LSV) of N2 and Ar at a fixed gas flow rate (10 mL min™') (Figure 2a). They all coincide
with the original test curve, indicating that the difference between the LSV of N2 and Ar is caused by
NRR. And the results show a higher current density in the N2-saturated electrolyte. Subsequently, a class
of voltages were selected. The chronoamperometry experiments were performed at different potentials for
3600 s (Figure 2b). At the end of these experiments, the absorbance was detected by UV-Vis absorption
spectra (Figure 2¢), and the NH3 concentration was calculated by the formula. The processed data are
plotted as Figure 2d. When the overpotential is just only 0.05 V vs. RHE, it exhibits extraordinary NRR
properties, the NH3 yield is 57.1 pg h™! mg'ca, corresponding area yield is 11.4 pg h™! cm™ (Figure S14),
and the FE is as high as 38.5%, which is far higher than the level reported in the literature. During the
process of potential decay, as a consequence of competitive factors of HER possibly, NH3 yields and FEs
slowly decrease, but the numerical value still boasts a large advantage compared with the data reported in
the literature (Table S3). What’s more, the FEs of H2 and NH3 are listed in Figure S15, from which we
can see clearly that RuFeCoNiCu/C possesses the most impressive NRR selectivity at 0.05 V vs. RHE.
Moreover, the FE of NRR is lower than that of HER. Therefore, HER still occupies a dominant position
in the catalysis process, and HER is suppressed. However, in this experiment, no by-product NoH4 was

found (Figure S16). In addition to the UV-Vis detection method, we also quantitatively detect the NH3
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yield by ion chromatography (IC) (Figure S17-18). As shown in Figure 3, at 0.05 V vs. RHE, the NH3
yield reached 56.7 ug h™' mg'ca, which is similar to the value detected by UV-Vis. We have quantified
NH: production using the indophenol and IC methods, quantification using the NMR method with N>
and N2 has become one of the more convincing representations. We use the isotope labeling method to
verify the results of this experiment. At the same time, we can also provide evidence for the source of N
in the experiment. As shown in Figure S19, when '"N2 is used as the N source, two signal peaks
attributable to '"NH4" are displayed. When “N» is introduced as the N source, three signal peaks
attributable to '*NHa4" are displayed. From the NMR standard curve (Figure S20), we calculated that when
N3 and >N were used as N sources, the final NH3 yields were almost consistent, and echoed the results
obtained by colorimetry and IC (Figure 3). At the same time, this result also proves that the gas introduced
in the experiment is the main N source and has an irreplaceable role in the experiment. We also tested the
NRR properties of RuFeCoNiCu/CP at 0.05 V vs. RHE in 0.1 M Li2SO4, 0.1 M Na2SO4 and 0.1 M HCl
electrolytes (Figure S21). It was found that the catalyst still has extraordinary NRR activity in 0.1 M
Li2SO4, 0.1 M Na2SO4 and 0.1 M HCl electrolytes. The NH3 yields are 52.6 pg h™! mglca;, 47.2 uygh! mg
leat and 37.1 pg h™! mg ', respectively. Corresponding FEs are 27.6%, 21.2% and 7.7%, respectively.
The data disclose that RuFeCoNiCu/CP exhibits better NRR activity in 0.1 M KOH electrolyte compared

with other electrolytes (Figure S22).

Catalyst stabilization is also an important factor in defining catalyst activity. In this experiment, we
demonstrate the stability of RuFeCoNiCu/CP by various characterization tests. We continuously cycled
the NRR test twelve times in Nz-saturated 0.1 M KOH and tested the NH3 yields and FEs for each
experiment (Figure S23). The data show that the catalyst maintains an efficient NRR efficiency after
twelve cycles (Figure 4a). In addition, the NH3 yield exhibits a linear correlation with the electrolysis

time (Figure 4b). More notably, during the 100-h long-term electrolysis experiment, the time-current



curve doesn’t show significant attenuation (Figure 4c), and the catalyst activity before and after the 100-
hour reaction was not substantially reduced (Figure 4d), which all proved that RuFeCoNiCu/CP has
excellent chemical stability. We also did a variety of comparative experiments to rule out the influencing
factors other than RuFeCoNiCu/CP. As shown in Figure S24a, the NH3 yield and FE on pure carbon
paper are poor at 0.05 V vs. RHE, indicating that carbon paper has little effect on this experiment. At the
same time, the effect of N2 as the N source of this experiment was also studied (Figure S24b). In N2
atmosphere, it exhibits satisfying NRR activity, while in Ar atmosphere, there is almost no activity,
indicating that the N2 in the experiment plays an important role in synthesizing NHs. Furthermore, in the
alternating experiments of N2 and Ar (Figure S25), it is demonstrated that the high purity N2 introduced
was the main N element donor in this experiment. In addition, testing under open circuit potential under
nitrogen is also necessary. This operation can explore the effect of contamination in the nitrogen gas flow
on the experiment (Figure S24). We also detected the yield of NHs in Ar-saturated KOH solution. As
expected, no obvious NHs peaks appeared during the detection (Figure S26). As shown in Figure S27,
by changing the N2 flow rate, the N2 reduction efficiency under 0.05 V vs. RHE is stable without any
significant change. After testing the electrochemical active surface area of RuFeCoNiCu/CP, it was found
that this material has a large electrochemical double-layer capacitance (4.4 mF cm™) (Figure S28). In
summary, the control experiments show that although the gas introduced and the experimental
environment is completely treated, there will still be some impacts, but according to the NH3 production,

these impacts are minimal.

The RuFeCoNiCu/CP after the reaction was characterized by XRD, TEM and HRTEM (Figure S29).
Even after a long period of reaction, the catalysts don’t fall off from the Ketjen black, and the morphology
and size don’t change greatly. Besides, there was no obvious change in crystallinity. The XPS of Fe

element after the reaction (Figure S30) shows that there was no obvious change. The ICP-MS test was
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performed on the catalyst after the reaction, and the data show that the atomic ratio is still maintained.

These all confirmed the awesome stability of RuFeCoNiCu/CP.

The quantitative results of ICP were considered in the actual calculation and modeling process.
Because the Monte-Carlo method is used for corresponding random arrangement, this small difference in
the content will not have a significant impact on the overall trend. The optimized HEA surface model was
shown in Figure 5, where all the possible sites (including top, bridge and hollow) for N2 molecule
adsorption via side-on and end-on patterns were considered to screen in our calculations since the
chemisorption of N2 is essential to activate the inert N2 molecule. Figures S31-S34 are the optimized
geometric configurations of the N2 reduction reaction intermediates of b-Fe-Fe, h-Co-Ni-Ni, s-Ni-Ru and

46481 suggested that the potential-

t-Fe, respectively. Moreover, the previous theoretical studies [
determining step (PDS) on the NRR process is usually the first hydrogenation reaction of *N2+H—*NNH.
Therefore, the Gibbs free energy changes of AG(*N2) and AG(*N2-*NNH) for the reaction steps of N2
adsorption and addition of the first hydrogen on all of the possible positions were calculated and divided
into four groups by the crossing lines of AG(N2) =AG(N2-NNH) = 0.4 eV in Figure S35. Obviously, the
candidates presented in the left lower panel are the promising active sites for efficient NRR catalysis.
Thus, the whole reaction processes in these positions were further investigated. Interestingly, as present
in Figure Sc-5f, the PDS on each NRR process is not the first hydrogenation step, but *NNH+H—*NNH2
for t-Fe and h-Co-Ni-Ni sites, as well as the step of *N+H—*NH for b-Fe-Fe, with the largest Gibbs free
energy changes of 0.32, 0.51 and 0.81 eV, respectively, which are lower than the values for all
corresponding pure metals. A potential reason is that metals have been affected by neighboring atoms,
showing a synergetic effect. For instance, t-Fe performs much better than pure Fe (111), whose

thermodynamic barrier for PDS is around 1.0 eV. Metal-metal interaction and its effect on NRR can be

also found from the Ni-Ru case. Specifically, when NRR occurs on the bridge site of Ni-Ru via side-on



model, N2 adsorption and the first hydrogenation are exothermic steps, releasing 0.55 and 0.45 eV in Gibbs
free energy, respectively. However, the addition of the second hydrogen via the enzymatic mechanism
results in the largest uphill change of 1.98 eV in Gibbs free energy, as shown in Figure 5d. Releasing the
first NH3 molecule is rather feasible on the t-Fe, h-Co-Ni-Ni and b-Fe-Fe sites, due to the downhill energy
changes, while a moderate uphill change of 0.52 eV in Gibbs free energy on the s-Ni-Ru site. However,
the second NH3 adsorption on the active sites is relatively strong, yielding the uphill Gibbs free energy
changes of about 1.0 eV on the h-Co-Ni-Ni, b-Fe-Fe and s-Ni-Ru sites, except for the t-Fe site with the
downhill energy change. From the calculation results of our previous work on high-entropy alloys,**! it is
known that the metal closer to the surface exhibits enhanced electrocatalytic electron transfer efficiency
and enhanced electrical activity. The synergy of multiple active sites leads to the improvement of the final
catalytic reaction performance. And as we all know, the higher the d-band center, the stronger the
adsorption capacity.l*”! From the d orbital partial density of states (PDOS) of each metal (Figure S36), it
can be seen that the Fe site is closer to the Fermi level (Er), so it is easier to combine with the catalytic

substrate and has electron-rich characteristics, which is consistent with the results of XPS.

The added H on the N atom in the above process is not directly obtained from the solution. It is worth
to investigate hydrogen adsorption H* over these active sites. Using |[AG(H*)| as an indicator, it is typically
in the range of 0.3 to 0.6 eV in most cases on the surface; however, it is found that Co-Cu and Ni-Ru
couples show an excellent capacity to surface hydrogenation (Figure S37) at a low overpotential with
AG(H*) being in the range of -0.2 ~ -0.3 eV,!l in which case *H preferentially adsorbs on these sites.
Figure 5 shows that the hydrogenation process of t-Fe sites is more likely to occur, thereby inhibiting
HER. So, when the coverage of *H on these sites is enough, the N2 which from adjacent t-Fe is activated
by the *H on the surface, and finally reduced to NH3 (Figure 6). The optimal NRR voltage involved in

this manuscript is 0.05 V vs. RHE. Under this ultra-low overpotential, the HER activity is very weak.
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Moreover, the metal atom has a strong adsorption capacity for *H, which increases the reaction energy
barrier for the formation of H2 and inhibits HER. Comparing the FE of HER and NRR of RuFeCoNiCu/C,
we found that although the NRR yield and FE are already excellent at 0.05 V vs. RHE, it can be found
from Figure S15 that the FE of HER is still higher than the FE of NRR. Therefore, HER is still the

dominant reaction at this voltage.

We conducted a detailed theoretical study on how the catalyst inhibits HER. Among the four
adsorption active sites listed in the manuscript, t-Fe and Co-Ni-Ni are the best and second-best catalytic
sites for NRR, respectively. Among them, the adsorption energy of single H on t-Fe is -0.74 eV, which
seems to occupy the active site of t-Fe and it is difficult to adsorb N2. However, considering that the
formation of Hz requires the introduction of a second H, the top site adsorption is no longer stable due to
the coverage effect of H adsorption at this time, and the two H atoms tend to be adsorbed at the hole
position around t-Fe. The corresponding adsorption energy is as follows: (Figure S38a, unit eV). In the
case of Co-Ni-Ni, it corresponds to the hole site, which corresponds to a single H adsorption energy of -
0.38 eV. Once other H is adsorbed nearby, the adsorption energy will be further reduced to -0.26 eV. The
coverage effect similar to the double adsorption of H-H can be observed in the other two active sites, such
as Ni-Cu site (green solid circle) and t-Fe-Fe site (red hollow circle). The average adsorption energy of
two H atoms is as Figure S38b. Compared with the original single H atom apical adsorption (Fe, Cu, Ni
site adsorption energy is about -0.75 eV), the second H adsorption will reduce the H adsorption energy by
about 0.2 eV. Based on the results of dihydrogen adsorption of the above four adsorption sites, it can be
judged that when multiple H is adsorbed, it is mainly distributed in the hole position, and the adsorption
energy decreases rapidly with the H coverage. Therefore, the surface H adsorption will affect the Co-Ni-
Ni sites, but the optimal site of NRR, t-Fe, is not at the hole position and will not be significantly affected.

Clearly, different metals may serve different roles and work in a synergetic way to bring excellent NRR

11



performance. Moreover, HEA can shorten the distance between active sites ! and provide a huge space
for component optimization, advanced knowledge for such a synergetic role between metals can greatly

help the rational design of catalysts.
3. Conclusion

In summary, we have synthesized RuFeCoNiCu HEA NPs for the first time at low temperature (<
250°C) and atmospheric pressure. This is the first time that HEA used for boosting NRR. RuFeCoNiCu/CP
has strikingly NRR properties in 0.1 M KOH solution, with 57.1 ug h™! mg'ea (11.4 pg h™' em™) NH3
yield at 0.05 V vs. RHE, and FE up to 38.5%. It also shows excellent NRR activity in 0.1 M Li2SO4, 0.1
M Na2SO4 and 0.1 M HCl electrolytes. What's more, RuFeCoNiCu/CP has exceptional stability. After the
100-h test, only slightly diminished in activity. DFT-based screening has shown that t-Fe, b-Fe-Fe, h-Co-
Ni-Ni and s-Ni-Ru are four promising sites, and t-Fe as the best from free energy calculations for full
NRR. Co-Cu and Ni-Ru couples have shown excellent capacity to surface hydrogenation at low
overpotential, with AG(H*) being in the range of -0.2 ~-0.3 eV, in which case *H may firstly adsorb over
these sites. When the coverage of *H on these sites is sufficiently large, the N2 which from t-Fe is activated
by the *H on the surface, and finally reduced to NH3. Synergetic roles between alloy elements have been
identified as a key reason for observed performance offered by high-entropy alloy. This research not only
provides a new method for HEAs synthesis, but also expands its application to the field of NRR,

demonstrating a new NRR mechanism.
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Figure 1. (a) TEM image of RuFeCoNiCu NPs. (b) Particle size distribution of RuFeCoNiCu NPs. (c)
XRD pattern of premixed elements and RuFeCoNiCu NPs. (d) HRTEM images of RuFeCoNiCu NPs.

18



a b
“.‘A 0.0' NA
] £
(3] Q
< 0.5 <
E £
2 2
» -1.0- ‘»
5 5
S —N <
T 15 —Ar k=
£ <
- =
O Lo - : o

-0.3 -0.2 -0.1 0.0 0.1
Potential (V vs. RHE)

C 020 d
o
0.15- ‘_E
8 =
= o))
S 0.0 =

o ]
2 2
< 0.05- Y
| —0.05 Vvs.RHE — 0V vs. RHE §
0 -0.1 Vvs. RHE — -0.2V vs. RHE

Wavelength (nm)

600 620 640 660 680 700

04

A4
—— 0.05V vs. RHE
——  O0VVs.RHE

-2+ -0.1V vs. RHE
—— -0.2V vs. RHE

'3 T T T T T

0 10 20 30 40 50 60
Time (min)
80
[INH, yield

60

40-

204

~%-FE

0.2 0.1 0.0 0.05
Potential (V vs. RHE)

30

FE (%)

Figure 2. (a) LSV curves of RuFeCoNiCu/CP in N2- and Ar-saturated 0.1 M KOH with a scan rate of 5

mV s, (b) Time-dependence current density curves at various potentials in N2-saturated 0.1 M KOH. (c)

UV-Vis absorption spectra of the 0.1 M KOH electrolytes stained with indophenol indicator after 1 h

electrolysis under N2 at each given potential. (d) NH3 yields and FEs at each given potential in 0.1 M

KOBH.
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Figure 3. The yield of NH3 for RuFeCoNiCu/CP at 0.05 V vs. RHE characterized by UV-Vis, IC and 'H-

NMR.
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Figure 5. The optimized structure of the RuFeCoNiCu NPs. The red, yellow, dark blue, light blue and
grey balls represent Ru, Fe, Co, Cu and Ni atoms, respectively. (a) side view; (b) top view with the
network. Free energy diagrams for NRR process occurring on the (c) t-Fe, (d) h-Co-Ni-Ni, (e) b-Fe-Fe
and (f) s-Ni-Ru sites. An asterisk (*) denotes as the adsorption site.
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RuFeCoNiCu HEA NPs were synthesized at low temperature (< 250°C) and atmospheric pressure for the
first time and used for boosting NRR. DFT shows that the synergetic roles between alloy elements have
been identified as a key reason for observed performance offered by high-entropy alloy at low
overpotential.
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