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Efficient electrocatalytic nitrogen reduction to
ammonia with aqueous silver nanodots
Wenyi Li1,2,4, Ke Li1,4, Yixing Ye1,4, Shengbo Zhang1, Yanyan Liu1,2, Guozhong Wang 1, Changhao Liang1✉,

Haimin Zhang 1✉ & Huijun Zhao 3

The electrocatalytic nitrogen (N2) reduction reaction (NRR) relies on the development of

highly efficient electrocatalysts and electrocatalysis systems. Herein, we report a non-loading

electrocatalysis system, where the electrocatalysts are dispersed in aqueous solution rather

than loading them on electrode substrates. The system consists of aqueous Ag nanodots

(AgNDs) as the catalyst and metallic titanium (Ti) mesh as the current collector for elec-

trocatalytic NRR. The as-synthesized AgNDs, homogeneously dispersed in 0.1 M Na2SO4

solution (pH= 10.5), can achieve an NH3 yield rate of 600.4 ± 23.0 μg h−1 mgAg−1 with a

faradaic efficiency (FE) of 10.1 ± 0.7% at −0.25 V (vs. RHE). The FE can be further improved

to be 20.1 ± 0.9% at the same potential by using Ti mesh modified with oxygen vacancy-rich

TiO2 nanosheets as the current collector. Utilizing the aqueous AgNDs catalyst, a Ti plate

based two-electrode configured flow-type electrochemical reactor was developed to achieve

an NH3 yield rate of 804.5 ± 30.6 μg h−1 mgAg−1 with a FE of 8.2 ± 0.5% at a voltage of −1.8

V. The designed non-loading electrocatalysis system takes full advantage of the AgNDs’

active sites for N2 adsorption and activation, following an alternative hydrogenation

mechanism revealed by theoretical calculations.
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The fixation of nitrogen (N2) to ammonia (NH3) at room
temperature and atmospheric pressure is an attractive but
greatly challenging topic1–3. Currently, the over century-

old Haber-Bosch process is still predominant for industrial-scale
NH3 production. However, this process needs to consume tre-
mendous energy and natural gas, and concurrently release large
amount of CO2

4–6, very adverse for energy and environmental
sustainability. In recent years, ambient electrocatalytic reduction
of N2 to NH3 has attracted increasing attention because of its
mild operation conditions, water as the hydrogen source and no
CO2 emission5–9. However, the electrocatalytic N2 reduction
technique is still far away from the practical application because
the developed nitrogen reduction reaction (NRR) electrocatalysts
possess low NH3 yield and current efficiency, mainly due to
extremely high stability of N2 and competitive hydrogen evolu-
tion reaction (HER)6–11. Therefore, development of high-
efficiency NRR electrocatalysts and catalysis system is highly
desirable for future industrial NH3 production at ambient
conditions.

It is well known that reducing the size of electrocatalysts to
very small particles has been regarded as an efficient approach to
achieve more catalytic active sites for high-efficiency electro-
catalysis12–16. Owing to unique physical and chemical properties,
carbon- and metal-based nanodots (the sizes < 10 nm) have been
widely applied to photovoltaic devices, environmental fluores-
cence detection, photocatalysis and electrocatalysis17–19. Recently,
transition metal oxides and carbides nanodots supported on
carbon substrates have been fabricated for the NRR, exhibiting
good electrocatalytic activities20–25. Although an individual
nanodot can provide abundant catalytic active sites (e.g., facet,
edge, corner, surface-rich O/N functional sites) during electro-
catalytic NRR, the nanodots’ NRR performance is still very low
(NH3 yield rate < ~25 μg h−1 mg−1 and faradaic efficiency <
~10%) in the reported literatures20–25. This could be primarily
attributed to two factors: (i) a limited loading amount of nano-
dots catalysts on carbon substrates means limited catalytic active
sites utilization for NRR; (ii) the loading approach of nanodots
catalysts onto the electrode supports readily results in their
aggregation during NRR, thus greatly decreasing the exposed
catalytic active sites. On the basis of the reported works, some
fabricated nanodots can be highly dispersed into aqueous solu-
tion. This provides us an opportunity to develop a non-loading
electrocatalysis system, capable of employing the nanodots cata-
lysts in their highly dispersed form in aqueous solution, which
may be an effective means to sufficiently utilize the exposed
catalytic active sites provided by nanodots for high-efficiency
NRR. Recently, Ag nanosheets, nanoporous film, triangular
nanoplates, Ag-Au, Ag-Cu alloying materials and Ag single-atom
catalysts, have been developed for electrocatalytic NRR, display-
ing high NRR activities26–31. It can be envisaged that small-sized
Ag nanodots with abundant catalytic active sites (e.g., facet, edge,
corner etc.)12,14,16 may be more promising candidate for elec-
trocatalytic NRR. However, how to effectively utilize highly dis-
persed Ag nanodots catalyst in aqueous solution is an important
issue that needs to be solved.

Herein, we report the laser-ablation technique to fabricate
highly dispersed Ag nanodots (AgNDs) in aqueous solution under
Ar atmosphere32. The as-synthesized AgNDs with an average
nanodot size of ~2.3 nm are subsequently employed to a non-
loading electrocatalysis system, composed of metallic titanium (Ti)
mesh as the current collector and AgNDs as the electrocatalyst
dispersed in 0.1 M Na2SO4 solution (pH= 10.5) for nitrogen
reduction reaction (NRR) to NH3. The aqueous AgNDs with
abundant catalytic active sites can effectively chemisorb the dis-
solved N2 molecules in electrolyte, then transfer to the Ti mesh
current collector under stirring to accept the H+/e− attack for

NH3 formation and concurrently regenerate the AgNDs (Sup-
plementary Fig. 1a). Comparatively, in a conventional catalyst-
loading electrocatalysis process (Supplementary Fig. 1b), the as-
synthesized AgNDs are coated on the electrode substrate (e.g.,
commercial carbon cloth) with limited loading amount as the
cathode, which could arouse an aggregation of AgNDs during
NRR and concurrently suffer from the binder’s adverse influence
(for the electrode preparation)33,34. These factors may significantly
decrease the NRR performance of AgNDs catalyst. As a result,
utilizing the developed non-loading electrocatalysis system, a large
NH3 yield rate of 600.4 ± 23.0 μg h−1 mgAg−1 with a faradaic
efficiency (FE) of 10.1 ± 0.7% can be achieved at −0.25 V (vs.
RHE) in 0.1M Na2SO4 electrolyte. The NH3 yield and FE of this
system can be further improved by oxygen vacancies-rich TiO2

nanosheets modified Ti mesh as the current collector, surpassing
most of recently reported nanodots and other electrocatalysts for
aqueous NRR (Supplementary Table 1). A two-electrode config-
ured flow-type electrochemical reactor using aqueous AgNDs
catalyst is therefore developed to obtain an NH3 yield rate of
804.5 ± 30.6 μg h−1 mgAg−1 with a FE of 8.2 ± 0.5% at a voltage of
−1.8 V. The NRR active mechanism of AgNDs is revealed by our
theoretical calculations results.

Results
Synthesis and characterization of AgNDs. In this work, we
employed the laser-ablation technique to fabricate the uniformly
dispersed Ag nanodots in deionized water under Ar atmosphere
(Fig. 1a). Figure 1b and Supplementary Fig. 2 show the TEM
images of the as-synthesized AgNDs, exhibiting very homo-
geneous nanodot morphology with an average nanodot size of
~2.3 nm (inset in Supplementary Fig. 2). The high-resolution
TEM (HRTEM) image of the AgNDs (Fig. 1b) shows the lattice
spacing of 0.235 nm, corresponding to the (111) plane of fcc-
phase metallic Ag. The corresponding fast Fourier transform
(FFT) patterns further confirm this (inset in Fig. 1b). The above
results demonstrate that the laser-ablation fabricated AgNDs
exhibit highly exposed (111) planes, possibly beneficial for
electrocatalysis16,27. Supplementary Fig. 3a presents the surface
survey XPS spectrum of AgNDs, indicating the presence of
Ag and O elements. The high-resolution O1s XPS spectrum
(Supplementary Fig. 3b) shows that the only peak located at
~532.4 eV is resulted from the surface adsorbed OH−/H2O35. In
this work, the Zeta potential of AgNDs in aqueous solution was
measured to be −41.7 mV, ascribed to the presence of OH−

groups on the surface36. This is the reason why the fabricated
AgNDs can highly disperse in aqueous solution. The pH value of
AgNDs aqueous solution was measured to be 9.5, supportive of
the Zeta potential result. Figure 1c displays the high-resolution
Ag 3d XPS spectrum of AgNDs. The peaks concentrated at
~368.1 and ~374.1 eV can be associated with Ag 3d5/2 and Ag
3d3/2, suggesting the existence of metallic Ag phase in
AgNDs37,38. This can be further confirmed by the Raman spectra
characterization. As shown in Fig. 1d, the peaks concentrated at
490, 608, 801 and 1058 cm−1 for all samples can be indexed to
four-membered SiO rings, three-membered SiO rings, Si-O-Si
and Si-OH originated from quartz glass substrate, respectively39.
Comparatively, the AgNDs sample exhibits the similar Raman
peaks as quartz glass substrate, meaning that no oxidation-state
Ag is existent (e.g., Ag2O nanoparticles (Ag2ONPs), typical Ag-O
peaks at 470, 675, 685, 830 cm−1 and O-O peak at 930 cm−1 can
be confirmed in our Ag2ONPs refs. 35,40,41). The above results
demonstrate that highly dispersed Ag nanodots in aqueous
solution are successfully achieved by the laser-ablation techni-
que, possibly providing abundant active sites for high-efficiency
electrocatalysis42.
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NRR performance evaluation. Recently, transition metal oxides
and carbides nanodots such as CoO, CuO, NiO, ZnO and MoC
have been investigated as the electrocatalysts for NRR, exhibiting
good catalytic activities20–23,25. However, these obtained nano-
dots are exclusively anchored on carbon substrates in the fabri-
cation process, meaning that the nanodots loading amount could
be very limited, thus resulting in low electrocatalytic NRR per-
formance20–25,43,44. In this work, we utilized the developed non-
loading electrocatalysis system to evaluate the NRR activity of
AgNDs uniformly dispersed in 0.1 M Na2SO4 solution (pH=
10.5) (see Experimental Section). Prior to the NRR experiments,
the as-synthesized AgNDs were first mixed with Ar-saturated
0.1 M Na2SO4 solution (pH= 10.5), then transferred to the
electrochemical cell to perform the NRR measurements. It
should be noted that the used Ar and N2 (or 15N2) feeding gases
need to be first pre-purified by a similar protocol as previous
works reported to remove the possible interferences of NH3 and
NOx in Ar or N2 (or 15N2)45,46. Supplementary Fig. 4 shows the
experimental setup. A Cu-Fe-Al catalyst (Supplementary Fig. 5)
unit was used to remove NOx. A CrO3 column was used to
eliminate any possible NO interference by converting NO to
water-soluble NO2, which can then be removed by H2SO4

solution and distilled water absorption units. And the produced
tail gas was absorbed by two-series tail gas absorbers (each
absorber contains 20 mL of 1.0 mM H2SO4 solution) to prevent
the produced NH3 with N2 flow into air during NRR46. There-
fore, the solution samples obtained from cathodic compartment,
anodic compartment and tail gas absorbers will be all determined

to analyze the yielded NRR products. Figure 2a shows the linear
sweep voltammetry (LSV) curves of Ti mesh with and without
AgNDs in Ar- and N2- saturated 0.1 M Na2SO4 solutions (pH=
10.5) with a scan rate of 5.0 mV s−1. The results indicate that in
the investigated potential range, ignorable change in the cathodic
current is observable for Ti mesh without AgNDs in both Ar- and
N2-saturated 0.1M Na2SO4 solutions, suggesting poor NRR
activity of Ti mesh. When the AgNDs were introduced to 0.1M
Na2SO4 solution with a concentration of 0.0015mgmL−1, the
cathodic currents are obviously increased in Ar-saturated 0.1M
Na2SO4 solution. Considering no oxidation-state Ag existence in
AgNDs, the enhanced cathodic currents with applied negative
potential in Ar-saturated solution are mainly attributed to the
occurred hydrogen evolution reaction (HER)47–49. Comparatively,
the cathodic currents in LSV curve are apparently increased with
applied negative potential in N2-saturated solution with AgNDs
incorporation, suggesting that the AgNDs are electrocatalytic
activity toward the NRR. In this study, the yielded NRR products
including possible NH3 and/or N2H4 were quantitatively analyzed
by the indophenol blue method (Supplementary Fig. 6) and the
Watt and Chrisp method (Supplementary Fig. 7)50,51. The pre-
liminary experimental results confirm that only NH3 product can
be detected and N2H4 is ignorable (Supplementary Fig. 7d). Fur-
thermore, NH3 product can be detected in both cathodic and
anodic compartments, undetectable in the tail gas absorbers. In
subsequent experiments, the obtained NH3 yield were therefore
calculated from the total yielded NH3 amount detected in the
samples obtained from both cathodic and anodic compartments

Fig. 1 Characteristics of AgNDs. a Schematic illustration of the fabrication process of Ag nanodots (AgNDs) solution (inset of optical photograph of
AgNDs solution) by the laser-ablation technique. b TEM and HRTEM images (inset of corresponding FFT patterns) of AgNDs. c High-resolution Ag 3d XPS
spectrum of AgNDs. d Raman spectra of quartz glass substrate, AgNDs and Ag2 ONPs reference.
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(Supplementary Fig. 8a–c). The detected NH3 in anodic com-
partment is mainly attributed to the diffusion of the produced
NH3 in cathodic compartment through the proton exchange
membrane (Nafion 117 in our case)52. Figure 2b shows the
dependence of NH3 yield rate (denoted as RNH3) and faradaic
efficiency (FE) on the applied potential in N2-saturated 0.1M
Na2SO4 solution (pH= 10.5) with AgNDs incorporation for 1 h
NRR. The corresponding chronoamperometric profiles obtained
at different potentials are shown in Supplementary Fig. 8d. As
shown in Fig. 2b, the RNH3 is increased with the applied cathodic
potential and the largest RNH3 can be achieved to be 600.4 ±
23.0 μg h−1 mgAg−1 with a FE of 10.1 ± 0.7% at −0.25 V
(vs. RHE). The highest FE of 16.7 ± 0.9% can be obtained at−0.15
V (vs. RHE). When the applied potential is over −0.25 V (vs.
RHE), the RNH3 and FE are obviously decreased, mainly owing to
the competitive HER process concurrently occurred on the
AgNDs25,53. In addition, we also performed the experiment to
quantify the produced H2 during NRR. At −0.25 V (vs. RHE) in
N2-saturated 0.1M Na2SO4 electrolyte (pH= 10.5) for 1 h NRR
(Supplementary Fig. 9a), the amount of H2 produced was 778.2 μL
(Supplementary Fig. 9d) calculated according to H2 standard
curve (Supplementary Fig. 9b, c), while the amount of yielded
NH3 was 0.93 μg mL−1. Based on the time-dependent current
curve (Supplementary Fig. 9a), the faradaic efficiency (FE) of H2

produced was calculated to be ~88.3%, while the FE of NH3

yielded was ~10.2%. The total FE is ~98.5%. Considering the
analytical errors involved, the nearly 100% total FE obtained from
the measured H2 and NH3 further confirms the reported FE for
NH3 production.

To evaluate the stability of AgNDs toward the NRR, we
performed the NRR experiment at −0.25 V (vs. RHE) for 5 h. A
slight decay of the cathodic current can be found in the time-
current profile (Supplementary Fig. 10a), and RNH3 is found to be
slightly decreased with increasing the time and the RNH3 after 5 h
of NRR is measured to be 578.4 ± 22.1 μg h−1 mgAg−1, indicating
good NRR stability of the AgNDs in the non-loading electro-
catalysis system. The corresponding RNH3 and NH3 yield
measured every 1 h during 5 h NRR are shown in Supplementary
Fig. 10b, c. The in situ time-dependence Raman measurements
were also conducted to confirm the structural change of AgNDs
during durability test. As shown in Supplementary Fig. 11, all
Raman spectra of the AgNDs in N2-saturated 0.1 M Na2SO4

solution (pH= 10.5) with reaction time are almost identical to
that of quartz glass substrate and no Raman peaks of oxidation-
state Ag appear, such as Ag2O, meaning that the metallic Ag
phase is still dominant in the AgNDs during durability test. This
can be further confirmed by the TEM characterization results of
AgNDs after 5 h NRR measurement (Supplementary Fig. 12), and
the AgNDs are still uniformly dispersed in the solution and
remain well metallic Ag nature. This also means that the
abundant catalytic active sites exposed on AgNDs are still
maintained well, resulting in high NRR activity during durability
test. In addition, the XPS analysis results show that compared to
the pristine AgNDs, besides of Ag and O elements, additional N
element can be also detected for the AgNDs sample after 5 h NRR
(Supplementary Fig. 13a). The high-resolution N 1 s XPS
spectrum (Supplementary Fig. 13b) of AgNDs after 5 h NRR
displays a peak at binding energy of ~400.2 eV, possibly owing to

Fig. 2 NRR evaluation of AgNDs in the non-loading electrocatalysis system. a LSV curves of Ti mesh with and without AgNDs incorporation in Ar- and
N2-saturated 0.1 M Na2SO4 solutions (pH= 10.5). b The dependence of NH3 yield rate and faradaic efficiency of AgNDs catalyst on the applied potential.
The error bars correspond to the standard deviations of three independent measurements. c 1H NMR spectra of the samples obtained using 15N2 and 14N2

as the feeding gases and standard 15NH4
+ and 14NH4

+ samples. d N2-TPD curves of CC and AgNDs/CC.
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the formed N-intermediates (e.g., -NHx) during NRR54–56. In
addition, the high-resolution Ag 3d and O 1 s XPS spectra
(Supplementary Fig. 13c, d) of AgNDs after 5 h NRR have no
obvious change compared to the pristine AgNDs, further
demonstrating high NRR stability of AgNDs. To assure the
reproductivity of a non-loading electrocatalysis system for high-
efficiency NRR, another two batches of AgNDs aqueous solution
were fabricated by the laser-ablation technique. The TEM and
HRTEM images indicate that all AgNDs samples exhibit
homogeneously dispersed nanodot morphology with the (111)
plane of fcc-phase metallic Ag (Supplementary Fig. 14a, b),
confirming high reproductivity of the fabricated AgNDs catalyst
by the laser-ablation technique. To further confirm the
reproductivity of AgNDs catalyst for high-efficiency NRR, we
also performed the electrocatalytic NRR experiments using
another two batches of AgNDs catalysts at −0.25 V (vs. RHE)
for 1 h. The results show that the RNH3 of the two AgNDs
catalysts can be achieved to be 604.9 ± 17.0 μg h−1 mgAg−1 and
591.9 ± 25.0 μg h−1 mgAg−1 with FE of 10.8 ± 0.7% and 9.8 ± 0.6%
respectively (Supplementary Fig. 14c), close to those of the
reported AgNDs catalyst in this work, giving a RNH3 of 600.4 ±
23.0 μg h−1 mgAg−1 and a FE of 10.1 ± 0.7%. The above results
demonstrate high reproducibility of this AgNDs-incorporated
non-loading electrocatalysis system for high-efficiency NRR.

To eliminate the environmental interferences on the yielded
NH3 during NRR, several control experiments were carried out in
this work, including 0.1 M Na2SO4 solution (pH= 10.5) (blank
solution), 0.1 M Na2SO4 solution (pH= 10.5) with AgNDs under
open-circuit condition (open-circuit), and Ar-saturated 0.1 M
Na2SO4 solution (pH= 10.5) with AgNDs at −0.25 V (vs. RHE)
for 1 h (Ar-saturated solution). The results demonstrate that
ignorable NH3 product is detectable for all cases (Supplementary
Fig. 15), thus eliminating any noticeable environmental inter-
ference to the yielded NH3 from the AgNDs catalyzed NRR. In
addition, we also compared the yielded NH3 amount using Ti
mesh electrode without AgNDs incorporation in N2-saturated
0.1 M Na2SO4 solution (pH= 10.5) at −0.25 V (vs. RHE) for 1 h
NRR. Obviously, inferior NRR activity can be achieved for the Ti
mesh without AgNDs (Supplementary Fig. 15). Moreover, To
eliminate the interferences of possible NOx (including NO and
NO2) toward on the yielded NH3 during NRR, ion chromato-
graphy (IC 6000, Wayeal Co. Ltd. China) measurement was
performed to verify whether there is NOx present at all key stages
of the experiment. As shown in Supplementary Fig. 16, no
detectable NO2

− and NO3
− can be observed in all sample

solution, demonstrating that the yielded NH3 are resulted entirely
from the electrocatalytic NRR process.

To further confirm the yielded NH3 from the AgNDs catalyzed
NRR, we subsequently conducted the 15N isotopic labeling
experiments45,57. The 1H nuclear magnetic resonance (NMR)
spectra were obtained using 14N2 and 15N2 as the feeding gases in
AgNDs incorporated 0.1 M Na2SO4 solution (pH= 10.5) at
−0.25 V (vs. RHE) over 1 h NRR period. Figure 2c shows the 1H
NMR spectra of the standards and the yielded 14NH4

+ and
15NH4

+ products in the NRR samples, confirming that the
yielded NH3 is indeed exclusively resulted from the AgNDs
catalyzed NRR. The quantitative analysis results, based on the
standard 14NH4

+ and 15NH4
+ 1H NMR spectra and correspond-

ing calibration curves (Supplementary Fig. 17)25 confirm that the
concentration of the yielded 14NH4

+ and 15NH4
+ (normalized

to the yielded NH3 concentration in cathodic compartment with
50 mL of electrolyte) is 0.86 and 0.92 μg mL−1 respectively,
almost identical to the results (0.90 and 0.88 μg mL−1 for 14NH4

+

and 15NH4
+, respectively) obtained from the indophenol blue

detection method. To further illustrate the advantages of the used

non-loading electrocatalysis system for high-efficiency NRR, we
also carried out several comparison experiments. The as-
synthesized AgNDs were coated on the commercial carbon cloth
(CC) substrate to prepare AgNDs/CC electrode, which was used
as the cathode for NRR measurement at −0.25 V (vs. RHE) in
N2-saturated 0.1 M Na2SO4 solution (pH= 10.5) for 1 h using a
conventional catalyst-loading electrocatalysis system (Supple-
mentary Fig. 1b). For meaningful comparison, Ag2O nanoparti-
cles (Ag2ONPs) with an average particle size of ~13 nm
(Supplementary Fig. 18) were fabricated by treating O2-saturated
AgNDs solution at 50 °C for 1 h and Ag nanoparticles (AgNPs)
with an average particle size of ~17 nm obtained by the laser-
ablation technique (Supplementary Fig. 19), were also evaluated
for the NRR under the identical experimental conditions. The
results (Supplementary Fig. 20) show that after 1 h NRR, the
AgNDs/CC, Ag2ONPs/CC and AgNPs/CC can give an NH3 yield
rate of 80.1 ± 1.5, 58.0 ± 2.1 and 66.0 ± 1.3 μg h−1 mgcat.−1 with a
FE of 6.2 ± 0.1%, 4.9 ± 0.2% and 5.3 ± 0.2% at −0.25 V (vs. RHE),
respectively. Among all investigated catalysts, the Ag2ONPs/CC
exhibits the lowest NRR activity, mainly owing to an easy
reductive property of Ag2O to consume large number of electrons
but not for the NRR35,37,38. Comparatively, the AgNDs/CC gives
higher NRR activity than that of AgNPs/CC, indicating that Ag
nanodots with smaller sizes may provide more active sites for the
NRR. The NH3 yield rate of AgNDs catalyst using non-loading
electrocatalysis system is almost 7.5 times of that obtained from
the AgNDs/CC using the conventional catalyst-loading electro-
catalysis system. This is primarily ascribed to the Ag nanodots
uniformly dispersed in solution capable of providing more
catalytic active sites for NRR, while the limited loading amount
of AgNDs on CC and easy aggregation to form large-sized Ag
nanoparticles during NRR could result in significantly decreased
NRR performance. The highly dispersed Ag nanodots in solution
can supply abundant active sites12,14,16 for chemically adsorbing
N2 molecules, and then these chemisorptive N2 molecules on
AgNDs accept the attack of H+/e− at Ti mesh to form NH3

molecules. This can be further verified by the N2 temperature-
programmed desorption (TPD) measurement (Fig. 2d). Com-
pared to the CC substrate, AgNDs/CC obviously displays a
dramatically enhanced N2 desorption peak at ~170 °C, meaning
superior adsorption capability of AgNDs toward N2

31. In
addition, we also investigated the influence of current collector
using commercial carbon cloth (CC) to replace metallic Ti mesh
in the non-loading electrocatalysis system. The results (Supple-
mentary Fig. 21) show that the NH3 yield rate of AgNDs catalyst
using commercial carbon cloth (CC) as the current collector can
give an NH3 yield rate of 402.3 ± 15.0 μg h−1 mgAg−1 with a FE of
16.7 ± 0.7% at −0.25 V (vs. RHE) after 1 h NRR measurement.
The higher NH3 yield rate using metallic Ti mesh as the current
collector could be due to its good electrical conductivity with
superior dynamic NRR process. Furthermore, the concentration
effect of AgNDs on the NH3 yield rate was also investigated in
this work. As seen in Supplementary Fig. 22, the NH3 yield is
linearly increased with increasing the AgNDs concentration, but
the change in the NH3 yield rate normalized to per milligram of
AgNDs is not obvious with increasing the AgNDs concentration,
possibly owing to lower N2 solubility in aqueous solution and/or
mass transport influence with higher AgNDs concentration in the
non-loading electrocatalysis system.

Ti plate-based two-electrode configured flow-type electro-
chemical reactor. Except for high-efficient electrocatalysts, design
and development of high-performance electrochemical NRR
reactors are also critically important for NH3 production. Several
reported works have verified that the flow-type electrochemical
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reactors are very favorable for improving the NRR performance
due to efficient mass transport and high coverage of N2 on the
catalyst31,58,59. In this work, a Ti plate-based two-electrode con-
figured flow-type electrochemical reactor was therefore developed
to evaluate the AgNDs’ NRR performance (Fig. 3a), which should
be very suitable for high-efficient utilization of aqueous AgNDs
catalyst. During NRR measurements, two Ti plates with “S-type”
channel patterns were separated by the Nafion 117 membrane,
moreover, a slice of Ti mesh and carbon cloth (CC) was
respectively placed in cathodic compartment and anodic com-
partment to decrease the excessive current directly caused from
the Ti plate current collector to damage Nafion 117 membrane
(Fig. 3a). In the cathode side, N2-saturated 0.1 M Na2SO4 solution
with AgNDs incorporation was circulated through the cathodic
compartment and returned back to the reservoir with a flow rate
of 10 mLmin−1 under the help of peristaltic pump, while the
reaction on anode was conducted at the same conditions without
AgNDs incorporation. The purification of feeding gases strictly
follows the reported procedure45,46. The LSV curves obtained
in this two electrode configured flow-type electrochemical cell
(Fig. 3b) indicate that the introduction of AgNDs in electrolyte
can dramatically improve the NRR activity. Subsequently,
we performed the chronoamperometric tests to investigate
the effect of applied voltage on NH3 yield rate (RNH3) and far-
adaic efficiency (FE) in this flow-type electrochemical cell.

The experimental results show that NH3 product can be detected
in both cathodic and anodic compartments (undetectable in the
tail gas absorbers), consistent with the results obtained in three-
electrode system (Supplementary Fig. 23a, b). Figure 3c shows the
dependence of RNH3 and FE on the applied cell voltage in N2-
saturated 0.1 M Na2SO4 solution (pH= 10.5) with AgNDs
incorporation for 1 h NRR. The corresponding chronoampero-
metric curves are shown in Supplementary Fig. 23c. It can be seen
that the highest FE of 15.1 ± 0.6% can be obtained at an voltage of
−1.5 V, then decreased at more negative voltage. The largest
RNH3 is achieved to be 804.5 ± 30.6 μg h−1 mgAg−1 with a FE of
8.2 ± 0.5% at −1.8 V. Obviously, the obtained NH3 yield rate in
this flow-type electrochemical cell is higher than that from the
three-electrode configured system, demonstrating the superiority
of aqueous AgNDs-incorporated flow-type reactor.

Discussion
The above experimental results have illustrated that it is very
feasible for high-efficiency electrocatalytic NRR to NH3 utiliz-
ing AgNDs introduced three-electrode and two-electrode elec-
trochemical systems. Even so, the faradaic efficiencies of these
reaction systems are not very high, and the NRR active
mechanism on AgNDs catalyst needs to be clarified in this
work.

Fig. 3 NRR evaluation of AgNDs in Ti plate-based two-electrode configured flow-type electrochemical reactor. a Schematic illustration of two-electrode
configured flow-type electrochemical reactor and photographs of assembled reactor and individual cell components. b LSV curves of Ti plate-based
two-electrode flow-type electrochemical reactor with and without AgNDs incorporation in Ar- and N2-saturated 0.1 M Na2SO4 solutions (pH= 10.5).
c The dependence of NH3 yield rate and faradaic efficiency of AgNDs catalyst on the cell voltages in N2-saturated 0.1 M Na2SO4 electrolyte (pH= 10.5).
The error bars correspond to the standard deviations of three independent measurements.
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Improvement of NRR performance. Based on Fig. 2a, the
AgNDs introduction into Ar- or N2-saturated electrolyte results
in significantly improved cathodic current in the three-electrode
configured electrocatalysis system using metallic Ti mesh as the
current collector. The majority of the enhanced cathodic current
is primarily originated from the superior hydrogen evolution
reaction (HER) of AgNDs16,60 on metallic Ti mesh with high
electrical conductivity, which results in a decreased faradaic
efficiency (FE) of electrocatalytic NRR. To improve the FE of
NRR with high NH3 yield, we speculated that the modification of
a metal oxide layer on metallic Ti mesh could be an effective
solution to decrease the cathodic current and thus the competitive
HER process. The modified metal oxide layer can not only
effectively reduce the cathodic current of metallic Ti mesh during
AgNDs-incorporated NRR, but also possibly serve as the elec-
trocatalyst providing catalytic active sites for enhanced NRR
performance. For this, we fabricated oxygen vacancies-rich TiO2

modified metallic Ti mesh (denoted as Ov-TiO2/Ti, see Experi-
mental Section) as the current collector for NRR evaluation. The
X-ray diffraction (XRD) patterns (Supplementary Fig. 24) of Ov-
TiO2/Ti show that the modified TiO2 on metallic Ti mesh is
anatase phase (JCPDS No. 21− 1272). The scanning electron
microscopy (SEM) images of pristine metallic Ti mesh and Ov-
TiO2/Ti samples indicate that no obvious nanostructures can be
observed for pristine Ti mesh (Supplementary Fig. 25a–c), while
rougher surface structure consisted of nanosheets is clearly
observable (Supplementary Fig. 25d–f) for Ov-TiO2/Ti. The TEM
characterization was further used to precisely analyze the

fabricated TiO2 nanosheet structure. As shown in Supplementary
Fig. 26, nanosheet structure is obviously dominant and the lattice
spacing of 0.352 nm of an individual nanosheet in HRTEM image
is corresponding to the (101) plane of anatase TiO2. Interestingly,
it was found that there are some disordered layers on the edge of
TiO2 nanosheet, possibly owing to the introduction of rich oxy-
gen vacancies61. This can be further verified by the electron
paramagnetic resonance (EPR) spectra (Supplementary Fig. 27),
in where a stronger signal peak at around g= 2.007 is primarily
originated from the generated rich oxygen vacancies in TiO2

nanosheets of Ov-TiO2/Ti. Recently, our and other groups have
demonstrated that oxygen vacancies in metal oxides catalysts can
be used as the catalytic active sites for N2 adsorption, activation
and hydrogenation55,61–63. In this work, Ov-TiO2/Ti can con-
currently serve as the current collector and NRR electrocatalyst
bifunctionality. As expected, in comparison with metallic Ti
current collector (Fig. 2a), the electrocatalysis system using Ov-
TiO2/Ti exhibits significantly decreased cathodic current in Ar-
and N2-saturated Na2SO4 electrolyte with or without AgNDs
incorporation (Fig. 4a). Moreover, the Ov-TiO2/Ti shows good
electrocatalytic NRR activity (Fig. 4a) in N2-saturated electrolyte.
Figure 4b displays the dependence of NH3 yield (normalized
to the yielded NH3 concentration in cathodic compartment with
50 mL of electrolyte) and faradaic efficiency (FE) on the applied
potential in the non-loading electrocatalysis system using
Ov-TiO2/Ti current collector. The corresponding UV-Vis
absorption spectra and chronoamperometric curves are shown
in Supplementary Fig. 28. As illustrated, the highest FE can be

Fig. 4 Improvement of NRR performance and NRR active mechanism of AgNDs. a LSV curves of Ov-TiO2/Ti with and without AgNDs incorporation in
Ar- and N2-saturated 0.1 M Na2SO4 solutions (pH= 10.5). b The dependence of NH3 yield and faradaic efficiency of AgNDs catalyst on the applied
potential using Ov-TiO2/Ti current collector. The error bars correspond to the standard deviations of three independent measurements. c The top view of
the optimized structures of Ag (111) plane along the lowest energy NRR reaction pathway for N2 conversion into NH3 (Ag: cyan, N: blue, and H: white).
d Free-energy diagram of the N2 reduction reaction at the optimized Ag (111) plane.
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obtained to be 28.9 ± 1.2% at −0.15 V (vs. RHE) with 1 h
NRR, while the largest NH3 yield can be achieved to be 1.27 ±
0.03 μg mL−1 with a FE of 20.1 ± 0.9% at −0.25 V (vs. RHE) for
1 h NRR, which includes two part contributions from Ov-TiO2/Ti
and AgNDs catalyzed NRR processes. For Ov-TiO2/Ti catalyzed
NRR without AgNDs, the NH3 yield can be obtained to be 0.37 ±
0.01 μg mL−1 with a FE of 10.1 ± 0.8% at −0.25 V (vs. RHE) for
1 h NRR (Supplementary Fig. 29). Apparently, the introduction of
AgNDs results in significantly improved NRR performance using
Ov-TiO2/Ti current collector with high stability (Supplementary
Fig. 30), primarily owing to superior NRR activity of AgNDs
combined with the contribution from Ov-TiO2/Ti catalyzed NRR.
In addition, the NH3 yield and FE in the non-loading electro-
catalysis system using Ov-TiO2/Ti current collector are almost
1.4 and 2 times of those achieved from the electrocatalysis
system using metallic Ti mesh current collector (NH3 yield of
0.90 ± 0.03 μg mL−1 and FE of 10.1 ± 0.7% at −0.25 V vs. RHE),
demonstrating that the strategy of metallic Ti mesh modification
is feasible for further enhancing the electrocatalytic NRR
performance.

NRR active mechanism. A recent work has demonstrated that
the catalytic activity of Ag nanoparticles is dramatically enhanced
with decreasing the nanoparticle size to ~5 nm12. In addition, the
theoretical and experimental results have revealed that the (111)
planes exposed Ag nanostructures possess high electrocatalytic
activities14,16,27,28. In this work, the fabricated aqueous Ag
nanodots with small sizes exhibit highly exposed (111) crystalline
planes (Fig. 1b, Supplementary Fig. 12), we therefore constructed
the optimized structure model of Ag(111) plane (Supplementary
Fig. 31) to investigate the NRR active mechanism of AgNDs by
the density functional theory (DFT) calculations. Firstly, we
optimized the adsorption configurations of N2 on the Ag(111)
plane. As shown in Supplementary Fig. 32, an end-on adsorption
configuration with a certain inclination was found to be more
thermodynamically favorable for N2 adsorption and activation.
The DFT calculations results indicate that N-N bond can be
elongated to 1.114 Å for the adsorbed N2 on Ag(111) plane from
1.090 Å for an isolated N2 molecule, suggesting the possibility of
the first hydrogenation step in the next step. Figure 4c presents
the top view of the optimized structures of Ag(111) surface along
the lowest energy NRR reaction pathway for N2 conversion to
NH3. After the first hydrogenation of N2, the N-N bond is
elongated from 1.114 Å of *N2 to 1.180 Å of *N2H. The N-N
bond length can be further elongated to 1.260 Å of *NHNH,
1.358 Å of *NHNH2 and 1.431 Å of *NH2NH2 by an alternative
hydrogenation process. At last, the N≡N triple bond breaks to
form the first NH3 molecule. Based on our theoretical calcula-
tions, the 1st, 3rd, 5th and 6th hydrogenation steps are exothermic
processes and the energies of 2nd, 4th and 7th (second NH3

generation) hydrogenation steps are up-hill (Fig. 4d). Moreover,
the formation of second NH3 molecule (7th hydrogenation step)
can be identified as the rate determining step with a needed
energy (△G) of 2.19 eV. The above theoretical calculations
results indicate that the Ag(111) surface is capable of adsorbing
and activating N2 molecules, thus affording excellent NRR
performance.

In summary, we demonstrated the feasibility of using Ag
nanodots catalyst dispersed in aqueous solution in non-loading
electrocatalysis system for high-efficiency electrocatalytic N2

reduction reaction (NRR) to NH3. Such electrochemical system
can take full advantage of the catalytic active sites provided by Ag
nanodots with highly exposed (111) planes for N2 adsorption and
activation, and the NRR performance can be further enhanced by

simple modification of the metallic Ti mesh current collector.
Using the fabricated aqueous Ag nanodots catalyst, a two-
electrode configured flow-type electrochemical reactor has been
developed and evaluated for the NRR, demonstrating great
potential for NH3 production. Our work provides a significant
guidance on designing high-efficiency electrocatalysts and
electrocatalysis systems for ambient electrosynthesis of NH3.

Methods
Fabrication of Ag nanodots (AgNDs) solution. Aqueous AgNDs solution was
synthesized by a facile one-step laser-ablation technique. In a typical synthesis, a
polished silver metal plate (99.99% purity) was fixed on a bracket in a vessel
containing 17 mL of deionized water under continuously stirring (10 rpm) by an
amotorized tunable stage (WNSC 400). The deionized water level above the silver
target surface was ~10 mm. The silver plate in deionized water was subsequently
irradiated for 30 min by a focused laser (532 nm Nd:YAG pulsed laser) with 8 ns
pulse duration, 100 mJ power energy per pulse and spot size of 1.0 mm in diameter
in Ar atmosphere. Finally, the AgNDs solution was obtained with a color of
bright yellow. Ag2O nanoparticles (Ag2ONPs) solution was fabricated from the
O2-saturated AgNDs solution at 50 °C for 1 h.

Fabrication of Ag nanoparticles (AgNPs) solution. AgNPs solution was syn-
thesized employing the similar progress with AgNDs solution fabrication using the
laser-ablation technique. In a typical synthesis, the polished silver metal plate was
ablated in 15 mL of deionized water with a focused laser at 1064 nm, 80 mJ power
energy per pulse and spot size of 1.5 mm in diameter under Ar atmosphere to
obtain AgNPs solution.

Fabrication of oxygen vacancies-rich TiO2 nanosheets modified metallic Ti
mesh. In a typical synthesis, metallic titanium (Ti) mesh (4.0 × 4.0 cm2) was placed
in a Teflon-lined stainless steel autoclave (50 mL, Anhui Kemi Machinery Tech-
nology Co., Ltd) with 30 mL of 5.0 M NaOH solution for hydrothermal reaction at
180 °C with 14 h. After the autoclave was cooled down to room temperature, the
obtained samples were collected and washed with deionized water and ethanol for
several times, and dried in an oven at 60 °C for 20 min. Then the samples were
immersed into 0.5 M HCl solution for 2 h to exchange Na+ with H+. Finally, the
oxygen vacancies-rich TiO2 nanosheets modified metallic Ti mesh (Ov-TiO2/Ti)
was achieved by thermal treatment of the hydrothermally obtained sample at
700 °C in H2/Ar atmosphere for 1 h with a heating rate of 5 °C min−1.

Characterization. The morphologies and precise structures of the samples were
determined by the field emission scanning electron microscopy (FESEM, Quanta
200FEG) and transmission electron microscopy (TEM, JEOL JEM-2010 and Tecnai
TF20 TMP). The X-ray photoelectron spectroscopy (XPS) analysis of the samples
was performed on an ESCA LAB250 X-ray photoelectron spectrometer (Thermo,
America) equipped with A1 Kα as the X-ray source. The Raman spectra of the
samples were recorded on a RXN1-785 Raman spectrometer (Analytik Jena AG,
excited wavelength of 785 nm). For in situ Raman tests, the experiments were
performed on RXN1-785 Raman spectrometer connected with CHI660D electro-
chemical workstation. A quartz-made electrochemical cell containing AgNDs
nanodots electrocatalyst dispersed in 0.1 M Na2SO4 solution (pH= 10.5) was
placed in the front of Raman fiber optic probe. Potentiostatic tests were conducted
following the same way in long time durability test at −0.25 V (vs. RHE) for 5 h
NRR and Raman spectra with temporal resolution of 30 s was adopted to achieve
the in situ monitoring. The amount of Ag nanodots in solution was analyzed by the
inductively coupled plasma optical emission spectroscopy (ICP-OES 6300, Thermo
Fisher Scientific). The N2 temperature-programmed desorption (N2-TPD)
experiments were conducted on a Quantachrome ChemBET Pulsar TPR/TPD. The
Zeta potential of the Ag nanodots solution was measured using JS94H2 micro-
electrophoresis instrument (Shanghai Zhongchen, China). The room temperature
electron paramagnetic resonance (EPR) spectra were recorded on the Steady High
Magnetic Field Facilities, High Magnetic Field Laboratory, CAS.

Electrochemical measurements. All electrochemical measurements were per-
formed at room temperature on CHI660D (CH Instruments, Inc., Shanghai,
China) electrochemical workstation using a three-electrode configured two-
compartment electrochemical cell (ZY-CD02A, Chintek Instrument &
Equipment Co., Ltd. China). In the non-loading electrocatalysis system,
metallic Ti mesh or Ov-TiO2/Ti (4.0 × 4.0 cm2) was used as the current col-
lector, and commercial carbon cloth and Ag/AgCl (saturated KCl electrolyte)
were used as the counter electrode and reference electrode, respectively.
Na2SO4 powder was thermally treated under 5% Ar stream before preparation
of 0.1 M Na2SO4 solution. The synthesized AgNDs solution (3.0 mL, 0.075 mg,
pH= 9.5) as the electrocatalyst was dispersed into Ar-saturated 0.1 M Na2SO4

solution (47 mL) in the cathodic compartment for NRR measurements. The
pH value of 0.1 M Na2SO4 solution containing the synthesized AgNDs
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solution with different concentrations were all adjusted to 10.5. For compar-
ison, the conventional catalyst-loading electrocatalysis experiments were also
performed using AgNDs (or AgNPs, Ag2ONPs) coated on commercial carbon
cloth (CC) as the working electrode, commercial CC as the counter electrode,
and Ag/AgCl (saturated KCl electrolyte) as the reference electrode. For the
preparation of working electrode, 3.0 mL of AgNDs (or AgNPs, Ag2ONPs)
solution containing 5.0 wt.% Nafion solution was first ultrasonically treated for
30 min to form a homogeneous catalyst ink, and then the catalyst ink was
casted on a clean carbon cloth (1.0 × 1.0 cm2) with a catalyst loading amount of
~0.075 mg cm−2 and subsequently dried at 60 °C for 2 h in vacuum. Both of the
cathodic chamber and anodic chamber contained 50 mL of 0.1 M Na2SO4

solution (pH= 10.5). In this work, all measured electrochemical potentials
were calibrated to be vs. reversible hydrogen electrode (RHE) by the following
equation:

EðVvs:RHEÞ ¼ EðVvs:Ag=AgClÞ þ 0:059 ´ pHþ 0:197

where E (V vs. RHE) is the converted potential (V) vs. RHE, E (V vs. Ag/AgCl)
is the experimentally measured potential against Ag/AgCl reference electrode,
0.197 is the value of standard potential for the Ag/AgCl reference electrode
(saturated KCl electrolyte) at 25 °C.

For the two-electrode system NRR evaluation, a metallic Ti plate-based flow-
type electrochemical reactor was designed and developed, and Nafion 117
membrane was sandwiched by a piece of carbon cloth (10 × 10 cm2) and metallic
Ti mesh (10 × 10 cm2), and then all clamped together using two metallic Ti plates
with S-shaped channel served as the current collectors. For a typical
electrochemical test in this flow-type cell, 50 mL of 0.1 M Na2SO4 solution (pH=
10.5) with and without 0.003 mgmL−1 AgNDs was respectively flowed through the
cathodic cell and anodic cell, and then returned back to the reservoir using
multichannel peristaltic pump at a flow rate of 10 mLmin−1. The electrolyte
solutions after NRR tests were extracted in the reservoir for further identification
and quantification.

The polarization curves during electrochemical measurements were recorded
with a scan rate of 5.0 mV s−1 at room temperature and all polarization curves
were obtained at the steady-state ones after several cycles. For the non-loading
electrocatalysis measurements and two-electrode flow-type cell system, the
potentiostatic tests were conducted in N2-saturated 0.1 M Na2SO4 solution (pH=
10.5) containing AgNDs with continuously bubbling N2 at a flow rate of ~15 mL
min−1 under adequately stirring at different potentials for 1 h. All NRR
experiments were carried out at room temperature and atmospheric pressure. Prior
to each measurement, N2 or Ar feeding gas was first pre-purged by the Cu-Fe-Al
catalyst, CrO3 column, 1.0 mM H2SO4 solution (20 mL) and distilled water (20 mL)
to eliminate the potential NOx and NH3 contaminants based on the previously
reported protocols45,46.

Determination of ammonia. The produced ammonia during NRR was spec-
trophotometrically detected by the indophenol blue method on a UV-Vis
2700 spectrophotometer (Shimadzu, Japan). In detail, 5.0 mL of sample was
diluted with 5.0 mL of deionized water. Subsequently, 500 μL of 0.55 M NaOH
coloring solution (5.0 wt.% salicylic acid and 5.0 wt.% sodium citrate), 100 μL of
catalyst solution (0.1 g Na2[Fe(CN)5NO]·2H2O diluted to 10 mL with deionized
water), 100 μL of oxidizing solution (sodium hypochlorite (ρCl= 4~4.9) and
0.75 M sodium hydroxide) were added respectively to the measured sample
solution. After standing at room temperature for 1 h, the UV-Vis absorption
spectrum was measured at a wavelength of 697.5 nm. The concentration-
absorbance curves were calibrated using standard NH4Cl solutions with a series
of concentrations in 0.1 M Na2SO4 solution (pH= 10.5) with and without
AgNDs incorporation and the obtained calibration curve (y= 0.013+ 0.811x,
R2= 0.999) was used to calculate the produced ammonia concentration.

Determination of hydrazine. The produced hydrazine concentration was
determined by the method of Watt and Chrisp. In detail, a mixture of para
(dimethylamino) benzaldehyde (5.99 g), HCl (concentrated, 30 mL) and ethanol
(300 mL) were used as the color reagent. 100 μL of sample was acidized with 10
mL of 1.0 M HCl solution, and then 5.0 mL of color reagent added to the above
sample solution with rapid stirring for several times. After standing at room
temperature for 20 min, the UV-Vis absorption spectrum was obtained at a
wavelength of 455 nm. The concentration-absorbance curves were calibrated
using standard N2H4·H2O solutions with a series of concentrations in 0.1 M
Na2SO4 solution (pH= 10.5) with and without AgNDs incorporation, and the
obtained calibration curve (y= 0.826x+ 0.007, R2= 0.999) was used to calculate
the ammonia concentration.

Calculations of NH3 yield rate (RNH3) and faradaic efficiency (FE). The cal-
culation of NH3 yield rate (RNH3) is as following equation:

RNH3
μg h�1mg�1

cat:

� �
¼ χ μgmL�1ð Þ´V mLð Þ

t hð Þ ´m mg�1ð Þ

The calculation of faradaic efficiency (FE) is as following equation:

FEð%Þ ¼ 3 ´ χ μgmL�1ð Þ ´V mLð Þ ´ 10�6 ´ F
17 ´Q

´ 100%

where χ (μg mL−1) is the produced ammonia concentration; V (mL) is the
electrolyte solution volume; m is the catalyst weight; t (s) is the reaction time; F is
the faradaic constant (96485.34); Q is the total charge passed through the electrode
during NRR.

Isotope labeling experiments. The 14N and 15N isotopic labeling experiments
were conducted using 14N2 and 15N2 as the feeding gases (99% enrichment of 15N
in 15N2 feeding gas, Supplied by Hefei Ninte Gas Management Co., LTD). Prior to
use, 14N2 and 15N2 feeding gases were pre-purged by the Cu-Fe-Al catalyst, CrO3

column, 1.0 mM H2SO4 solution (20 mL) and distilled water (20 mL) to eliminate
the potential NOx and NH3 contaminants based on the reported protocols45,46.
After the electrochemical reaction at −0.25 V (vs. RHE) for 1 h, the reaction
solution of both cathodic and anodic chambers (100 mL) was concentrated to 2.0
mL at 80 °C. Then, 1.0 mL of above solution mixed with 0.2 mL of D2O was used
for 1H NMR spectroscopy measurement (Bruker AVANCE AV III 400). The 1H
NMR analysis and calibration curve construction were carried out in accordance
with the reported method.

Computational methods. To investigate the N2 reduction reaction (NRR) process
on the Ag (111) surface, the density functional theory (DFT) calculations were
carried out by Viena ab initio software package (VASP)64,65. The Projector Aug-
mented Wave (PAW) potentials were used for the treatment of core electrons66.
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerh
(PBE) function was used for description of the electron exchange correlation
interactions67. Van der Waals interactions were described via DFT-D3 correla-
tion68. A 2 × 2 × 2 supercell slab model was built with the lattice parameters of a=
11.64, b= 11.64 Å and a vacuum of 15 Å was added in the z direction. The con-
vergence criterion of geometry relaxation was 0.01 eV Å−1in forceon each atom.
The energy cutoff for plane wave-basis was set to 500 eV. The K points were
sampled with 3 × 3 × 1 by Monkhorst-Pack method. The free energies of the NRR
steps were calculated by ΔG= ΔEads+ ΔΕZPE–TΔS+ ΔG(U)+ ΔG(pH), where
ΔEads is the adsorption energy, ΔΕZPE is the zero point energy and S is the entropy
at 298 K. Considering the applied potential of the NRR reaction, the free energy of
each step was calculated by adding the value of ΔG(U)=−neU, where U is the
applied bias, n is the number of electrons involved in the reaction. In our calcu-
lations, we used U=−0.25 V (vs. RHE). ΔG(pH) = −kBTln10 × pH, where kB is
the Boltzmann constant, and pH= 10.5 of the used electrolyte. In this study, the
entropies of molecules in the gas phase are obtained from the literature69.

Data availability
The authors declare that all the data supporting the findings of this study are available
within the article (and Supplementary Information Files), or available from the
corresponding author on reasonable request.
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