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The electrochemical reduction of N, into NH; under ambient
conditions is an attractive topic in the chemical industry, but the
chemical inertness of N, and the competing hydrogen evolution
reaction hamper the activity and selectivity of this reaction. Herein,
we connected Ru nanocrystals through a facile annealing process,
which constructed intraparticle grain boundaries and stacking
faults in the connection regions to enhance the N, reduction
reaction. The connected Ru nanoparticles exhibited an enhanced
yield rate and faradaic efficiency for NH; production. At —0.1 V
versus RHE, the connected Ru nanoparticles exhibited a maximum
yield rate of 29.3 pg cm™2 h™' (148.0 pg mgc.. > h™Y) for NH;
production with a faradaic efficiency of 7.0%. Mechanistic study
revealed that the promotion of the electrochemical reduction of N,
over connected Ru nanoparticles could be attributed to the
decreased work function and facilitated electron transfer, which
originated from the abundant defects in the connection region.

As an important chemical in agricultural, plastic, and textile
industries, ammonia (NH;3) has played a vital role in economic
development.'™ Moreover, NH; can serve as a stable hydrogen
(H,) carrier, which acts as a crucial intermediate in clean energy
conversion. Although the air contains 78% nitrogen, the highly
stable triple bonds in N, exhibit a bond energy as high as
940 kJ mol ™", resulting in a large energy barrier to activate the
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inert N,.*® The typical industrial process for the direct synth-
esis of NH; from N, is the Haber-Bosch process, which
proceeds at relatively high temperature and pressure (150-
350 atm, 350-550 °C) with a large consumption of H,. Both
the harsh reaction conditions and the H, source originate from
fossil fuels, accounting for 1-2% of the total global energy
consumption and a large amount of CO, emission.””® As such,
researchers are devoted to searching for an alternative and
sustainable approach for NH; synthesis. Notably, the electro-
chemical reduction of N, has been proposed as an ideal process
to convert electricity for NH; synthesis, where the electricity can
be obtained from intermittent renewable energy, such as solar
and wind energy.'** The electrochemical reduction of N, can
occur at room temperature with facile control of the reaction
kinetics by manipulating the applied potentials. Such processes
are generally operated in aqueous electrolytes using water as a
hydrogen precursor. During the electrochemical reduction of
N,, the chemical inertness of N, compared to that of water
commonly leads to the overwhelming hydrogen evolution
reaction (HER), which always consumes the electrons in the
cathode and decreases the faradaic efficiency (FE)."*™® As a result,
the development of electrocatalysts with efficiently promoted
activation of the N=N triple bonds is highly desired to boost
their catalytic activity for the electrochemical reduction of N,.
Recently, a variety of materials have been demonstrated as
active catalysts for this reaction, such as Au nanocrystals, Ru
nanocrystals, doped carbon materials, and metal single
atoms."”>° Typically, Ru-based catalysts represent a class of
highly efficient catalysts for the electrochemical reduction of
N,. A theoretical study reported that Ru-based catalysts
possessed an active site (namely the B5 site) on which the N,
cleavage process only required a low activation energy of
0.5 eV.>*? In this regard, several Ru-containing nanostructures
have been constructed as electrocatalysts for electrocatalytic N,
reduction. For example, Zeng and co-workers demonstrated
that Ru single atoms on nitrogen-doped carbon achieved a
record-high yield rate of 120.9 pgngs Mgeac  h~ " at —0.2 V with
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a 2.1-fold higher FE than that of Ru nanoparticles for N,
electrochemical reduction.>® Moreover, Sun and co-workers
proved that Ru,P nanoparticles on reduced graphene oxide
exhibited a high NH; yield of 32.8 ug h™! mg.,. ' and a high
FE of 13.04% at —0.05 V. For these metal-based electrocatalysts,
defect structures might also have an important influence on the
catalytic performance.”® For instance, Kanan and co-workers have
proved that the density of grain boundaries in Au nanoparticles
could be responsible for the CO, reduction activity.>® For N,
electrochemical reduction, Au sub-nanoclusters have been
demonstrated to exhibit much enhanced NH; yield and FE
compared to those of Au nanoparticles.”” Specifically, unsaturated
metal atoms, such as the edge atoms of the nanoparticles, tend to
migrate to neighboring sites, which might induce the conjunction
of nanoparticles with the existence of grain boundaries and/or
other defects and thus lead to altered catalytic performance.
Therefore, the rational construction of defect structures of
metal-based nanocrystals is a potential pathway to develop highly
active electrocatalysts for the electrochemical reduction of N,.

Herein, we connected Ru nanocrystals to construct intrapar-
ticle grain boundaries and stacking faults for an enhanced N,
reduction reaction. Through a facile annealing process, the
dispersed Ru nanocrystals were connected with each other to
form wavy nanowires. These nanowires possessed abundant
defects in conjunction regions. For the electrochemical
reduction of N,, these connected Ru nanoparticles showed a
yield rate of 29.3 ug em > h™" (148.0 pg mg., ' h™') for NH;
production at —0.1 V versus RHE, which was 5.6-fold larger
higher that of dispersed Ru nanoparticles. Moreover, the
faradaic efficiency for NH; production over connected Ru
nanoparticles was 3.7-times higher than that of pristine Ru
nanoparticles. Further mechanistic study revealed that the
abundant defects in connected Ru nanoparticles could
decrease the work function of Ru catalysts, giving rise to
facilitated electron transfer and thus promoting their activity
for the electrochemical reduction of N,.

To begin with, the dispersed Ru nanoparticles were hydro-
thermally synthesized using RuCl; as the precursor, NaBH, as
the reductant, and poly(vinyl pyrrolidone) (PVP) as the capping
agent. As shown in the transmission electron microscopy (TEM)
image, these Ru nanoparticles were highly crystalline with an
average size of 6.5 nm without connecting with each other
(Fig. S1 and S2, ESIt). Fig. S3 (ESIt) shows the high-resolution
TEM (HRTEM) image of dispersed Ru nanoparticles, illustrating
their defect-free nature. The Ru nanoparticles were then con-
nected with each other after a subsequent annealing process at
550 °C in N, atmosphere. As shown in Fig. 1a, the Ru nano-
particles were connected and generated wavy nanowires. Fig. 1b
and ¢ show the HRTEM images of the connected Ru nano-
particles. The parallel fringes with interplanar spacings of
0.21 nm were ascribed to the (101) facets of the icp Ru phase.
In Fig. 1b, a distinct grain boundary is clearly recorded in the
kinked region of the connected Ru nanoparticles. The grain
boundaries and stacking faults are marked in Fig. 1b and c.
Obviously, the dark fringes in Fig. 1c demonstrate the existence
of stacking faults in the twisted region of the connected Ru
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Fig. 1 (a) TEM images of connected Ru nanoparticles. (b and c) HRTEM
images of connected Ru nanoparticles in different regions. (d) XRD
patterns of dispersed Ru nanoparticles and connected Ru nanoparticles.

nanoparticles. These results indicate that various defects were
generated along with the connection process of Ru nano-
particles. Fig. S4 (ESIf) shows that the Ru nanoparticles
increased the boundaries and stacking faults, which were
obtained by the increased annealing temperatures. Fig. 1d shows
the X-ray diffraction (XRD) patterns of the dispersed Ru nano-
particles and connected Ru nanoparticles. All the peaks were
indexed to hcp Ru (JCPDS No. 06-0663) without any shift.
Moreover, the X-ray photoelectron spectroscopy (XPS) peaks of
both the dispersed Ru nanoparticles and connected Ru nano-
particles correspond to zero-valent Ru (Fig. S5, ESIf), further
verifying their metallic nature.”®*™"

To examine their electrochemical performance for N,
electrochemical reduction, the dispersed Ru nanoparticles
and connected Ru nanoparticles were uniformly dispersed on
the electrode to prepare the working electrode. The concen-
tration of ammonia was determined by the indophenol blue
method, which showed a good linear fitting (Fig. S6, ESIf).
Fig. 2a shows the geometric current density (j) of the connected
Ru nanoparticles and dispersed Ru nanoparticles, while the
corresponding LSV curves are shown in Fig. S7 (ESIt). The
connected Ru nanoparticles exhibited higher currents than
those of dispersed Ru at the applied potentials, which was
attributed to the rich defects in the linked region of the Ru
nanoparticles. Moreover, the yield rates for NH; production
over connected Ru nanoparticles were remarkably higher than
those over dispersed Ru nanoparticles at all of the applied
potentials (Fig. 2b). The detailed yield rates and FE at different
potentials in N,-saturated electrolyte are collated in Table S1
(ESIT). Specifically, the yield rate for NH; production over
connected Ru nanoparticles reached 29.3 pg cm > h™*
(148.0 ug mge. ' h™") at —0.1 V versus RHE, which was 5.6-
fold higher than that over dispersed Ru nanoparticles. Notably,
such a high value of yield rate was also competitive with
recently reported electrocatalysts for N, electrochemical
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Fig. 2 (a) Total current densities for NHz production. (b) Yield rate and (c)
faradaic efficiency for NHs production at different potentials over dis-
persed Ru nanoparticles and connected Ru nanoparticles. (d) The current
density and yield rate for NHz production during a 7 h durability test at
—0.1V versus RHE over connected Ru nanoparticles.

reduction (Table S2, ESIt).>*"*® Meanwhile, as shown in Fig. S8
(ESIY), the yield rate of NH; only exhibited slight decrease over
connected Ru nanoparticles treated with PVP solution, demon-
strating that PVP would have little effect on NH; production.
Besides, to exclude the impacts of nitrate ions in the electrolyte,
we have tested the nitrate ion concentration of the electrolyte
using a UV spectrophotometer. The concentration of nitrate
was determined by the absorbance at 220 nm minus twice the
absorbance at 275 nm. The nitrate ion concentration in
solution was below the detection limit. Furthermore, the far-
adaic efficiency analysis shown in Fig. S9 (ESIt) indicates that
the products were mainly H, and NH;3, and no other substances
were produced during the experiment.

The connection of Ru nanoparticles could also alter their
selectivity for N, electrochemical reduction. Fig. 2¢ shows the
FE for NH; production at the applied potentials. At —0.1 V
versus RHE, the FE of the connected Ru nanoparticles reached
7.0%, which was higher than the 1.9% of the dispersed Ru
nanoparticles. Under the other potentials, the connected Ru
nanoparticles showed obvious outperformance in terms of the
FE for NH; production compared to the dispersed Ru nano-
particles. Meanwhile, with increase in potential, the FE for NH;
production of the two catalysts exhibited a dramatic decrease,
which could be ascribed to the largely increased hydrogen
evolution. Fig. 2d shows the stability test of the connected Ru
nanoparticles under a constant potential of —0.1 V versus RHE.
The connected Ru nanoparticles exhibited total current density
without any obvious decay during the 7 h test. Meanwhile, the
yield rate for NH; production over connected Ru nanoparticles
was kept steady, further demonstrating the stability of the
connected Ru nanoparticles.

To further verify the origin of NH; production over these Ru
nanoparticles during the N, electrochemical reduction process,
we performed control experiments in Ar-saturated and N,-
saturated electrolytes. The NH," ion chromatography tests of
the electrolytes after catalytic reaction over the connected Ru
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Fig. 3 (a) The NH*" ion chromatography tests of the electrolyte after the
catalytic reaction over connected Ru nanoparticles in Ar-saturated and
N,-saturated electrolytes. (b) Yield rate and FE of NHs production at
different potentials over connected Ru nanoparticles in Ar-saturated
electrolyte.

nanoparticles in Ar-saturated and N,-saturated electrolytes are
collated in Fig. 3a. The signal obtained under the Ar-saturated
condition over the connected Ru nanoparticles was relatively
weak, indicating that the connected Ru nanoparticles hardly
produced NH; without the presence of N,. In contrast, a sharp
peak corresponding to NH," ions emerged in the N,-saturated
electrolyte (Fig. S10, ESIt), demonstrating that the detected
NH; mainly originated from the nitrogen source of N,. Besides,
when the reaction proceeded in an Ar-saturated electrolyte for
1 h over the connected Ru nanoparticles, the yield rate and FE
of NH; production were below 0.15 pg cm > h™" and 0.1%,
respectively (Fig. 3b). Such performance was much poorer than
that obtained in the N,-saturated electrolyte, further demon-
strating the lack of catalytic activity for NH; production in the
absence of N,. Moreover, we have also tested the open-circuit
potential under nitrogen and argon atmospheres, where the
influence of impurities in the atmosphere was further excluded
(Fig. S11, ESIt). As such, for these Ru catalysts, NH; production
is mainly derived from N, electrochemical reduction rather
than the impurities present during the preparation and
measurement of the catalysts.

The intrinsic cause of the high catalytic performance of
connected Ru nanoparticles for NH; production was further
explored. Fig. 4a shows the difference of charging current
densities plotted against scan rate over the connected Ru
nanoparticles and dispersed Ru nanoparticles, which was
obtained by applying cyclic voltammetry (CV) ranging from
0.45 V to 0.35 V versus RHE at scan rates of 20, 40, 60, 80,
and 100 mV s~ ' at room temperature (Fig. S12, ESIT). The slope
of the linear fit was twice the double-layer capacitance (Cq)
values. Specifically, the Cq4 value of connected Ru nanoparticles
was calculated to be 12.5 mF cm ™%, which was larger than the
9.1 mF cm ™ of the dispersed Ru nanoparticles. Given that the
Cq) values were positively correlated with the electrochemical
active surface area, the increased Cg value of connected Ru
nanoparticles suggested that the connection of Ru nano-
particles could lead to increased active sites for catalysis. The
increased active sites of connected Ru could be ascribed to the
presence of defects in the connection regions. Besides, we normal-
ized the yield rate of NH; production at different potentials based
on the Cy values, which indicated the intrinsic activity excluding
the influence of the number of active sites (Fig. 4b). At all of the
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Fig. 4 (a) The differences of current density as a function of scan rate
over dispersed Ru nanoparticles and connected Ru nanoparticles. (b)
Normalized yield rate of NHsz production at different potentials over
dispersed Ru nanoparticles and connected Ru nanoparticles. (c) Cu-UPD
stripping curves over dispersed Ru nanoparticles and connected Ru
nanoparticles. (d) UPS spectra of dispersed Ru nanoparticles and con-
nected Ru nanoparticles.

applied potentials, the normalized yield rate of NH; over the
connected Ru nanoparticles showed an obvious enhancement
compared to that on the dispersed Ru nanoparticles, indicating
that the connection of Ru nanoparticles with abundant defects
could intrinsically increase the catalytic activity towards N, elec-
trochemical reduction.®

Given that both the adsorption of Cu adatoms and the
activation of N, required a similar electron transfer from
the electrocatalyst to the adsorbates, we further conducted
the under potential deposition of Cu (Cu-UPD) to gain an in-
depth understanding of the catalytic mechanism. Fig. 4c shows
the Cu-UPD stripping curves of Cu adatoms on dispersed Ru
nanoparticles and connected Ru nanoparticles. With the
increase in oxidation potential, Cu adatoms derived from the
UPD process were electrochemically oxidized. Notably, a typical
peak was observed at 0.45 V versus RHE, which was attributed to
the oxidation of Cu adatoms on the original sites of the Ru
nanoparticles. In comparison with the dispersed Ru samples, a
new peak arose at 0.61 V versus RHE in the Cu-UPD stripping
curve of the connected Ru nanoparticles. This new peak could
result from the oxidation of Cu adatoms on the defect sites in
the connected Ru nanoparticles, which was consistent with the
increase of Cgq; values. Moreover, the location of this peak was
more positive than that of the Cu stripping peaks, indicating
the enhanced binding strength of the adsorbed atoms on the
defect sites. This enhanced adsorption of adsorbates on the
connected Ru samples further suggests the facilitated activation
of N, during electrocatalysis.*” The mechanism of the enhanced
adsorption at the connected Ru samples was further explored
using the secondary electron cut-off of the ultraviolet photoelec-
tron spectroscopy (UPS) spectra (Fig. 4d). The work function of a
catalyst is the total energy of photons in the UPS test minus the
energy edge of the secondary electron cut-off. The dispersed Ru
nanoparticles exhibited a work function of 4.38 eV, whereas the
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connected Ru nanoparticles showed a decreased work function
of 4.14 eV. It has been reported that a decreased work function
can improve the electron transfer process of electrocatalysts.**™**
For the connected Ru nanoparticles, the facilitated electron
transfer could benefit the faradaic process of N, activation,
and thus lead to its enhanced performance towards N, electro-
chemical reduction.

Conclusions

In conclusion, we have developed connected Ru nanoparticles
with abundant defects as highly active catalysts for the electro-
chemical reduction of N,. With the existence of grain boundaries
and stacking faults in the connection region of the Ru nano-
particles, the yield rate and faradaic efficiency for NH; production
exhibited a dramatic increase. At —0.1 V versus RHE, the con-
nected Ru nanoparticles exhibited a remarkable FE of 7.0%, with
a considerable yield rate of NH; of 29.3 ug em~> h™". Moreover,
the connected Ru nanoparticles showed a steady yield rate for
NH; production during 7 h measurements. This work not only
demonstrates a highly efficient electrocatalyst for N, electroche-
mical reduction but also provides an attractive strategy to design
metal-based nanocrystals with well-controlled interfacial struc-
tures for catalysis and beyond.
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