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Achieving a Record-High Yield Rate of 120.9 ugyy, mges: h™'
for N, Electrochemical Reduction over Ru Single-Atom

Catalysts

Zhigang Geng, Yan Liu, Xiangdong Kong, Pai Li, Kan Li, Zhongyu Liu, Junjie Du,

Miao Shu, Rui Si,* and Jie Zeng*

The electrochemical reduction of N, into NH3 production under ambient
conditions represents an attractive prospect for the fixation of N,. However,
this process suffers from low yield rate of NH; over reported electrocata-
lysts. In this work, a record-high activity for N, electrochemical reduction
over Ru single atoms distributed on nitrogen-doped carbon (Ru SAs/N-C)

is reported. At —0.2 V versus reversible hydrogen electrode, Ru SAs/N-C
achieves a Faradaic efficiency of 29.6% for NH; production with partial
current density of —0.13 mA cm™2. Notably, the yield rate of Ru SAs/N-C
reaches 120.9 gy, mgey. h™', which is one order of magnitude higher
than the highest value ever reported. This work not only develops a superior
electrocatalyst for NH; production, but also provides a guideline for the
rational design of highly active and robust single-atom catalysts.

Nitrogen is an essential building element for biomolecules such
as proteins, nucleotides, and other biological compounds in
plants and animals.['3l Although molecular nitrogen (N,) is the
major component on earth (78% in the atmosphere), it is nutri-
tionally unavailable due to the highly stable N=N covalent triple
bond with the bond energy of 940.95 k] mol L% As such,
high pressure and temperature (150-350 atm, 350-550 °C)
are required to convert N, to available nitrogen-containing
compounds such as NH; through Haber—Bosch process in
industry.’-1% The harsh condition of Haber-Bosch process
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results in 1-2% of the world’s annual
energy  supply  consumption.l'’12
Moreover, the NHj; synthesis through
Haber-Bosch process requires hydrogen
gas as source, which is generated from
the steam reforming of natural gas
with a large concomitant emission of
CO,.M In view of the fossil fuels
shortage and global climate change, it is
highly desired to explore a catalytic pro-
cess that produces NH; using N, and
earth-abundant hydrogen sources under
ambient conditions.

Recently, a variety of sustain-
able routes for fixing N, to NH; have
been developed by wusing biological
nitrogenase,'”!  photocatalysis,'® and
electrocatalysis.'’2) As a strategy of
NH; synthesis under the ambient reaction condition, elec-
trochemical reduction of N, into NH; has attracted particular
attention, because this process utilizes H,O as hydrogen source
and can be facilely controlled by altering the applied elec-
trode potential. Thanks to the tremendous efforts from many
research groups, numerous catalysts such as Ru,l!® Ay,[21-23
poly(N-ethyl-benzene-1,2,4,5-tetracarboxylic diimide) with Li*
incorporation,?*! N-doped porous carbon,/?! and Fe,0;/carbon
nanotubel?®! have been developed for N, electrochemical reduc-
tion. However, to date, the highest NH; yield rate among the
reported electrocatalysts was only 23.8 ugyy, mga, h™' toward
N, electrochemical reduction.””! Therefore, the development
of highly active electrocatalysts for NH; production is desirable
but remains challenging.

Herein, we developed Ru single atoms on nitrogen-doped
carbon (denoted as Ru SAs/N-C) which achieved record-high
activity toward N, electrochemical reduction. At —0.2 V versus
reversible hydrogen electrode (RHE), Ru SAs/N-C exhibited
a Faradaic efficiency (FE) of 29.6% for NH; production with
partial current density of —0.13 mA cm™2. Notably, the yield
rate of Ru SAs/N-C reached 120.9 ugyu, mga:. h™', which was
one order of magnitude higher than the highest value ever
reported. Moreover, Ru SAs/N-C also held high catalytic sta-
bility toward N, electrochemical reduction at different applied
potentials.

Typically, Ru SAs/N-C was prepared via pyrolyzing the
Ru-containing derivative of zeolitic imidazolate frameworks
(ZIF-8). The synthetic procedure of Ru SAs/N-C is illustrated
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Figure 1. a) Scheme of the synthetic procedure for Ru SAs/N-C. b) A typical SEM image, c) TEM image, d) magnified TEM image, e) HAADF-STEM
image, and f) magnified HAADF-STEM image of Ru SAs/N-C. g) HAADF-STEM image and corresponding EDS elemental mapping results for Ru

SAs/N-C.

in Figure 1a. The Ru-containing derivative of ZIF-8 was synthe-
sized through the standard synthetic route of ZIF-8 except for
partial substitution of Zn(NOjs), with Ru(acac);.*”?!] As shown
in Figure S1 (Supporting Information), the derivative of ZIF-8
exhibited homogeneous rhombododecahedral morphology with
an average size of 60 nm. After the derivative was pyrolyzed
under N, flow at 900 °C for 3 h, Ru SAs/N-C was obtained. The
Ru mass loading was determined to be 0.18% by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). As
shown in the scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of Ru SAs/N-C,
the original structure shrank into porous irregular rhombo-
dodecahedrons with an average size of 40 nm after pyrolysis
process (Figure 1b-d). The high-angle annular dark field
scanning transmission electron microscopy (HAADE-STEM)
image and magnified HAADF-STEM image of Ru SAs/N-C
demonstrate that individual Ru atoms were uniformly dis-
persed (Figure le,f). The HAADF-STEM image and the corre-
sponding energy-dispersive X-ray spectroscopy (EDS) elemental
mapping show the homogeneous distribution of the C, N,
and Ru elements throughout the whole structure (Figure 1g).
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For comparison, we also prepared Ru nanoparticles on the
nitrogen-doped carbon (denoted as Ru NPs/N-C) with the Ru
loading of 2.64% by increasing the molar ratio of Ru(acac);/
Zn(NOs), to 1:1. The TEM image indicates that the average
size of Ru nanoparticles in Ru NPs/N-C was 3.5 nm (Figure S2,
Supporting Information).

To investigate the structures and compositions of Ru
SAs/N-C and Ru NPs/N-C, we conducted a series of characteri-
zations, including X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Raman measurements. Figure 2a
shows the XRD spectra of Ru SAs/N-C and Ru NPs/N-C. Both
Ru SAs/N-C and Ru NPs/N-C exhibited two broad peaks at
24.1° and 43.3° which were attributed to the (002) and (101)
facets of graphite carbon, respectively (Figure S3, Supporting
Information). The diffraction peaks of Ru NPs/N-C were well
indexed to a hexagonal-close-packed crystal structure of Ru
(JCPDS No. 06-0663). By contrast, the characteristic peak of Ru
crystals disappeared in the XRD pattern of Ru SAs/N-C, further
demonstrating the absence of Ru nanoparticles in Ru SAs/N-C.
The XPS spectrum of Ru SAs/N-C and Ru NPs/N-C showed no
peaks for Zn 2p, demonstrating that Zn?* species in derivative
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Figure 2. a) XRD patterns of Ru SAs/N-C and Ru NPs/N-C. XPS spectra of the b) N 1s and c) Ru 3p;, for Ru SAs/N-C and Ru NPs/N-C. d) Ru K-edge
XANES spectra and e) EXAFS spectra for Ru SAs/N-C, Ru NPs/N-C, RuO,, Ru(acac);, and Ru foil. f) EXAFS fitting curve for Ru SAs/N-C.

of ZIF-8 were evaporated during the pyrolysis process (Figure S4,
Supporting Information).??! In N 1s spectra of Ru SAs/N-C and
Ru NPs/N-C, three peaks at 398.6, 400.2, and 401.1 eV were
assigned to pyridinic N, pyrrolic N, and graphitic N, respec-
tively (Figure 2b).B% Meanwhile, the C—N peak at 286.5 eV
were clearly recorded in C 1s spectra of Ru SAs/N-C and Ru
NPs/N-C (Figure S5, Supporting Information). The XPS results
indicate that the organic linkers in the derivative of ZIF-8 were
transformed into nitrogen-doped carbon. Moreover, the Ru
3p3/; peaks of Ru SAs/N-C and Ru NPs/N-C were located at
463.2 and 461.6 eV, which were attributed to the oxidized and
metallic Ru, respectively (Figure 2c).?! The defect structure of
nitrogen-doped carbon in Ru SAs/N-C and Ru NPs/N-C was
further investigated by Raman spectra. As shown in Figure S6
(Supporting Information), two peaks at 1350 and 1580 cm™
corresponded to D band and G band of graphite carbon,
respectively.??l The intensity ratio of D band to G band (Ip/I)
for Ru SAs/N-C was 1.01, which was similar to that (1.02)
for Ru NPs/N-C. Accordingly, the frame of porous carbon in
both samples possessed the similar degree of disorder for sp?
carbon.

To further investigate the electronic and coordination
structures of Ru SAs/N-C and Ru NPs/N-C, we conducted
the X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) measure-
ments. Figure 2d shows the Ru K-edge XANES profiles for
Ru SAs/N-C, Ru NPs/N-C, RuO,, Ru(acac);, and Ru foil. Ru
SAs/N-C exhibited the similar energy absorption edge profiles
with that of Ru(acac); (Ru*") in a range between 22 110 and
22 130 eV. Moreover, we have further conducted the deriva-
tive profiles for XANES of Ru SAs/N-C, Ru NPs/N-C, RuO,,
Ru(acac);, and Ru foil. As shown in Figure S7 (Supporting
Information), the derivative profile for XANES of Ru SAs/N-C
exhibited a similar pre-edge structure ranging from 22 112 to
22 121 eV with that of Ru(acac);. The maximum XANES slopes
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of both Ru SAs/N-C and Ru(acac); were located at 22 129 eV.
Therefore, the valence state of Ru species in Ru SAs/N-C was
~+3. In contrast, the energy absorption edge profile of Ru
NPs/N-C matched well with that of the Ru foil, demonstrating
the metallic Ru species in Ru NPs/N-C. As shown in Figure 2e,
EXAFS spectra for Ru SAs/N-C exhibited only a prominent
peak at =2.04 A which was attributed to Ru—N bonds. No sig-
nificant contribution for metallic Ru and oxidized Ru,O, clus-
ters was observed at longer distance above 2.50 A, revealing
the dispersion of isolated Ru atoms throughout the whole Ru
SAs/N-C structure. As for Ru NPs/N-C, a typical peak located
at 2.70 A was observed, implying the formation of a Ru—Ru
metallic bond. To further obtain the structure parameters of Ru
in Ru SAs/N-C, we conducted a least-squares EXAFS fitting.
When the EXAFS fitting parameter of the bond length was set
to 2.04 A with the coordination number of =3.4 (Table S1, Sup-
porting Information), the fitting curve of Ru SAs/N-C perfectly
matched with the EXAFS result (Figure 2f). Based on the above
analysis, the Ru atom in Ru SAs/N-C was coordinated by N
atoms.

To evaluate the electrochemical activity over Ru SAs/N-C
and Ru NPs/N-C toward N, electrochemical reduction, we
tested the cyclic voltammetry (CV) curves of Ru SAs/N-C and
Ru NPs/N-C in both Nj-saturated and Ar-saturated 0.05 m
H,S0O, electrolyte (Figure S8, Supporting Information). For Ru
SAs/N-C, the current density in N,-saturated electrolyte was
higher than that in Ar-saturated electrolyte at the potential
ranging from —0.15 to —0.50 V versus RHE, indicating that Ru
SAs/N-C possessed catalytic activity toward N, electrochem-
ical reduction. At the potential below —0.50 V versus RHE,
the current density of Ru SAs/N-C in Nj-saturated electrolyte
approximated to that in Ar-saturated electrolyte with the diver-
gence below 0.09 mA cm™. In this case, the hydrogen evolu-
tion reaction became the primary process. By contrast, Ru
NPs/N-C exhibited similar CV curves in both N,-saturated and
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Figure 3. a) Current densities for NH; production. b) FE and c) yield rate of NH; production at different applied potentials on Ru SAs/N-C and Ru
NPs/N-C. d) 12 h durability test for Ru SAs/N-C toward N, electrochemical reduction at —0.2 V versus RHE.

Ar-saturated electrolytes, suggesting the low catalytic activity
toward N, electrochemical reduction. The catalytic perfor-
mance of Ru SAs/N-C and Ru NPs/N-C was further tested in
Nj-saturated 0.05 m H,SO, electrolyte toward N, electrochem-
ical reduction. After a 12 h test for Ru SAs/N-C at —0.2 V versus
RHE, the electrolyte was qualitatively detected by the Fourier
transform infrared (FTIR) spectroscopy. As shown in Figure S9
(Supporting Information), the characteristic peak at 1450 cm™
for NH,* deformational vibration was observed, indicating the
generation of NH; over Ru SAs/N-C during N, electrochemical
reduction.?® The concentration of NH," was also quantified
via a calibrated indophenols blue method, which was in good
agreement with the result determined by ion chromatography
(Figures S10 and S11, Supporting Information). The produc-
tion of hydrazine was below the detection limit, indicating the
high selectivity for NH; over Ru SAs/N-C and Ru NPs/N-C
(Figure S12, Supporting Information). Figure 3a shows the par-
tial current density of Ru SAs/N-C and Ru NPs/N-C for NH;
production. At all applied potentials, Ru SAs/N-C exhibited
higher partial current density for NH; production than that
of Ru NPs/N-C. Typically, at 0.2 V versus RHE, the partial
current density of Ru SAs/N-C for NH; production reached
—-0.13 mA cm™2, which was approximately twice that of Ru
NPs/N-C. In addition, the FE of Ru SAs/N-C for NH; produc-
tion was higher than that of Ru NPs/N-C at all applied poten-
tials (Figure 3b). Remarkably, the FE of Ru SAs/N-C for NH;
production reached 29.6% at —0.2 V versus RHE, which was
2.1-fold higher than that of Ru NPs/N-C. Moreover, we nor-
malized the yield rate of NH; production based on the weight
of catalysts. At —0.2 V versus RHE, Ru SAs/N-C exhibited a
record-high yield rate of 120.9 ugyy, mgo, h™ for NH; produc-
tion (Figure 3c). Notably, such value is more than one order
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of magnitude higher than that of other electrocatalysts under
the near-ambient conditions for NH; production up to date
(Table 1).

To verify that NH; production over Ru SAs/N-C and Ru
NPs/N-C was generated via N, electrochemical reduction pro-
cess, we performed a series of control experiments. When the
reaction proceeded in an Ar-saturated electrolyte at —0.2 V versus
RHE for 2 h, the yields of NH; production for Ru SAs/N-C
and Ru NPs/N-C were below detection limit (Figure S13, Sup-
porting Information). As such, the NH; production did not
derive from the self-electrolysis of catalysts. When Ru SAs/N-
C was conducted in N,-saturated 0.05 m H,SO, electrolyte at
open-circuit, no NH; production was detected, indicating the
absence of NH; impurity in N, gas (Figure S13, Supporting
Information). We also conducted the N, electrochemical reduc-
tion over pyrolyzed ZIF-8 to exclude the catalytic performance
of nitrogen-doped carbon in Ru SAs/N-C (Figure S14, Sup-
porting Information). At —0.2 V versus RHE, the pyrolyzed
ZIF-8 exhibited a poor FE of 0.4% for NH; production with a
low yield rate of 5.2 ugyy, mge,. h™. As such, Ru single atoms
in Ru SAs/N-C served as the active sites for N, electrochemical
reduction. To confirm the origination of NH; production, we
conducted an isotopic labeling experiment using N, as the
feeding gas. A distinguishable chemical shift of doublet cou-
pling was attributed to °N in »NH,* determined by 'H NMR
spectra (Figure S15, Supporting Information).?*l Therefore, the
NH; production derived from N electrochemical reduction. To
explore the effect of the electrolyte, we measured CV curves in
0.05 M Na,SO, and 0.1 m KOH electrolyte for both Ru SAs/N-
C and Ru NPs/N-C. For Ru SAs/N-C, the current density in
N,-saturated electrolyte was higher than that in Ar-saturated
electrolyte at the potential ranging from —0.15 to —0.50 V versus
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Table 1. Comparison of the N, electrochemical reduction activity for Ru SAs/N-C with other catalysts under near-ambient conditions.

Catalyst Electrolyte Potential Yield rate Ref.
Area activity [ugni, cm™> h™] Mass activity [Hgnn, MEar h7]

Ru/C 2 m KOH —1.1 V versus Ag/AgCl 0.21 - [18]
Au/CeO,-RGO 0.1 m HCl —0.2 V versus RHE - 8.3 [27]
Au nanorods 0.1 m KOH —0.2 V versus RHE 1.65 - [22]
Au cluster/TiO, 0.1 m HCl —0.2 V versus RHE - 21.4 [23]
PEBCD/C 0.5 m Li,SO,4 —0.7 V versus RHE - 2.01 [24]
N-doped porous carbon 0.05 M H,SO, —0.9 V versus RHE 9.47 23.8 [25]
Fe,0;-CNT Diluted KHCO; —2.0 V versus Ag/AgCl 0.22 - [26]

Ru SAs/N-C 0.05 m H,SO4 —0.2 V versus RHE 30.84 120.9 This work
RHE, irrespective of H,SO,, Na,SO,, and KOH solutions temperature-programmed desorption (N,-TPD) for Ru

(Figure S16, Supporting Information). In addition, Ru NPs/N-
C exhibited similar CV curves in Nj-saturated and Ar-satu-
rated electrolyte regardless of different solutions. As shown in
Figure S17 (Supporting Information), the FE of NH; produc-
tion for Ru SAs/N-C in Na,SO, and KOH solution was 29.1
and 29.4%, respectively, approximating to that (29.6%) in
H,SO, solution at —0.2 V versus RHE, while the divergence
of FE in three types of solutions was within the error for Ru
NPs/N-C. Therefore, the electrolyte solution was not critical in
our work. We further calculated the turnover frequency (TOF)
numbers of Ru SAs/N-C and Ru NPs/N-C based on the sur-
face Ru atoms (Figure S18, Supporting Information). Notably,
the TOF number of Ru SAs/N-C was 376 h™!, which was about
ten times larger than that (35 h™') of Ru NPs/N-C at —0.2 V
versus RHE. In addition, the durability of Ru SAs/N-C was
tested by scanning at a constant potential of —0.2 V versus RHE
for 12 h (Figure 3d). Ru SAs/N-C exhibited less than 7% decay
of yield rate for NH; production during a 12 h potentiostatic
test (Figure S19, Supporting Information). After the electrol-
ysis, the Ru single atoms were still atomically dispersed on the
nitrogen-doped carbon (Figure S20, Supporting Information).
The intrinsic reason of high catalytic performance for
Ru SAs/N-C was further investigated. We conducted N,

Q
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SAs/N-C and Ru NPs/N-C. As shown in Figure 4a, both Ru
SAs/N-C and Ru NPs/N-C exhibited a peak at 196 °C, which
was attributed to the chemical adsorption of N, on pyrolyzed
ZIF-8 (Figure S21, Supporting Information). The other desorp-
tion peak for Ru SAs/N-C was located at 340 °C, which was
assigned to the chemical adsorption of N, on Ru species. By
comparison, the peak for N, chemical adsorption was located at
271 °C for Ru NPs/N-C. As such, the binding strength of N, on
Ru SAs/N-C was stronger than that on Ru NPs/N-C. The strong
binding of N, on Ru SAs/N-C indicated the facilitated adsorp-
tion of N,, thus resulting in high activity of Ru SAs/N-C. To
provide a theoretical insight into the reaction mechanism, we
calculated the Gibbs free energy (G) for each step involved in
the N, reduction at 0 V versus RHE on Ru;—Nj3, Ru;—N,, and
Ru (101). As shown in Figure 4b and Figure S22 (Supporting
Information), the variation in Gibbs free-energy (AG) from
*NNH to *NNH, is 0.12 eV, which is more negative than that
(0.60 eV) from *NNH to *NHNH for Ru;—Nj (Figures S23 and
S24, Supporting Information). As such, the N, electrochemical
reduction for Ru;—N; undergoes the distal pathway rather than
the alternating pathway. In addition, the reaction over Ru;—N,
also experiences the distal pathway according to the AG of
the partial elementary reaction intermediates (Figure 4b and
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Figure 4. a) The N,-TPD profiles of Ru SAs/N-C and Ru NPs/N-C. b) Free energy diagram of the N, electrochemical reduction with a distal pathway

on Ru;—N3, Ru;—Ny, and Ru (101). * represents an adsorption site.
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Figure S22, Supporting Information). As shown in Figure 4b,
the N, dissociation (from *N, to *NNH) exhibits the highest
energy barrier among all the steps on either Ru SAs/N-C or Ru
(101). Accordingly, N, dissociation serves as the rate-limiting
step. Furthermore, the AG for N, dissociation on Ru;—N; and
Ru;—N, are 0.73 and 0.77 eV, respectively, which are lower than
that (0.91 eV) on Ru (101). As such, Ru SAs/N-C promotes N,
dissociation, thereby resulting in enhanced activity relative to
Ru NPs/N-C.

In conclusion, Ru SAs/N-C has been demonstrated to serve
as a highly efficient electrocatalyst for N, electrochemical
reduction. At —0.2 V versus RHE, Ru SAs/N-C exhibited a FE
of 29.6% for NH; production with partial current density of
—0.13 mA cm™. Notably, the yield rate of Ru SAs/N-C reached
120.9 ugyu, mge h™, which was one order of magnitude
higher than the highest value ever reported. This work provides
a guideline for the generation of atomically dispersed uniform
single atomic materials and paves a new avenue for further
research in the application of single atomic catalysts toward N,
electrochemical reduction.
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Supporting Information is available from the Wiley Online Library or
from the author.
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