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ABSTRACT: The d-band center of a catalyst can be applied for the
prediction of its catalytic activity, but the application of d-band theory for the
electrocatalytic nitrogen reduction reaction (eNRR) has rarely been studied
in perovskite materials. In this work, a series of double-perovskite
LaCoxNi1−xO3 (LCNO) nanorods (NRs) were synthesized as models,
where the d-band centers can be modulated by changing the stoichiometric
ratios between Co and Ni elements. Experimentally, the LCNO-III NRs (x =
0.5) attained the highest faradic efficiency and NH3 yield rate among various
LCNO NRs. This result matches well with the finding from theoretical
calculations that LCNO-III has the most positive d-band center (εd = −0.96
eV vs Fermi level), thus confirming that LCNO-III shows the strongest
adsorption ability for N2 molecules (adsorption energy value of −2.01 eV)
for the subsequent N2 activation and reduction reactions. Therefore, this
work proposes a general rule to adopt for developing novel catalysts (especially perovskite-based catalysts) for substantially
increasing the eNRR activity by modulating the corresponding d-band centers.
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1. INTRODUCTION

Ammonia (NH3) is a typical high-hydrogen energy carrier with
zero carbon (17.6% hydrogen by mass); it is used as a
propellant in rockets and missiles1 and plays a crucial role in
producing chemicals (e.g., nitric acid and urea).2 Currently, the
well-known Haber−Bosch process (HBP) is still the main-
stream method to produce ammonia in the chemical industry,
and this process relies heavily on harsh conditions (200−250
bar, 400−500 °C),3,4 resulting in significant energy con-
sumption and environmental pollution. As a much greener and
milder strategy than the HBP, the electrocatalytic nitrogen
reduction reaction (eNRR) offers an attractive route to achieve
the conversion from N2 resources to NH3 production. To
accelerate the dissociation of inert N2 molecules and reduce
the energy barrier during the eNRR process, high-efficiency
catalysts are urgently needed. Recently, investigations of eNRR
catalysts have focused on metals,5 metal oxides,6,7 metal
nitrides or carbides,8,9 metal complexes,10−12 and other metal-
free materials,13 among which noble-metal-based catalysts14−17

are regarded as the most promising electrocatalysts for
nitrogen reduction with high NH3 yields. However, the limited
reserves and high cost of noble metals hinder their large-scale
applications. As great candidates for eNRR electrocatalysts,
perovskite oxide materials have been studied by various
approaches in recent years, such as LaCoO3, LaCrO3, LaFeO3,
La2Ti2O7, and Ce1/3NbO3.

18−24

Recently, ABO3-type double perovskites, where the A-site
represents rare-earth or alkali metal cations and B-sites are
transition-metal cations, have attracted considerable attention
for various energy-related applications because of their
structural tunability and high electronic and ionic conductiv-
ity.25−27 The electrocatalytic performance of perovskite oxides
can be effectively improved by some methods (such as oxygen
vacancy engineering and manipulating the induced synergetic
effects).28,29 Inspired by the recent work in which La atoms in
La2O3 behave as active sites for efficiently adsorbing N2,

30 the
electrochemical properties of ABO3-type double perovskites
may be easily controlled by the partial substitution of B-site
cations, as the B-site of perovskites is generally regarded as the
active center for electrocatalysis.31 For example, Tong et al.
reported a superexchange effect by developing a series of
double-perovskite La2NiMnO6 compounds with different
particle sizes. The La2NiMnO6 nanoparticle measuring 33
nm shows the best oxygen evolution reaction (OER)
performance in alkaline media, which benefits from optimizing
the eg electron filling state and accelerating the formation of

Received: January 23, 2021
Accepted: February 26, 2021
Published: March 10, 2021

Research Articlewww.acsami.org

© 2021 American Chemical Society
13347

https://dx.doi.org/10.1021/acsami.1c01510
ACS Appl. Mater. Interfaces 2021, 13, 13347−13353

D
ow

nl
oa

de
d 

vi
a 

JI
A

N
G

N
A

N
 U

N
IV

 o
n 

A
pr

il 
7,

 2
02

1 
at

 0
5:

09
:3

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaibin+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michiel+De+Ras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dewei+Rao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+A.+Martens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+Hofkens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feili+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianxi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c01510&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01510?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01510?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01510?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01510?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01510?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/11?ref=pdf
https://pubs.acs.org/toc/aamick/13/11?ref=pdf
https://pubs.acs.org/toc/aamick/13/11?ref=pdf
https://pubs.acs.org/toc/aamick/13/11?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.1c01510?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


the active species of the electrocatalyst surface.32 One of the
main research highlights of ABO3-type double perovskites is
the variability of the stoichiometric ratio between B1 and B2

cations (here, B1 and B2 are two possible cations in the B-site),
which is closely related to the electronic structures of
perovskites, such as the charge density distribution, d-band
center, and electronic conductivity. That is, the surface
environment and catalytic activity of ABO3-type double

perovskites can be easily modulated by searching for the
most suitable stoichiometric ratio between B1 and B2 cations;
however, this possible effect has not yet been studied in the
eNRR field.
Herein, La-based ABO3-type (A = La, B1 = Co, B2 = Ni)

perovskite was chosen as a model (Figure 1a), where the
stoichiometric ratio between B1 and B2 cations is randomly
selected. In particular, five LaCoxNi1−xO3 (x = 0.2, 0.33, 0.5,

Figure 1. (a) Model of La-based ABO3-type perovskite. (b) Calculated PDOS and d-band center values of Co for LCNO perovskites. The light
blue, yellow, blue, and red balls represent La, Co, Ni, and O atoms, respectively.

Figure 2. (a) Schematic illustration of the synthetic procedure for LCNO NRs. (b) X-ray diffraction (XRD) patterns of LCNO-I, LCNO-II,
LCNO-III, LCNO-IV, and LCNO-V. (c) Crystal model of LCNO NRs. (d) Transmission electron microscopy (TEM) and (e) high-resolution-
TEM (HRTEM) images of LCNO-III NRs. (f) Scanning electron microscopy (SEM) image and the corresponding energy dispersive spectroscopy
(EDS) elemental mappings for LCNO-III. XPS spectra of (g) Co 2p and (h) Ni 2p for LCNO-I, LCNO-II, LCNO-III, LCNO-IV, and LCNO-V.
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0.67, and 0.8) models were constructed and denoted as
LCNO-I, LCNO-II, LCNO-III, LCNO-IV, and LCNO-V,
respectively. According to the partial density of state (PDOS)
for Co elements shown in Figure 1b, LCNO-III displays the
most positive d-band center (εd = −0.96 eV) with the closest
distance to the Fermi level, which suggests that it may have the
highest interaction with the adsorbate (e.g., N2) among the five
models. From an experimental perspective, we also fabricated a
series of LCNO nanorods (NRs) with the same stoichiometric
ratios as those used in the five theoretical models to check the
above result with density functional theory (DFT) calculations
and determine whether it is possible to optimize the eNRR
property of LCNO by simply controlling the stoichiometric
ratio. LCNO NRs with small diameters were obtained by a
facile coprecipitation method with three steps, as shown in
Figure 2a. Initially, La(NO3)3·xH2O, Ni(HCO2)2·2H2O, and
Co(NO3)2·6H2O were well mixed in water with certain
stoichiometric ratios. After adding a certain amount of KOH
solution, the suspension was heated to 180 °C and maintained
for 10 h. Finally, the powder obtained was calcined at 250 and
650 °C successively. More details of the LCNO synthesis can
be found in the Experimental Section of the Supporting
Information.

2. RESULTS AND DISCUSSION

The crystal structures of the LCNO NRs were first
characterized by powder X-ray diffraction (PXRD). In Figure
2b, the XRD patterns of the different LCNO NRs are in
agreement with the rhombohedral structure of LaCo0.5Ni0.5O3

(JCPDS No. 58-0834), where the diffraction peaks at 23.1,
32.7, 33.2, 40.5, 47.3, 58.8, 68.6, 69.7, 78.4, and 79.1° can be
indexed to the (012), (110), (104), (202), (024), (214),
(220), (208), (134), and (128) planes, respectively. Notably,
with increasing Ni, the diffraction peak for the (110) plane
shifts to a lower angle direction (Figure S1), and this is because
of the larger covalent radius of Ni3+ than that of Co3+.33 LCNO
NRs have an ABO3 perovskite structure, in which the
lanthanum cations occupy the cavities between edge-sharing
MO6 (M = Co or Ni) octahedra (Figure 2c). The metal−
oxygen bond of perovskites can be utilized to tune their
electronic structures and control their surface-binding
energetic properties.34

The morphology images of LCNO NRs (Figures 2d, S2, and
S3) demonstrate that the LCNO perovskites consist of
thousands of NRs with diameters of ∼70 nm. As observed in
Figures 2e and S3, all of the LCNO perovskites display a d-
spacing of 0.27 nm that can be assigned to the (110) plane.
This indicates that the (110) plane is the dominant crystal
plane in all LCNO perovskites, and this plane is also chosen as
the crystal surface in the following theoretical calculations for
nitrogen adsorption. Figure 2f displays the energy-dispersive X-
ray spectroscopy (EDS) results for LCNO-III, indicating La,
Co, Ni, and O elements in LCNO-III NRs with uniform
distributions. The molar ratios of Co:Ni were confirmed by
combining the EDS spectrum and inductively coupled plasma-
optical emission spectra (ICP-OES), as shown in Figure S4;
the results indicate that the measured ratios of various LCNO
NRs are very close to the theoretical ratios.

Figure 3. (a) LSV curves of LCNO-III recorded in electrolytes with different conditions. (b) Time-dependent current density curves of LCNO-III
under various potentials in nitrogen-saturated 0.1 M Na2SO4 electrolyte. (c) UV−vis absorption spectra of the electrolytes (after working 7500 s)
stained with indophenol indicator at various potentials. (d) NH3 yield and faradic efficiency over LCNO-III at various potentials. (e) NH3 yield and
FE of different electrodes at a potential of −0.5 V. (f) Cycling test of LCNO-III at −0.5 V.
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To investigate the possible change in the electronic structure
for various LCNO NRs, their chemical states and surface
compositions were investigated by X-ray photoelectron
spectroscopy (XPS) measurements. Only La, Co, Ni, and O
elements are discerned without any detected signal from the N
element (Figures S5 and S6), excluding the interference of a
nitrogen source from the electrocatalyst itself during the
following eNRR process. The core-level spectra of Co 2p and
Ni 2p for all samples are displayed in Figure 2g,h. As the ratio
of Co/Ni increases from 0.25 to 1.0, the Co 2p1/2 and Co 2p3/2
peaks of LCNO NRs move to more positive binding energies.
Subsequently, with the increasing ratio of Co/Ni from 1.0 to
4.0, the Co 2p peaks return to relatively negative binding
energies. However, the Ni 2p peaks show an opposite trend
(Figure 2h). That is, the electronic structure of LCNO could
be well modulated by controlling the ratio of Co/Ni. The
electrons belonging to Co atoms would be partially delocalized
to neighboring atoms with the incorporation of Ni in the
LCNO perovskite. LCNO-III NRs show the most obvious
electronic delocalization among the five samples, indicating
that there may be thousands of active regions in LCNO-III
NRs for N2 coupling and activation.
The eNRR activities of LCNO NRs were evaluated using a

typical three-electrode system (more details are provided in the
Supporting Information). Linear sweep voltammetry (LSV)

curves were collected to preliminarily estimate the potential
windows for electrosynthesis. As shown in Figures 3a and S7,
when the potential decreases from −0.10 V vs reversible
hydrogen electrode (RHE), the current density in the
nitrogen-saturated electrolyte is higher than that in the
argon-saturated electrolyte, implying that an appropriate
potential window for the eNRR of LCNO NRs would be
between −0.10 V vs RHE and −0.60 V vs RHE. The quantities
of ammonia (NH3) and hydrazine (N2H4) were determined by
the UV method. The standard curves are displayed in Figures
S8 and S9. As shown in Figures 3b and S10 for the current
density curves of various LCNO NRs, there was no significant
change in current density at various potentials, demonstrating
the good durability of LCNO NRs. The UV−vis absorption
spectra for the electrolytes stained with the indophenol
indicator after 7500 s of eNRR are provided in Figures 3c
and S11. As observed, the electrolyte at −0.5 V vs RHE shows
the maximum absorbance intensity at 655 nm. It is indicated
that this potential is the most suitable one to increase the NH3
yield rate. Furthermore, both the NH3 formation rate and
faradic efficiency (FE) are plotted in Figures 3d,e and S12. For
LCNO-III NRs, the maximum NH3 yield is obtained at −0.50
V vs RHE (13.48 μg h−1 mg−cat

1). As the potential increases
from −0.50 to −0.60 V vs RHE and decreases from −0.5 to
−0.1 V vs RHE, the NH3 yield decreases dramatically,

Figure 4. Calculated PDOS of (a) Co and (b) Ni for various LCNO perovskites. (c) Adsorption free energy of N2 molecules on the (110) surfaces
for various LCNO perovskites.
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probably due to the competitive hydrogen evolution reaction
on the LCNO-loaded electrode surface.35,36 The highest FE for
LCNO-III NRs is 17.65% when the potential is fixed at −0.2 V
vs RHE. Notably, LCNO-III NRs display the highest NH3
yield and FE among the various LCNO NRs (Figure 3e), and
these values are even superior to some previously reported
aqueous-based eNRR electrocatalysts and are comparable to
other perovskite oxide catalysts (Table S1). The excellent
reusability of LCNO-III NRs was further evaluated by
recycling electrolysis at −0.50 V vs RHE. As shown in Figures
3f and S13a, LCNO-III has negligible changes in both FE and
NH3 yield, suggesting that LCNO-III exhibits highly stable and
repeatable eNRR performance during the stability tests. This
can also be proven from the chronoamperometry curve of
LCNO-III (Figure S13b), in which there are no obvious
fluctuations in the current density after 10 cycles. Notably, no
obvious amount of the byproduct of N2H4 could be detected at
different given potentials (Figure S14a−e), suggesting that all
of the LCNO NRs have excellent selectivity for N2−NH3
conversion.
In addition, some comparative experiments were performed

to confirm whether the NH3 detected was generated from the
eNRR process on LCNO NRs instead of from an impurity: (1)
pristine carbon paper electrode was tested as the working
electrode under a nitrogen-saturated atmosphere; (2) LCNO-
III was tested in an argon-saturated electrolyte at −0.50 V vs
RHE; (3) LCNO-III was tested in a nitrogen-saturated
electrolyte at open-circuit potential; and (4) the concentration
of NH3 in a 0.1 M Na2SO4 solution was measured after
purging with N2 for 7500 s. Clearly, the poorly responsive
UV−vis absorption spectra in Figure S15 suggest that almost
no NH3 could be detected in either case. That is, the detected
NH3 was produced from N2 sources by LCNO NRs via the
eNRR process. We also conducted a 15N isotope labeling
experiment to verify this hypothesis. The 1H NMR spectrum of
LCNO-III for 15N2 is shown in Figure S16; no signal from
14NH4

+ is detected in the region of 6.85−7.15 ppm, indicating
that ammonia is produced by the eNRR instead of by other
contaminants.
To gain further insight into the enhanced eNRR perform-

ance of LCNO-III and its electronic structure, DFT
calculations were conducted again. As shown in Figure 1b,
LCNO-III has the most positive εd value (εd = −0.96 eV)
among the various LCNO perovskites, which indirectly reveals
that it has the strongest binding ability for the reactant.
However, there is still a question that remains to be answered:
Is cobalt or nickel the adsorption site for nitrogen molecules
during the eNRR process? As shown in Figure 4a,b, the cobalt
atoms exhibit an obviously enhanced PDOS approaching the
Fermi level with respect to those of nickel atoms. Moreover,
we found that the εd values of cobalt atoms for all LCNO
perovskites are much closer to the Fermi level than those of
nickel (Figure S17). Taking these two results into consid-
eration, cobalt is more likely to be the active site for the eNRR
process. Generally, the adsorption of nitrogen molecules on the
surface of eNRR catalysts can be one of the most important
steps for the whole eNRR pathway.37 Therefore, the
adsorption energy values of N2 molecules on the (110) surface
of different LCNO perovskites were calculated, where cobalt
atoms were optimized as the adsorption sites. As shown in
Figure 4c, LCNO-III has the lowest adsorption energy value
for N2 molecules (−2.01 eV) compared to those for LCNO-I
(−0.07 eV), LCNO-II (−0.28 eV), LCNO-IV (−1.56 eV), and

LCNO-V (−0.68 eV), which matches well with the results
from the d-band theory.

3. CONCLUSIONS
In conclusion, we designed a new platform (La-based ABO3-
type double perovskite) to study the relationship between the
d-band center and eNRR performance systematically.
Compared to other LCNO NRs with similar structures but
different ratios of Co/Ni, LCNO-III enables effective nitrogen
adsorption and subsequent activation, resulting in LCNO-III
having the highest eNRR activity (NH3 yield of 13.48 μg h−1

mgcat
−1 and FE of 17.65%), and robust long-term electro-

chemical durability. It is also confirmed by the corresponding
theoretical calculations that among the LCNO NRs, LCNO-III
displays the closest d-band center to the Fermi energy level
and the strongest adsorption ability for N2 molecules at the
cobalt site. This study not only offers a favorable earth-
abundant catalyst for eNRR but opens a new path for the
rational design of La-based perovskites to convert N2 into NH3
under the guidance of the d-band theory.
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