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pressures (10–30 MPa), but also demands 
a large deal of H2 mainly from natural gas 
reforming which causes abundant con-
sumption of fossil fuels and huge CO2 
emissions.[3–6] As a result, for energy con-
servation and environmental protection, it 
is of crucial importance to explore a clean 
and sustainable route for NH3 produc-
tion. Electrocatalytic N2 reduction reaction 
(NRR) under ambient conditions has been 
emerged recently as an attractive strategy 
for the green synthesis of NH3 through 
utilizing inexhaustible N2 and H2O.[7–12] 
However, due to the competition with H2 
evolution reaction (HER) and ultra-stable 
NN covalent triple bond, NRR suffers 
from unsatisfactory Faradaic efficiency 
(FE) and sluggish reaction kinetics.[13] It 
is of eager desire, but very challenging to 
develop selective and efficient electrocata-
lysts toward NRR that can inhibit the com-
petitive HER and activate the N2 molecule.

Among various developed electrocata-
lysts, perovskite oxides have proven their 

great potential toward NRR because of their low cost, good 
adjustability in intriguing physicochemical properties, as well 
as economic and environmental friendliness. Typical exam-
ples include a few simple perovskite oxides, such as LaCoO3, 
LaCrO3, LaFeO3, La2Ti2O7, and Ce1/3NbO3.[14–19] Although signif-
icant progress has been made, their NRR performance is still 
far from the requirements of commercial NH3 synthesis. Most 
recently, several studies have shown that the electrocatalytic 
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1. Introduction

Ammonia (NH3) plays an essential role in our modern society 
owing to its remarkable impact on agriculture, medicine, 
chemicals, and energy.[1,2] The industrial-scale production of 
NH3 has been achieved through Haber–Bosch process since 
1908. However, this process not only operates under harsh 
environments involving high temperatures (400–500  °C) and 
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activities toward NRR and others (e.g., oxygen evolution, 
hydrogen evolution) of perovskite oxides can be effectively 
enhanced through oxygen vacancy engineering.[20–26] The 
main mechanism has been certified to be that B-site cations 
combining with their adjacent oxygen vacancies can serve as 
unsaturated active centers that strengthen the ability to adsorb/
activate N2 molecule and thus lead NRR on the optimal reaction 
pathway.[14] Despite these efforts, their preparation methods 
involving special atmosphere (e.g., 5% H2/Ar) annealing had 
made it challenging to rationally tailor the oxygen vacancies, 
not mentioning the instability of most of the perovskite oxides 
under those conditions.[27–29] Such methods are not well-suited 
for the development of highly active perovskite oxides for NRR. 
To this end, there is an urgent need to construct oxygen vacan-
cies simply but reliably in perovskite oxides to maximize their 
NRR activity. Alternatively, the A-site deficiencies in perovskite 
lattice could automatically derive tunable oxygen vacancies, and 
thereby alter the physicochemical properties.[30,31] However, 
to our knowledge, the effect of such A-site-deficiency-derived 
oxygen vacancies on the NRR activity is not yet to be fully 
investigated.

Here we report a general strategy based on the introduction 
of A-site deficiency for controlling the oxygen vacancies and 
thus enhancing the electrocatalytic NRR activity of perovskite 
oxides. As the proof of concept, we synthesized LaxFeO3−δ 
(x  = 0.95 and 0.9) nanoparticles, labeled as L0.95F and L0.9F, 
respectively, with controllable amounts of oxygen vacancies, by 
easily tuning the La-site deficiencies in LaFeO3−δ nanoparticles 
(denoted LF). When evaluated as electrocatalysts toward NRR, 
relative to its parent LF, the L0.95F and L0.9F exhibited substan-
tially enhanced activities that were positively correlated with 
the quantity of oxygen vacancies. Among the samples, the L0.9F 

with the most oxygen vacancies featured the maximal activities 
and excellent durability. Our experimental characterizations 
and theoretical calculations both suggested that establishing 
more oxygen vacancies in perovskite oxides could further mod-
ulate the intermediate adsorption, facilitate N2 molecule activa-
tion, together with optimizing the potential-determining step, 
and thereby contribute to the well-boosted NRR performance. 
We further demonstrated the generality of this strategy by 
extending it to other representative perovskite oxides, including 
SrCo0.5Fe0.5O3−δ (SCF) versus Sr0.95Co0.5Fe0.5O3−δ (S0.95CF), and 
SrFe0.9Ta0.1O3−δ (SFT) versus Sr0.95Fe0.9Ta0.1O3−δ (S0.95FT) nano-
particles. As expected, these A-site deficient perovskite oxides of 
S0.95CF and S0.95FT also showed highly improved NRR activities 
as compared to the pristine SCF and SFT, respectively.

2. Results and Discussion

We prepared the LF, L0.95F, and L0.9F nanoparticles through 
gradually reducing the added amounts of lanthanum nitrate 
in the synthesis process. According to our inductively coupled 
plasma mass spectroscopy (ICP-MS) analysis, the bulk compo-
sitions of the LF, L0.95F, and L0.9F samples are consistent with 
the intended compositions (Table S1, Supporting Information). 
Figure  1a shows X-ray diffraction (XRD) patterns of the LF, 
L0.95F, and L0.9F nanoparticles. All of these samples exhibited 
a pure orthorhombic crystal structure sharing a space group of 
Pnma (JCPDS, No. 88-0641). As the concentration of A-site defi-
ciency increased, the position of the main peak corresponding 
to (121) plane slightly shifted to higher angle, suggesting a lat-
tice shrinkage, which could be probably attributed to the tilted 
FeO6 octahedra to fill the extra space created by the La-site 

Figure 1.  a) XRD patterns of LF, L0.95F, and L0.9F. b–d) TEM images of LF (b), L0.95F (c), and L0.9F (d) (scale bar: 50 nm). e–g) HRTEM images of LF 
(e), L0.95F (f), and L0.9F (g) (scale bar: 5 nm). h–j) EDX mappings of LF (h), L0.95F (i), and L0.9F (j) (scale bar: 100 nm).
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deficiency.[32] As a note, because more La-site deficiencies 
(i.e., 15% and even higher) in LF could produce an impurity 
phase of Fe2O3, here we limited the La-site deficiency to 10% 
for avoiding the effects of impurity phase on NRR activity.[33,34] 
Scanning electron microscopy (SEM) (Figure S1, Supporting 
Information) and transmission electron microscopy (TEM) 
(Figure S2, Supporting Information and Figure  1b–d) images 
showed typical morphologies of the LF, L0.95F, and L0.9F nan-
oparticles. For all of these samples, the average particle sizes 
were around 55–65  nm (Figure S3, Supporting Information) 
that hardly changed with the variations in A-site deficiency. 
As displayed in Figure S4, the Brunauer–Emmett–Teller spe-
cific surface areas of the LF, L0.95F, and L0.9F nanoparticles 
were nearly the same of around 24 m2 g–1, indicating that the 
three samples exhibited similar particle sizes that were con-
sistent with the SEM and TEM results. Figure 1e–g shows high 
resolution TEM (HRTEM) images of the three samples. The 
clear crystal fringes with lattice spacings of about 0.27, 0.26, 

and 0.26  nm (for LF, L0.95F, and L0.9F samples, respectively) 
belonged to the (121) diffraction plane of perovskite oxides with 
an orthorhombic crystal structure. The energy dispersive X-ray 
(EDX) mapping in Figure  1h–j suggested the uniform distri-
bution of La, Fe, and O elements in the LF, L0.95F, and L0.9F 
nanoparticles. The X-ray photoelectron spectra (XPS) of these 
samples further validated that these three samples were com-
posed of La, Fe, and O elements (Figure S5, Supporting Infor-
mation) without any detected N signal (Figure S6, Supporting 
Information), excluding the disturbance of N element on the 
following NRR test.

We performed XPS, iodometric titration, and electron para-
magnetic resonance (EPR) to clarify the relationship between 
the oxygen vacancies and La-site deficiencies in the three sam-
ples. Figure 2a shows O 1s XPS spectra of LF, L0.95F, and L0.9F. 
The peaks at 528.8, 530.4, 531.3, and 532.7eV were assigned to 
lattice O2–, highly oxidative oxygen species (O2

2–/O–), surface-
adsorbed O2 or hydroxyl groups, and surface-adsorbed H2O, 

Figure 2.  a) O 1s XPS spectra of the LF, L0.95F, and L0.9F. b) Oxygen vacancy concentrations of the LF, L0.95F, and L0.9F obtained from O 1s XPS spectra 
and iodometric titration. c) La 3d XPS spectra of the LF, L0.95F, and L0.9F. d) Fe 2p XPS spectra of the LF, L0.95F, and L0.9F. e) EPR spectra of the LF, L0.95F, 
and L0.9F. f) Schematic illustration of the generation of oxygen vacancies in A-site-deficient LxF.
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respectively.[33] Based on the relative areas of their peaks, the 
surface oxygen vacancy (correlated with the O2

2–/O– species) 
concentrations of the LF, L0.95F, and L0.9F samples were calcu-
lated to be 8.5%, 17.2%, and 21.7%, respectively, suggesting that 
the surface oxygen vacancies increased with La-site deficiencies 
(Figure 2b and Table S2, Supporting Information). In the iodo-
metric titration experiments, for the LF (8.6%), L0.95F (12.2%), 
and L0.9F (18.7%) samples (Figure  2b), we obtained a similar 
change trend of oxygen vacancies to that in the XPS analysis. 
It should be noted that, mainly due to the different properties 
in the surface and bulk, there is a gap in these oxygen vacancy 
concentration values determined by these two methods. Such 
change patterns of the oxygen vacancies in these samples were 
further verified by La 3d and Fe 2p XPS spectra (Figure 2c,d). 
The valence state of La (+3) in these samples were unchanged 
(Figure  2c), while the average valence states of Fe in the LF, 
L0.95F, and L0.9F showed small changes, with the corresponding 
values of +2.53, +2.47, and +2.49, respectively. (Figure  2d and 
Table S3, Supporting Information). As a result, according to 
the electroneutrality principle, the LxF with more A-site defi-
ciencies was equipped with more oxygen vacancies. As shown 
in Figure 2e, the LF, L0.95F, and L0.9F displayed EPR signals at  
g  = 2.003, of which the intensity was directly proportional to 
oxygen vacancy content. The intensity of the EPR signals 
decreased in the following order: L0.9F > L0.95F > LF, indicating 
that a higher concentration of oxygen vacancies could be pro-
duced by introducing more La-site deficiencies. Taken together, 
engineering La-site deficiency in LF was able to rationally 
manipulate the surface oxygen vacancies (Figure 2f).

The electrocatalytic NRR properties of the LF, L0.95F, and 
L0.9F nanoparticles were evaluated in a typical H-type cell 
under ambient conditions using 0.1 M Li2SO4 aqueous solution  
(pH = 6.22) as the electrolyte. We applied the indophenol blue 
and Watt–Chrisp methods to quantitatively determine the NH3 
product and the possible byproduct N2H4, respectively, with 
the calibration curves shown in Figures S7 and S8, Supporting 
Information. To confirm the detection results by the indophenol 
blue method, we also performed the ion chromatography anal-
ysis at the highest NH3 yield potential with the calibration curve 
shown in Figure S9, Supporting Information. Figure S10, Sup-
porting Information shows linear sweep voltammogram curves 
recorded in Ar- and N2-saturated electrolytes for these samples. 
In the potential range of −0.1 to −0.6 V, there was a higher cur-
rent density in N2-saturated electrolyte relative to that in Ar-
saturated electrolyte, indicating that these samples were active 
toward NRR. We then conducted chronoamperometry tests (for 
2 h, from −0.1 to −0.6 V) in N2-saturated electrolyte as well as 
following ultraviolet–visible (UV–vis) absorption spectroscopy 
measurements to evaluate the NRR activity of these samples 
(Figures S11 and S12, Supporting Information). NH3 yield 
rates and FEs for NH3 of these samples exhibited volcano-type 
dependence on the applied potentials, with a maximum point 
corresponding to −0.5 and −0.3  V, respectively (Figure  3a,b). 
This phenomenon could be attributed to the combination of 
the stronger competition from HER at more negative potentials 
and the reduced amount of charges at more positive potentials. 
In the tested potential window, the NH3 yield rates of these cat-
alysts featured a direct correlation with the amount of La-site 
deficiencies or oxygen vacancies, complying with the following 

sequence: LF < L0.95F < L0.9F (Figure  3a and Figure S13,  
Supporting Information). Specifically, at −0.5  V, the NH3 
yield rates of the L0.95F (14.4 µg·h−1·mg−1

cat.) and L0.9F  
(22.1 µg·h−1·mg−1

cat.) showed about 1.4 and 2.2 times as high 
as that of the pristine LF (10.2 µg·h−1·mg−1

cat.) (Figure 3a and 
Figure S14, Supporting Information). In addition, in the tested 
potential range, the FEs of L0.95F and L0.9F mainly exceeded 
those of LF (Figure 3b). For example, at −0.3 V, the L0.95F and 
L0.9F exhibited remarkable FEs for NH3 of 21.6% and 25.6%, 
respectively, both greater than that of the LF (16.5%). It is worth 
noting that no byproduct N2H4 was detected, confirming the 
excellent selectivity of these catalysts toward NH3 electrosyn-
thesis (Figure S15, Supporting Information). Therefore, one 
can readily optimize the NRR activities of the LxF catalysts by 
tuning their La-site deficiencies and thus oxygen vacancies.

Several control experiments were carried out to verify that 
the NH3 was produced by NRR over these catalysts. Taking the 
L0.9F as an example, as shown in Figure 3c,d, at an open-circuit 
potential in N2-saturated electrolyte, no obvious NH3 was 
detected after NRR, suggesting no contamination of NH3 from 
the feeding N2 and the catalyst. When Ar replaced N2 for NRR 
over the L0.9F catalyst, no obvious signal for NH3 was detected, 
confirming that the catalyst itself did not produce NH3 and the 
NH3 was originated from electroreduction of the feeding N2. 
Moreover, NH3 was not detected when NRR was performed 
over a bare carbon paper, further ensuring that the NH3 was 
produced by the L0.9F catalyst during NRR. Therefore, it was 
evidenced that the NRR over the catalysts contributed to those 
high NH3 yield rates and FEs.

In addition to the significantly enhanced activity, the L0.9F 
catalyst exhibited excellent catalytic durability toward NRR. We 
evaluated the catalytic durability of the L0.9F through consecutive 
static repetitive tests at −0.5 V. During the five consecutive cycles 
of successive electrolysis, no obvious changes in current densi-
ties and absorbance of electrolytes were observed (Figure S16,  
Supporting Information). More importantly, both the NH3 yield 
rate and FE showed no apparent decline (Figure 3e). We then 
characterized the crystal phase of the used L0.9F catalyst. The 
XRD patterns showed that the crystal phase of the L0.9F was 
well preserved after the durability test (Figure 3f). All the above 
results proved that the L0.9F catalyst was very stable in NRR 
conditions.

To explore the origin of the significant NRR activity of the 
A-site deficient perovskite oxides, we conducted a series of 
characterizations. We measured the double-layer capacitance 
(Cdl) values (correlated with electrochemical active surface 
area, ECSA) of these samples (Figure S17, Supporting Informa-
tion). The Cdl values of these samples only varied from 0.18 to  
0.21 mF·cm−2 (Figure 4a). On this basis, the activity gap among 
the LF, L0.95F, and L0.9F was not closely related to the ECSA. 
Figure  4b shows the Nyquist plots of the LF, L0.95F, and L0.9F 
catalysts. As the content of A-site deficiency was increased, the 
charge transfer resistances for these samples were decreased. 
Accordingly, the catalysts with more A-site deficiencies or 
oxygen vacancies exhibited much faster electron transfer rates 
toward NRR. Furthermore, the adsorption properties (e.g., 
binding strength) of reaction intermediates on the catalytic 
sites are essential for the catalytic activity.[35] By using valence 
band XPS spectra, we obtained d-band center of these catalysts, 
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which was considered as a practical mean to describe the inter-
mediate adsorption properties.[36] As revealed in Figure 4c, with 
the A-site deficiency or oxygen vacancy increasing, the d-band 
centers (relative to the Femi level) of the LxF gradually shifted 
upward, thereby probably leading to the strengthened adsorp-
tion of N2 and its intermediates.[12] Among the samples, the 
L0.9F with the maximum amount of oxygen vacancies showed 
the highest d-band center and thus the strongest affinity for 
the adsorbed species. We also conducted N2 temperature pro-
grammed desorption (N2-TPD) to further prove the capacity of 
N2 adsorption for these catalysts (Figure 4d). All of these sam-
ples featured desorption peaks at about 100.5 °C, which could 
be indexed to the physical adsorption signals for N2 on the cata-
lyst surfaces.[37] As expected, the starting temperature for des-
orption of chemisorbed N2 increased in the following order: LF 
(264.4  °C) < L0.95F (289.6  °C) < L0.9F (325.4  °C), indicating an 
enhanced chemisorption of N2 for A-site more deficient samples.  

The most plausible explanation was that, for the catalyst with 
more A-site deficiencies, more oxygen vacancies were formed, 
which brought more active sites for the chemisorption and 
activation of N2 molecule. Hence, the introduction of A-site 
deficiency and thus oxygen vacancy into LxF could not only 
accelerate the electron transfer, but also effectively adsorb and 
activate N2, thereby boosting the catalytic activity toward NRR.

We further performed density functional theory (DFT) calcu-
lations to understand the mechanism behind the excellent NRR 
activities over LxF with additional oxygen vacancy. The DFT 
calculations based on the computational hydrogen electrode 
model were implemented on the LF(121) and oxygen-vacancy-
contained LF(121) (labeled as Ov-LF(121)) surfaces. Figure  5 
and Table S4, Supporting Information give Gibbs free energy 
(ΔG) profiles for both LF(121) and Ov-LF(121) surfaces toward 
NRR. For the LF(121), the adsorption energy of N2 was 0.28 eV, 
and the hydrogenation of *N2 to *NNH (ΔG = 0.97 eV) was the 

Figure 3.  a) NH3 yield rates and b) FEs at applied potentials over the LF, L0.95F, and L0.9F catalysts (RHE: reversible hydrogen electrode). c) UV–visible 
absorption spectra of the electrolytes after electrolysis and d) the corresponding NH3 yield rates under different conditions: at the open-circuit potential 
in N2-saturated electrolyte, over the L0.9F catalyst in N2- or Ar-saturated electrolyte at −0.5 V, and on a bare carbon in N2-saturated electrolyte at −0.5 V. 
e) NH3 yield rates and FEs of L0.9F after each consecutive cycle at −0.5 V. f) XRD patterns of the L0.9F after five consecutive cycles.
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potential-determining step, indicating weak activation of N2 
molecule on the surface. In this case, the *N2 and *NNH were 
adsorbed on the top of Fe atom (see insets in Figure 5) with the 
distance of 1.641 and 1.658 Å, respectively. This reaction mecha-
nism was consistent with several previous studies focused on 
metal oxide surfaces (e.g., TiO2(110) and LaCoO3(111)).[14,38] 
While the surface oxygen vacancy was introduced, the coor-
dination environment as well as the electronic properties was 

changed, and the adsorption properties of the reaction spe-
cies were also modulated. For the Ov-LF(121), the N2 molecule 
was also adsorbed on the top of Fe site instead of the vacancy 
site (Fe–Fe bridge site) over the surface. However, owing to 
the presence of oxygen vacancy, the N2 adsorption energy 
(−0.296  eV) was lowered by 0.578  eV relative to the pristine 
LF(121), revealing that the N2 adsorption was greatly strength-
ened. As the hydrogenation of *NNH2 to *NHNH2 showed the 
highest energy barrier of 0.46  eV, this step was considered as 
the potential-determining step for the Ov-LF(121) surface toward 
NRR, where the *NNH2 and *NHNH2 were adsorbed on the Fe 
site nearby the oxygen vacancy site (see insets in Figure 5) with 
distance of 1.521 and 1.646 Å, respectively. These results dem-
onstrated that the introduction of oxygen vacancy into LF(121) 
surface could not only facilitate the adsorption and activation 
of the N2 molecule, but also optimize the reaction pathways 
through intensifying the interaction between the adsorbed spe-
cies and unsaturated Fe site. Noting that because the A-site cat-
ions in perovskite oxides usually did not play as the active sites 
toward catalysis,[30] the A-site deficiency was not considered in 
our Ov model during calculating the reaction paths. Although 
there is a little difference (i.e., −0.04 and 0.16 eV for the hydro-
genation of N2 and NNH2, respectively) between the Ov model 
and the model containing A-site deficiency and oxygen vacancy, 
we believe that, mainly because of the same adsorption sites, 
the reaction mechanism could not be changed and using the Ov 
model to approximate the model containing A-site deficiency 
and oxygen vacancy is reasonable.

We also demonstrated the generality of this strategy by intro-
ducing A-site deficiency in other representative perovskite 
oxides, including SCF versus S0.95CF, and SFT versus S0.95FT 

Figure 5.  Gibbs free energy diagrams for the NRR over the LF(121) sur-
face without/with oxygen vacancy through alternating pathways.

Figure 4.  a) Linear fitting curves of the capacitive currents against scan rates for the catalysts. b) Nyquist plots of the catalysts. c) Surface valance band 
spectra of the catalysts. d) TPD-MS profiles of N2 (m/z = 28) for the catalysts.
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nanoparticles (Table S1 and Figure S18, Supporting Informa-
tion). As shown in Figure 6a, all of these samples exhibited pure 
perovskite phases.[39,40] XPS analyses suggested that, after intro-
ducing A-site deficiency, more oxygen vacancies were generated 
in the S0.95CF and S0.95FT (Figure 6b). As expected, when tested 
as NRR catalysts (Figures S19–21, Supporting Information), the 
S0.95CF and S0.95FT with extra oxygen vacancies outperformed the 
pristine SCF and SFT (Figure 6c–f). For instance, relative to SFT 
(6.8 µg·h−1·mg−1

cat. and 3.6%), the S0.95FT showed great enhance-
ments (1.5- and 3.6-folds, respectively) in terms of NH3 yield rate 
(10.2 µg·h−1·mg−1

cat.) at −0.5 V and FE (13.3%) at −0.4 V. There-
fore, for perovskite oxides, establishing more oxygen vacancies 
through engineering their A-site deficiency could be a general 
strategy to boost the activity toward NRR. In Table S5, Supporting 
Information, we also compared the NRR activities of all the sam-
ples in this work with those of other perovskite oxides in the liter-
atures.[14–19] Our samples performed comparably to or better than 
those reported perovskite oxides except for LaCoO3−δ that exhib-
ited the highest NRR activities reported so far.

3. Conclusion

We have demonstrated that tuning the oxygen vacancies 
induced by A-site deficiency is a general strategy for enhancing 
the electrocatalytic NRR activity of perovskite oxides. For the 
proof-of-concept study, we have prepared a set of perovskite 
oxide nanoparticles via controlling the La-site deficiencies, 
including LF, L0.95F, and L0.9F, which feature adjustable quan-
tity of oxygen vacancies directly proportional to the La-site 
deficiencies. The NRR activities of the LF, L0.95F, and L0.9F 
nanoparticles showed a positive correlation with the amount 
of their oxygen vacancies. Among the samples, the L0.9F with 
the highest content of oxygen vacancies exhibited the maximal 
activity and excellent durability toward NRR. Both the experi-
mental characterizations and theoretical calculations indi-
cated that the improved NRR activity could be attributed to 
the remarkable merits (brought by the oxygen vacancies), that 
is, the promoted adsorption and activation of reaction species 
and thus optimized reaction pathways. Moreover, successful 

Figure 6.  a) XRD patterns and b) O 1s spectra of SCF, S0.95CF, SFT, and S0.95FT. c) Yield rates and d) FEs of NH3 at applied potentials over the SCF and 
S0.95CF. e) Yield rates and f) FEs of NH3 at applied potentials over the SFT and S0.95FT catalysts.
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attempts were also made on other perovskite oxides. This work 
opens the door to the rational design of perovskite oxides for 
use as highly efficient electrocatalysts toward NRR.
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