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A B S T R A C T   

Wastewater can contain high amounts of ammonia which can pose as a great safety threat if released into natural 
waters. The electrochemical oxidation of ammonia offers a viable strategy to remove high concentrations and 
provides an attractive method for wastewater treatment. However, finding a highly efficient and low-cost 
catalyst is imperative for overcoming the sluggish nature of ammonia oxidation reaction. Herein, a modified 
A- and B-site perovskite is proposed as a catalyst for the oxidation of ammonia, making it suitable as an anode in 
an ammonia electrolyser. A series of La1-yNi0.6Cu0.4-xFexO3-δ (x = 0, 0.05 and 0.10; y = 0, 0.05 and 0.10) 
perovskite materials were synthesised by a conventional sol–gel method. Amongst those tested oxides, 
La0.9Ni0.6Cu0.35Fe0.05O3-δ was found to have superior activity towards the electrooxidation of ammonia due to an 
optimised amount of Fe doping and the presence of oxygen vacancies introduced by an A-site deficiency. Sub-
sequently, La0.9Ni0.6Cu0.35Fe0.05O3-δ was employed as an anode in an ammonia electrolyser where the ammonia 
removal efficiency reached 95.4 % in simulated wastewater after 80 hr and a substantial reduction in real 
wastewater was also observed. These results demonstrate that the A-site deficient perovskite materials are a 
viable electrode for the removal of ammonia in a practical energy setting and paves way for future applications.   

1. Introduction 

Growing ammonia emissions have triggered mass environmental and 
human health concerns [1,2]. Industrial wastewater such as landfill 
leachate can contain high levels of ammonia contaminants and its 
discharge into natural waters can cause ecological disruption and 
eutrophication [3–8]. Recovery is therefore of upmost importance and is 
becoming a popular topic of interest. Conventional biological treatment 
of wastewaters involves a complex nitrification–denitrification process 
which may be cost and time consuming [5,9,10]. Investigation into the 
treatment process is therefore extremely significant and has triggered 
the search for simple, efficient, and cheaper processes to recover water 
[11–13]. 

Making use of ammonia in clean energy applications is especially 
interesting due to the high volumetric energy density of ammonia (12.9 
MJL-1) [2,5,14–18]. This is relatively high compared to other conven-
tional fuels such as hydrogen, methanol and ethanol [2,19]. Recently, 
the electrooxidation of ammonia has surfaced as an effective technique 

to remove ammonia which involves simple operation in the absence of 
poisonous products [20–24]. Ammonia electrolysers utilises the 
ammonia oxidation reaction (AOR) at the anode site (Eq. (1)) and a 
subsequent series of electrochemical reactions can effectively convert 
ammonia into nitrogen and hydrogen gas through a three-electron 
oxidation reaction [25–27]. 

Anode : NH3 + 3OH− →
1
2

N2 + 3H2O+ 3e− Eo = − 0.77 V vs. SHE (1)  

Cathode : 3H2O+ 3e− →
3
2

H2 + 3OH− Eo = − 0.82Vvs.SHE (2)  

Overall : NH3→
1
2
N2 +

3
2

H2E0
cell = 0.059V (3) 

This electrochemical technique not only removes unwanted 
ammonia from aqueous solution, but can also be used as indirect 
hydrogen storage to produce power via combustion methods or 
ammonia fuel cells [5,18,21,28–32]. This provides a potential solution 
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for the on-board hydrogen supply in applications such as fuel cell ve-
hicles [18,33,34]. Interestingly, a recent publication revealed that high- 
purity hydrogen was produced by the electrolysis of ammonia at inter-
mediate temperatures [35]. Furthermore, the theoretical energy con-
sumption of ammonia electrolysis to produce hydrogen is around 95 % 
less than that of water electrolysis. 

Although there is no debate over the promising outcomes of 
ammonia electrolysis, there remains much room for improvement 
before it can be considered a practical option for energy applications. 
AOR is largely hindered by sluggish ammonia adsorption kinetics on the 
surface of the electrode and a suitable catalyst is of paramount impor-
tance [27,36]. Conventionally, precious group metals (PGMs) such as Pt 
and Pt-based materials have been employed due to their promising 
oxidation activity and low overpotential. Such materials, however, are 
easily poisoned by the strong adsorption of nitrogen bound species 
(Nads) and have a high-cost association, making them unfavourable for 
large scale application [36–41]. It is therefore crucial to design and 
engineer new electrocatalysts which meet the criteria of fair cost, reli-
able synthesis methods, high AOR activity and long-term stability. 

Ni-based materials doped with elements such as Co, Zn, Cu and Fe 
have proven to be encouraging, cost friendly alternatives to PGMs with 
high activity towards AOR [2,5,20,21,26,41]. Amongst these materials, 
those based on Ni and Ni(OH)2 are considered especially promising due 
to their affordability and high ammonia removal efficiencies of around 
40–70 % [2,20,21,42–44]. Much work has since been devoted to the 
preparation, modification and optimisation of such catalysts. For 
example, it has been reported that introducing Cu to form NiCu oxy-
hydroxides has shown to enhance catalytic activity towards AOR 
through the synergistic effects of Ni and Cu, resulting in an ammonia 
electrolyser with a removal efficiency of ~ 80 % after 14 hr [20,21]. 
More recently, Zhu et al. explored the introduction of a second Fe3+

dopant into the NiO6 framework to further enhance Ni(1-x)CuxOOH ac-
tivity towards AOR. Density functional theory (DFT) simulations 
revealed that the lower electronegative Fe3+ was able to polarise the 
electron cloud to a greater extent relative to Ni3+, resulting in a lower 
Gibbs free energy of adsorption compared to Ni(1-x)CuxOOH. It was 
found that the NiCuFe oxyhydroxide electrode demonstrated a prom-
ising removal efficiency of 55 % after 24 h in a highly concentrated 
ammonia electrolyte [2]. 

Perovskite oxides, ABO3, are a particularly interesting group of 
electrocatalysts due to their large degree of chemical and structural 
flexibility. In an ideal cubic system, the larger A-site is generally occu-
pied by an alkaline-earth metal with 12-fold oxygen coordination, whilst 
the B-site is generally occupied by a smaller transition metal with 6-fold 
BO6 oxygen coordination [45]. Since they are easily tailored towards 
favouring certain electrochemical reactions, the use of such perovskites 
within energy storage and conversion technologies is extremely attrac-
tive [45–57]. Recently we have explored Ni/Cu in the B-site of a stoi-
chiometric LaNixCu1-xO3 perovskite for use as an AOR catalyst [58]. It 
was found that annealing in Ar introduced oxygen vacancies into the 
structure which significantly enhanced activity. Further exploration of 
oxygen vacancies and manipulation of the B-site however, was not 
explored. 

Herein we propose an optimised A- and B-site perovskite as an 
effective catalyst towards ammonia oxidation. The aims of this study are 
essentially two-fold. We first hypothesise that introducing small 
amounts of Fe into NiCu at the B-site of a LaNi0.6Cu0.4-xFexO3-δ (x = 0, 
0.05, 0.10) perovskite could benefit from increased activity towards 
AOR. Amongst the series investigated, we found LaNi0.6Cu0.35Fe0.05O3-δ 
(LNCF-05) to provide superior ammonia oxidation activity. Secondly, 
we explore the effects of systemically creating oxygen vacancies by 
manipulating the A-site and introducing deficiencies to form a series of 
La1-yNi0.6Cu0.35Fe0.05O3-δ (y = 0, 0.05, 0.10) oxides. It was found that 
La0.9Ni0.6Cu0.35Fe0.05O3-δ (LNCF-90) outperformed its stoichiometric 
counterparts due to the presence of a large amount of oxygen vacancies. 
This perovskite was chosen as the anode in an ammonia electrolysis cell 

using simulated and real landfill leachate as an electrolyte. The 
ammonia removal efficiency reached 95.4 % after 80 hr in simulated 
wastewater and 64.9 % after 50 hr in real wastewater. These results 
demonstrate good activity under a range of testing conditions, reflecting 
the robust and promising performance of La0.9Ni0.6Cu0.35Fe0.05O3-δ as a 
catalyst for ammonia oxidation and wastewater treatment. 

2. Experimental 

2.1. Materials 

La(NO3)3 6H2O (99.9%, Alfa Aesar), Ni(NO3)2 6H2O (99.9 %, Alfa 
Aesar), Cu(NO3)2 2⋅.5H2O (98.0%, Alfa Aesar) and Fe(NO3)3 9H2O 
(98+%, Alfa Aesar) were used as metal precursors with no further pu-
rification. Citric acid ((99+%, Alfa Aesar) was used as the chelating 
agent. Carbon black (Vulcan XC-72) and Nafion solution (5 wt%) (Sigma 
Aldrich) were added to the ink and carbon cloth (Toray, wet proofing 
1–5 %) was used as the electrode substrate. Other chemicals such as 
isopropanol and KOH were all analytical reagents purchased from Alfa 
Aesar. 

2.2. Catalyst preparation 

Appropriate amounts of La(NO3)3 6H2O, Ni(NO3)2 6H2O, Cu(NO3)2 
2⋅.5H2O and Fe(NO3)3 9H2O were dissolved in water. Citric acid was added 
to the solution in a molar ratio of 1:1.2 of total metal ions:citric acid. The 
solution was stirred at 120 ◦C for 8 h then heated to 350 ◦C to form a black 
ash then ground and calcinated in air at 400 ◦C for 1 hr with a heating/ 
cooling rate of 5 oCmin− 1. The ash was further reground and calcinated in 
air at 700 ◦C for 3 hr with a heating/cooling rate of 3 oCmin− 1. The samples 
were then placed inside a tube furnace and heated in Ar at 500 ◦C for 1 hr 
with a heating/cooling rate of 5 oCmin− 1 to observe the effects of post 
annealing in Ar. The samples were collected and labelled according to (i) 
the iron occupancy at the B-site: LaNi0.6Cu0.4O3-δ (LNC), LaNi0.6Cu0.35-

Fe0.05O3-δ (LNCF-05), LaNi0.6Cu0.3Fe0.1O3-δ (LNCF-10) or (ii) the A-site 
deficiency: La0.95Ni0.6Cu0.35Fe0.05O3-δ (LNCF-95) and La0.9Ni0.6Cu0.35-

Fe0.05O3-δ (LNCF-90). 

2.3. Physicochemical characterisation 

X-ray Diffraction (XRD) analysis was used to examine the phase of 
the samples. Measurements were recorded at room temperature on a 
PANalytical X’Pert Pro diffractometer (Cu Kα source, 1.5405 Å) and 
collected in the 2θ range of 20-80◦ with a step of 0.0167◦. Scanning 
Electron Microscopy (SEM) was used to examine the surface 
morphology of the catalyst using a Zeiss SUPRA 55-VP, equipped with 
an Energy-Dispersive X-ray (EDS) spectrometer for elemental analysis. 
Specimens were prepared by depositing small amounts of the samples 
onto a Cu grid and coating them with Au to prevent charging of the 
surface. Iodometric titration was used to measure the oxygen vacancy 
content of the perovskites [58]. 

2.4. Electrochemical characterisation 

For electrode preparation, catalyst powders and carbon black were 
ground in a 4:1 ratio. The powder was then dispersed in isopropanol and 
water (1:1 v/v) followed by Nafion solution and thoroughly stirred 
overnight before being brushed onto pre-treated carbon cloth. For 
comparison, a Pt/C electrode (commercial 20 wt% platinum on carbon 
black, Alfa Aesar) was prepared in the same way and the loading of Pt on 
carbon cloth was 0.61 mg cm− 2 [59]. 

Electrochemical characterisation of the electrode was determined by 
cyclic voltammetry (CV), linear sweep voltammetry (LSV) and chro-
nopotentiometry (CA) experiments on a Solartron 1470E CellTest Sys-
tem in a three-electrode cell. Pt mesh and Ag/AgCl (saturated KCl) were 
used as the counter and reference electrodes respectively, whilst the as- 
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prepared catalyst coated carbon cloth was used as the working elec-
trode. The CV plots were recorded between 0 and 0.8 V vs. Ag/AgCl at a 
scan rate of 25 mVs− 1. LSV experiments were conducted at a scan rate of 
2 mVs− 1. Chronopotentiometry tests were conducted at room temper-
ature under a constant applied potential of 0.55 V vs. Ag/AgCl. 

For electrolysis experiments, the perovskite electrode with loading of 
5.87 mgcm− 2 was used as the anode and Pt mesh was used as the counter 
electrode. A sealed glass cell containing approximately 25 mL of 2000 
ppm NH4Cl (+0.5 M KOH) solution was used as the electrolyte to 
simulate wastewater. As a comparison, real wastewater collected from 
the Lochhead Landfill Site in Scotland was used to evaluate the effi-
ciency of the electrolyser in real wastewater with added 0.5 M KOH. 
Ammonia electrolysis was studied under a constant potential cell 
voltage applied to the static batch by a Solartron 1470E CellTest System. 
Liquid samples were extracted and diluted appropriately to analyse the 
ammonia concentration at certain intervals using an Ultraviolet–Visible 
(UV–Vis) spectrophotometer (S-22 UV–vis, Boeco, Germany). 

3. Results and discussion 

3.1. Materials characterisation 

3.1.1. X-ray Diffraction 
The LaNi0.6Cu0.4-xFexO3-δ (LNCF) perovskite oxides were synthesised 

by a sol–gel combustion method and the respective X-ray Diffraction 
(XRD) patterns were studied. During the synthesis method, different 
amounts of Fe-doped LNCF perovskites (LaNi0.6Cu0.4-xFexO3-δ) were 
initially prepared at 700 ◦C in air (x = 0, 0.05, 0.10; denoted as LNC-Air, 
LNCF-05-Air and LNCF-10-Air respectively) and then later annealed in 
Ar atmosphere. The annealing step was introduced to create defects into 
the structure which have found to be beneficial towards electrocatalytic 
activity. In a previous study, it was found that LaNi1-xCuxO3-δ 

perovskites sintered in air alone did not exhibit significant activity to-
wards ammonia oxidation. However, upon annealing in Ar, the perov-
skites showed obvious AOR activity due to the presence of lattice defects 
and oxygen vacancy formation at the surface of the catalyst [58]. Due to 
this, only the Ar-annealed counterparts, hereby simply referred to as 
LNC, LNCF-05 and LNCF-10, were investigated in this study. 

Figure S1 shows the XRD patterns of the stoichiometric and A-site 
deficient perovskite with general compositions of La1-yNi0.6Cu0.4-xFexO3- 

δ (x ≤ 0.1, y ≤ 0.9). All the oxides synthesised in air and fired at 700 ◦C 
are single phases, indicating all these new perovskite oxides can be 
obtained in air. However, as stated above, we are more interested in 
oxides fired in Ar. The XRD patterns of samples fired in Ar are shown in 
Fig. 1b and 1c respectively. Compared to the XRD patterns of the sam-
ples sintered in air (Fig. S1), annealing in Ar (Fig. 1b) does not introduce 
variation in the crystal structures of the three perovskites. XRD analysis 
of LNC, LNCF-05 and LNCF-10 revealed nine diffraction peaks corre-
sponding to the (012), (110), (202), (024), (116), (214), (220), 
(036) and (134) planes. These peaks coincide with the expected 
LaNi0.6Cu0.4O3 structure (PDF No. 04–007-9502). Furthermore, intro-
duction of Fe shows very little change in the crystal parameters [60,61]. 
The magnified XRD spectrum in the range 30◦ to 35◦ shows slight 
shifting of the peaks to lower 2θ values, indicative of slight lattice 
expansion as Fe content is increased. This expansion of interlayer 
spacing can assist in the diffusion of OH– ions throughout the lattice and 
can lead to enhancements in ammonia oxidation reaction rates. Similar 
results have been observed in ternary Ni-Cu-Fe catalysts [2]. Moreover, 
the absence of additional peaks implies successful doping within the B- 
site without formation of a secondary phase. 

Since introduction of oxygen vacancies through annealing in Ar has 
proven to be a successful route towards improving AOR activity, as 
shown in a previous study, this concept was further explored by intro-
ducing A-site deficiencies which are known to form oxygen vacancies. 

Fig. 1. (a) Crystal structure of typical perovskite oxide (b) XRD analysis of synthesised LaNi0.6Cu0.4-xFexO3-δ (x = 0, 0.05, 0.1); XRD patterns in the 2θ range 30 to 35◦

(right) (c) XRD analysis of synthesised LayNi0.6Cu0.35Fe0.05O3-δ (y = 0, 0.05, 0.1); XRD patterns in the 2θ range 30 to 35◦ (right) (d) Refined XRD pattern of 
La0.9Ni0.6Cu0.35Fe0.05O3-δ. 
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Fig. S1b shows the XRD analysis of the La1-yNi0.6Cu0.35Fe0.05O3-δ-Air (y 
= 0, 0.05, 0.1; denoted as LNCF-05-Air, LNCF-95-Air and LNCF-90-Air 
respectively) after firing initially firing in air alone. The single phase 
perovskite oxide was formed for compositions with A-site deficiency. 
These perovskites were then annealed in Ar. Fig. 1c shows the XRD 
analysis for La1-yNi0.6Cu0.35Fe0.05O3-δ (y = 0, 0.05, 0.1; denoted as 
LNCF-05, LNCF-95 and LNCF-90 respectively) which show no distinctive 
structural changes compared to their air fired counterparts. In the 
presence of A-site deficiencies, there is a shift to higher 2θ angles. A 
weak contraction effect on the unit cell volume appears which agrees 
with the predicted effect of oxygen vacancies being formed. It is well 
recognised that by introducing deficiencies at the A-site, the overall 
positive charge of the perovskite is lowered, and this is often counter-
balanced by the release of oxygen. Such release leads to the formation of 
oxygen vacancies inducing a contraction effect on the perovskite 
structure and henceforth a shift to higher 2θ angles is expected [60]. 
Data in Table 1 more closely looks at crystallite sizes and properties of 
the LNC based perovskites. Nonetheless, the rhombohedral structure of 
the parent material is retained in all A- and B-site modified samples. 

Rietveld refinement of the representative La0.9Ni0.6Cu0.35Fe0.05O3-δ 
composition was carried out by GSAS and EXPGUI [62,63]. The results 
indicate that La0.9Ni0.6Cu0.35Fe0.05O3-δ is single phase and has a rhom-
bohedral structure, space group R3c(167) with a = 5.4555(1) Å, c =
13.2851(2) Å and V = 342.43(6) Å3 (Table 2). The refined oxygen oc-
cupancy was found to be 0.798(2), reflecting the existence of a large 
amount of oxygen vacancies due to strategically introducing A-site de-
ficiencies. The flexible valency of the B-site elements Ni, Cu and Fe al-
lows for A-site deficiencies to be accommodated for. However, it should 
be noted that the refined oxygen occupancy is not entirely accurate since 
XRD is not particularly sensitive to oxygen. Nevertheless, the stable and 
flexible nature of perovskite oxides allows for slight manipulation of the 
A-site and introduction of oxygen vacancies without collapsing the 
perovskite structure. The refined XRD pattern of La0.9Ni0.6Cu0.35-

Fe0.05O3-δ is shown in Fig. 1d. 

3.1.2. Iodometric titration 
In a previous study, it was found that LNC based samples show sta-

bilisation of the La3+ and Cu2+ oxidation state, as expected [58,64]. It 
was identified however, that use of XPS was somewhat challenging to 
determine the valency of nickel due to the overlap of the La 3d3/2 and Ni 
2p3/2 peaks. Furthermore, the O 1 s spectra also presented complicated 
results, making it difficult to distinguish the oxygen vacancy concen-
tration directly by XPS. Therefore, to study the oxygen vacancy content 
of the investigated perovskite oxides, iodometric titration was used. 
Iodometric titration is a useful technique that is often considered when 
evaluating oxygen defects throughout the whole lattice (surface and 
bulk) and shows similar trends to XPS analysis when studying oxygen 
vacancies [58,65]. 

Iodometric titration was performed via the reduction of I2 and the 
oxidation of I- to assess the oxygen content. The La A-site was reasonably 
assumed to be fixed in the + 3 oxidation state. Since the B-site was bi- or 
trivalent, assumptions were made to simplify calculations. It was 
reasonably assumed that Cu was reduced from Cu2+ to Cu+. Any Ni/Fe 

B-site ions in the B3+/B4+ oxidation state were given an average valence 
of X and ultimately assumed to be reduced to B2+ in the presence of 
iodide. The amount of iodine formed upon the oxidation of iodide was 
quantified by redox titration with Na2S2O3 solution and was used to 
determine the oxygen non-stoichiometry within the samples [66]. 

Table 3 shows the oxygen content of the perovskite samples. From 
the analysis, there was marginal change in oxygen vacancy V••

O when the 
B-site was modified, however, as the A-site deficiency was introduced, 
the oxygen vacancy content notably increased. For example, V••

O in 
stoichiometric LNCF-05 was found to be 13.0 %, which increased to 13.9 
and 15.2 % as the A-site was reduced to 95 and 90 % in LNCF-95 and 
LNCF-90 respectively. The existence of a large amount of oxygen va-
cancies in La0.9Ni0.6Cu0.35Fe0.05O3-δ is consistent with the Rietveld 
refinement analysis. However, the direct experimental results from 
iodometric titration shown in Table 3 is more accurate. This is in 
accordance with literature which recognises A-site deficiencies as a 
route to introduce oxygen vacancies to maintain charge neutrality 
[45,57,67–70]. It should be noted that the concentration of oxygen 
defects near the surface is generally higher than in the bulk [58]. 
Therefore, the oxygen vacancy concentration at the surface of the LNCF- 
90 sample is assumed to be > 15.2 %. 

3.1.3. Scanning electron Microscopy (SEM) coupled with energy Dispersive 
spectroscopy (EDS) analysis 

SEM analysis was performed on the LNC-based perovskite (see 
Figs. S2a-c and Fig. 2). EDS was used to analyse the elemental compo-
sition, reported in Table 4. Elemental mapping also allows for the dis-
tribution of different elements to be investigated and the results are 
plotted against the scale indicated in Fig. 2. 

brackets indicate the expected ratio. 
From the SEM images, it is revealed that the particles were uniformly 

dispersed and no agglomeration was observed. Introduction of the Fe 
dopant and A-site deficiency did not lead to significant changes in grain 
size or morphology. A homogenous distribution of La, Ni, Cu and Fe can 
be observed throughout the samples, which is in agreement with XRD 
analysis and confirms the absence of any bulk impurities or secondary 
phases. 

3.2. Evaluation of ammonia oxidation reaction (AOR) 

3.2.1. B-site modification 
The as prepared samples were investigated for their electrochemical 

activity towards ammonia oxidation. In a previous study, it was 
confirmed that the B-site is of particular interest since ammonia was Table 1 

Structural features including crystallite sizes of A- and B-site modified LNC.  

Catalysts Crystal system Crystallite size 
(nm)a 

Crystallite size 
(nm)b 

LaNi0.6Cu0.4O3-δ rhombohedral  14.0  19.1 
LaNi0.6Cu0.35Fe0.05O3-δ rhombohedral  14.4  24.2 
LaNi0.6Cu0.3Fe0.1O3-δ rhombohedral  14.3  23.5 
La0.95Ni0.6Cu0.35Fe0.05O3- 

δ 

rhombohedral  15.7  26.5 

La0.9Ni0.6Cu0.35Fe0.05O3-δ rhombohedral  17.7  37.7  

a from Scherrer equation. 
b from Williamson Hall plot. 

Table 2 
Structure and lattice parameters of La0.9Ni0.6Cu0.35Fe0.05O3-δ.  

Atom Site Occupancy x y z Uiso(Å
2
)

La 6a  0.9 0 0 1/4 0.0213(4) 
Ni 6b  0.6 0 0 0 0.0239(7) 
Cu 6b  0.35 0 0 0 0.0239(7) 
Fe 6b  0.05 0 0 0 0.0239(7) 
O 18e  0.798(2) 0.4569(2) 0 0 0.019(4) 

Space group R-3c (167); a = 5.4555(1) Å, c = 13.2851(1) Å, V = 342.43(4) Å3, Z 
= 6. Rwp = 14.19%, Rp = 11.09%, χ2 = 6.02. 

Table 3 
Oxygen vacancy content of different perovskites as determined by iodometric 
titration.  

Sample Oxygen vacancy, V••
O (%) 

LaNi0.6Cu0.4O3-δ  13.1 
LaNi0.6Cu0.35Fe0.05O3-δ  13.0 
LaNi0.6Cu0.3Fe0.1O3-δ  12.9 
La0.95Ni0.6Cu0.35Fe0.05O3-δ  13.9 
La0.9Ni0.6Cu0.35Fe0.05O3-δ  15.2  
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found to mainly interact with these sites during the oxidation process 
[58,71]. Through DFT calculations, it was noted that ammonia 
adsorption was more favourable in the presence of Cu in LaNi1-xCuxO3-δ. 
The B-site composition is therefore of great importance when tailoring 
perovskites towards AOR activity. To further tune the properties of the 
B-site and investigate the effects of dual doping, Fe was introduced into 
the NiCu B-site to form a series of LaNi0.6Cu0.4-xFexO3 (x = 0, 0.05, 0.10, 
0.15) perovskite oxides. 

Fig. 3a shows the CV plots of the LNC, LNCF-05 and LNCF-10 pe-
rovskites in 0.5 M KOH and 55 mM NH4Cl electrolyte. All samples ob-
tained a similar onset potential of around ca. 0.45 V vs. Ag/AgCl, similar 
to that reported in literature [20,21,58]. The undoped LNC sample 
displayed an anodic current density of 47 mAcm− 2. This increased to 69 
mAcm− 2 when × = 0.05, however when × was further increased to 

0.10, the current dropped to 57 mAcm− 2. These results demonstrate that 
there is an optimum amount of Fe doping (x = 0.05) at the B-site and 
that LNCF-05 shows superior activity. An optimum Fe doping is not 
uncommon and has been reported in literature. Zhu et al. found that 
when investigating a ternary Ni-Cu-Fe oxyhydroxide, Ni0.8Cu0.4Fe0.1 
oxyhydroxide showed greater activity than undoped Ni0.8Cu0.4 and 
Ni0.8Cu0.4Fe0.3 as well as Ni0.80Cu0.4Fe0.4 [2]. It was reported that the 
ammonia molecule adsorbs onto the OO-Ni surface of Ni(1-x)CuxOOH 
which is not very thermodynamically favourable due to the high Gibbs 
free energy of adsorption. By introducing lower electronegative Fe3+

dopants into the Ni-O6 framework, the electrons near the Fermi level of 
O were found to be more delocalised which increased the availability of 
empty orbitals to accept electrons during AOR. Since the ABO3 perov-
skite structure adopts a similar Ni-O6 geometry at the B site, it is logical 
to assume that introducing Fe into these oxides would have a similar 
effect and therefore may explain the enhancement in AOR. Furthermore, 
the anodic current density of the LNCF-05 perovskite is substantially 
greater than that of LaNi0.5Cu0.5O3-δ reported in our previous work [58]. 
This indicates that fine tuning the elemental composition at the B-site is 
imperative for AOR activity and can provide insight into designing 
efficient perovskite catalysts for AOR. 

It should be noted that the current density recorded includes the 
combined influence of AOR and valency changes to the Ni-based centre, 
which tend to overlap within the region scanned. To rule out the 
contribution of the latter, the samples were also cycled in pure 0.5 M 

Fig. 2. SEM image, elemental mapping and elemental point analysis of La, Ni, Cu, Fe and O in (a) LNCF-05 and (b) LNCF-90 at mag × 30 k.  

Table 4 
Elemental analysis of modified A- and B-site in different samples.  

Catalyst Atomic composition (%) 

La Ni Cu Fe A/B 

LaNi0.6Cu0.4O3-δ  49.2  26.2  20.5  – 1.05 (1) 
LaNi0.6Cu0.35Fe0.05O3-δ  49.2  26.7  19.5  3.70 0.99 (1) 
LaNi0.6Cu0.3Fe0.1O3-δ  50.1  27.4  18.5  3.90 1.01 (1) 
La0.95Ni0.6Cu0.35Fe0.05O3-δ  48.5  29.0  19.8  2.65 0.94 (0.95) 
La0.9Ni0.6Cu0.35Fe0.05O3-δ  46.8  30.2  20.8  2.20 0.88 (0.90)  
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KOH electrolyte in the absence of ammonia. Fig. 3b shows that anodic 
and cathodic peaks in the range of 0 and 0.8 V appear when the LNCF-05 
perovskite is cycled in 0.5 M KOH electrolyte. These can be related to the 
transformation between Ni(II) and Ni(III) [21,58]. This oxidation peak 
has a much lower current density than that in the presence of ammonia, 
with the sharp difference in current density being attributed to AOR. 
Interestingly, the cathodic peak does not change with the introduction of 
ammonia, which reinforces the Ni(III) species being liable for AOR and 
implies that the reaction may proceed via a direct electron transfer 
mechanism [44]. 

Linear sweep voltammetry (LSV) was used to further investigate the 
catalytic activity of the perovskites towards ammonia electrooxidation. 
The applied voltage was kept below 1.1 V to avoid water oxidation, the 
recorded current density was subsequently owed to ammonia oxidation. 
As shown in Fig. 3c, a sharp increase in ammonia oxidation current is 
observed above an anodic potential of 0.4 V vs. Ag/AgCl. Amongst the 
series of perovskites tested, LNCF-05 achieves the highest current den-
sity. The results follow the same trend as those observed by CV, indi-
cating that LNCF-05 has obvious catalytic activity towards AOR. 
Corresponding Tafel plots were constructed to evaluate catalytic kinetics 
of ammonia oxidation (Fig. S3a). The Tafel slope of LNCF-05 (93.6 
mVdec-1) was smaller than that of LNC (107 mVdec-1) and LNCF-10 
(94.6 mVdec-1). It can therefore be deduced that under the same con-
ditions, AOR proceeds with less electrochemical polarisation and more 
facile electron transport on the LNCF-05 electrode. This further re-
inforces that the presence of Fe lowers the energy barrier towards AOR. 
Moreover, the LSV plot for the LNCF-05 electrode cycled in pure 0.5 M 
KOH (Fig. 3d) shows negligible activity in the absence of ammonia, 
which is consistent with CV data. 

Stability is one of the key factors determining the quality and suit-
ability of an electrocatalyst. Stability of the electrodes was evaluated by 
chronoamperometry with a fixed anode potential of 0.55 V vs. Ag/AgCl 
in 0.5 M KOH + 55 mM NH4Cl. Fig. S3b shows chronoamperometry 
curves for the different electrodes recorded over a duration of 15 h.The 
highest current density was observed for the LNCF-05 catalyst. From the 
chronoamperogram, all catalysts exhibit an initial gradual drop in cur-
rent density. A possible reason for the drop in current density over time 
may be owed to some of the active sites becoming poisoned by strong 
adsorption of the N* species proposed in the N + N mechanism of AOR 
[58,72]. Furthermore, it should be noted that the current density of the 
Pt/C electrode was much lower than the investigated perovskite oxide 
catalysts which was also observed in a previous study [58]. This may be 
associated with poisoning of the Pt surface and/or an incompatible 
testing potential [20,58]. Fig. S3c illustrates stability of the LNCF-05 
electrode in 0.5 M KOH and the absence of ammonia. Under these 
conditions, negligible activity is observed. Nonetheless, the recorded 
current densities for all catalysts eventually plateau throughout the 
testing period, with the LNCF-05 catalyst still demonstrating a higher 
overall current density. 

3.2.2. A-site modification 
Since LNCF-05 showed optimum activity in section 3.2.1, the effect 

of A-site deficiencies was explored using LNCF-05 as the parent catalyst. 
A-site deficiencies were introduced and a series of La1-yNi0.6Cu0.35-

Fe0.05O3-δ (y = 0, 0.05, 0.10) perovskite oxides were tested for their ac-
tivity towards AOR. 

At first, CV measurements of the three perovskites were performed in 
0.5 M KOH without ammonia and then in the addition of 55 mM NH4Cl. 

Fig. 3. (a) CV performances of catalysts in 0.5 M KOH + 55 mM NH4Cl (b) CV performance of LNCF-05 in 0.5 M KOH with and without 55 Mm NH4Cl (c) LSV 
performances of catalysts 0.5 M KOH + 55 mM NH4Cl (d) LSV performance of LNCF-05 in 0.5 M KOH with and without 55 mM NH4Cl. 
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In the presence of ammonia, there is a sharp increase with an onset 
potential of ca. 0.45 V vs. Ag/AgCl, indicating that all samples have good 
activity towards AOR (Fig. 4a) [20,21]. For comparison, LNCF-05 ob-
tained an anodic current of 69 mAcm− 1 at 0.8 V vs. Ag/AgCl, which 
increased as the A-site deficiency was introduced to 118 and 144 
mAcm− 1 for LNCF-95 and LNCF-90 respectively. Furthermore, Fig. 4b 
shows that in the absence of ammonia, there are a pair of redox peaks 
reinforcing the transformation of the Ni(II) and Ni(III) species [21,58]. 

There is an obvious increase in current density when A-site de-
ficiencies are introduced into the perovskite oxide, which can be owed to 
the presence of oxygen vacancies. It is well accepted that oxygen va-
cancies have a significant impact on the electronic structure and surface 
chemistry of perovskite oxides, typically resulting in a positive effect on 
catalytic performance. In our previous report, oxygen vacancies were 
introduced into a LNCO-55-Ar sample after annealing and it was 
deduced that more Ni2+ species were created on the surface of the 
perovskite to maintain charge neutrality [58]. This led to a substantial 
enhancement in AOR performance since it is widely accepted that the 
NiII/NiIII redox couple acts as the active site in the ammonia oxidation 
process, as illustrated in equations (4) and (5) [21,58,73]. Subsequently, 
it was concluded that modification of the Ni electronic structure by 
introduction of oxygen vacancies indirectly promotes AOR activity. This 
concept can be further exploited when A-site deficiencies are introduced 
into the perovskite since this is a promising route to establishing oxygen 
vacancies [45,57,67–69]. As the positive A-site becomes deficient, the 
perovskite possesses a more overall negative charge which can be sub-
sequently counterbalanced by release of oxygen to retain charge 
neutrality. The above suggests that oxygen vacancies may play a key role 
in the stepwise oxidation of ammonia by promoting the formation of the 
active Ni2+ species for the AOR mechanism [21,73]. 

NiII(OH)2 +OH − ↔ NiIIIOOH +H2O+ e− (4)  

NiIIIOOH +NH3→NiII(OH)2 + products (5) 

The LSV curves were collected in 0.5 M KOH and 55 mM NH4Cl using 
a scan rate of 2 mVs− 1 and are displayed in Fig. 4c and 4d. Above ca. 
0.45 V vs. Ag/AgCl, there is a sharp increase amongst all three elec-
trodes, in agreeance with CV. The corresponding Tafel plots were con-
structed to observe the catalytic kinetics. Fig. S4 shows that the Tafel 
slope of LNCF-90 (72.7 mVdec-1) is lower than both LNCF-95 (92.0 
mVdec-1) and LNCF-05 (93.6 mVdec-1). This signifies that under the 
same testing conditions, the ammonia oxidation reaction proceeds with 
greater ease and more facile electron transportation on the LNCF-90 
surface. Again, this indicates the importance of oxygen vacancies in 
indirectly facilitating AOR [58]. 

The key parameters of similar reported AOR electrocatalysts are 
displayed in Table 5 for comparison. Compared to both bimetallic NiCu, 
which shows a current density of 35 mAcm− 2 at 0.55 V vs. Ag/AgCl, and 
single doped, stoichiometric LaNi0.5Cu0.5O3-δ-Ar, which shows a current 
density of around 10 mAcm− 2 at 0.55 V vs. Ag/AgCl, La0.9Ni0.6Cu0.35-

Fe0.05O3-δ shows an improved current density of around 50 mAcm− 2 at 
0.55 V vs. Ag/AgCl under similar testing conditions [20,58]. Therefore, 
amongst the list of catalysts, in particular those based on non-precious 
metal groups, LNCF-90 demonstrates superb AOR activity. 

Stability of the LNCF-05, LNCF-95 and LNCF-90 electrodes were 
examined via chronoamperometry with a fixed anode potential of 0.55 V 
vs. Ag/AgCl in 0.5 M KOH and 55 mM NH4Cl. Fig. 4e and 4f show the 
stability of the electrodes tested over a duration of 15 h. For the stoi-
chiometric LNCF-05 electrode, the stability slowly decreases over the 
testing duration reaching around 7.5 mAcm− 2 after 3 hr and eventually 
plateauing after 6 h. This drop is less pronounced in the LNCF-95 sam-
ple, with a value of around 12.5 mAcm− 2 after testing. The LNCF-90 
electrode shows much more stable activity, with an initial minor drop 
in current density which then stabilises and is maintained around 22 
mAcm− 2. These results indicate that introducing A-site deficiencies 
improves both stability and catalytic activity of the LNCF based 
perovskites. 

Ammonia contaminated wastewaters pose a great hazard to the 

Fig. 4. (a) CV performances of catalysts in 0.5 M KOH + 55 mM NH4Cl (b) CV performance of LNCF-90 in 0.5 M KOH with and without 55 Mm NH4Cl (c) LSV 
performances of catalysts in 0.5 M KOH + 55 mM NH4Cl (d) LSV performance of LNCF-90 in 0.5 M KOH with and without 55 mM NH4Cl (e) chronoamperometry 
analysis of catalysts in 0.5 M KOH + 55 mM NH4Cl (f) chronoamperometry analysis of LNCF-90 in 0.5 M KOH with and without 55 mM NH4Cl. 
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quality of water resources and can have a substantial effect on envi-
ronmental and human health [5,85]. The treatment of wastewater has 
become a growing topic of interest due to the development of industrial 
and human activities leading to large amounts of commercial and do-
mestic waste [86,87]. Use of such water as an electrolyte in ammonia 
electrolysers may be a useful method to remove the high concentrations 
of ammonia and simultaneously treating wastewater. To test the 
viability of the catalyst as an anode in an ammonia electrolyser, the 
LNCF-90 perovskite material was tested for its activity towards AOR in 
both simulated and real landfill leachate. Landfill leachate was collected 
and characterised using a UV–Vis and pH spectrometer to determine the 
concentration of ammonia and the pH of the sample respectively. It is 
important to determine the pH value of the wastewater since the reac-
tion is highly pH dependent and alkalinity of the electrolyte solution 
plays a key role in AOR [44]. 

In the present study, the ammonia concentration of the landfill 
leachate sample was found to be 2000 ppm and the pH ~ 8 was weakly 
alkaline, similar to values reported in literature [58,88]. A simulated 
wastewater sample was prepared using these parameters to investigate 
the activity of the perovskite in pure ammonia solution. Based on the 
aforementioned performance, LNCF-90 was chosen and tested via CV in 
both simulated and real wastewater. Fig. 5 shows the CV plots of LNCF- 
90 in simulated wastewater (2000 pm NH4Cl, with an appropriate 
amount of KOH added to bring the pH to 8), real wastewater (2000 ppm 
ammonia, pH 8) and both the simulated and real wastewater with the 
addition of 0.5 M KOH to make the environment extremely alkaline. In 
the absence of an alkaline environment, the simulated and real waste-
water show negligible activity towards AOR. However, on addition of 
0.5 M KOH, both the simulated and real wastewater show substantial 
activity above an onset potential ca. 0.45 V vs. Ag/AgCl. These findings 
support the fact that the AOR mechanism is pH dependent as has been 
found in literature and proceeds in a highly alkaline condition [44]. 
Notably, the anodic current density reaches around 112 mAcm− 2 in 
simulated wastewater with addition of 0.5 M KOH, which is nearly 
double that in real wastewater at around 60 mAcm− 2. It is recognised 
that organic oxidation at the anode surface is common in landfill 
leachate solutions [89]. This oxidation process could possibly compete 
with ammonia oxidation at the anode surface and may partially explain 
the lower polarisation performance seen when testing in real landfill 
leachate as opposed to simulated landfill leachate. Moreover, Zeng et al. 
found that the biodegradation of organic matter could possibly have a 
negative impact on ammonia oxidation [90]. A similar adverse impact 
on the electrooxidation of ammonia may occur in the presence of inor-
ganic and organic matter found in the real landfill leachate. Identifica-
tion of some ions on the surface of the electrode surface after exposure to 
real landfill leachate is discussed in greater detail in the following sec-
tion. Nevertheless, it is reasonable to assume that impurities within the 
real wastewater may affect and interfere with the performance of the 
electrode, as is reflected by the differences in LSV measurements shown 
in Fig. 5b. 

It should be noted that although the ammonia concentration of the 

Table 5 
Performance of AOR on different electrocatalysts.  

Catalyst Fuel Scan 
rate 
(mV/ 
s) 

Ep (V) Current 
density 
(mAcm− 2) 

Ref. 

Ni(OH)2 0.5 M 
NaOH +
55 mM 
NH4Cl 

25 0.55 V 
vs. Ag/ 
AgCl 

5 [20] 
NiCu 35 

NiMn 0.50 V 
vs. Ag/ 
AgCl 

20 
NiFe 25 

a-NiCu 0.5 M +
55 mM 
NH4Cl 

20 0.70 V 
vs. SCE 

30 [2] 
a-NiCuFe 60 

Ni93Pd7 0.5 M 
NaNO3 +

200 mM 
NH4NO3 

50 1.25 V 
vs. 
HgO/ 
Hg 

60 (A g− 1) [74] 
Ni98Pd2 150 (A 

g− 1) 

NiCu 0.5 M 
NaOH +
55 mM 
NH4Cl 

50 0.70 V 
vs. Ag/ 
AgCl 

52 [21] 

NiCu 1 M KOH 
+ 0.5 M 
NH3 

50 0.65 V 
vs. 
HgO/ 
Hg 

110.4 [75] 

PtNi 1 M KOH 
+ 0.1 M 
NH3 

10 0.69 V 
vs. RHE 

75.32 
(Ag− 1) 

[76] 

Ni 0.33 mM 
NH4

+ +

0.5 M 
KOH 

120 0.45 V 
vs. 
HgO/ 
Hg 

~9 [77] 

Co10/Ni 0.38 V 
vs. 
HgO/ 
Hg 

8.5 

NiO 200 mM 
NH4OH 
+ 100 
mM 
NaNO3 

(+3 M 
NaOH) 

100 1.28 V 
vs. 
HgO/ 
Hg 

2.93 [78] 
NiO-TiO2 3.01 

Pt 1 M KOH 
+ 0.1 M 
NH3 

50 − 0.25 V 
vs. Ag/ 
AgCl 

1.63 [79] 
PtNi 2.39 
PtNiO 2.72 
PtIr 1 M KOH 

+ 0.1 M 
NH3 

5 ~0.65 
V vs. 
RHE 

25.1 
(Ag− 1) 

[80] 

PtIr/SiO2-CNT-COOH ~0.70 
V vs. 
RHE 

90.6 
(Ag− 1) 

PtIrNi/SiO2-CNT-COOH 124.0 
(Ag− 1) 

Pt 1 M KOH 
+ 0.5 M 
NH3 

20 − 0.20 V 
vs. Hg/ 
HgO 

~0.34 [81] 
Pt 100 ~0.95 
PtSnO2 ~0.50 
PtSnO2 100 ~0.75 
Pt 0.05 M 

KOH +
100 mM 
NH3 

50 0.70 V 
vs. RHE 

~0.42 [82] 

Pt plate 1 M KOH 
+ 1 M 
NH3 

10 − 0.23 V 
vs. 
HgO/ 
Hg 

1.7 [83] 
Pt-black 20 

Pt-CNT (160 ◦C) ~-0.19 
V vs. 
HgO/ 
Hg 

~58 

Pt NC 0.1 M 
KOH +
0.1 M 
NH3 

50 ~0.78 
V vs. 
RHE 

0.58 [84] 

Ir and Ni(OH)2- 
decorated 

0.82 V 
vs. RHE 

0.72 

Pt NC Ir-decorated Pt NC 1.25  

Table 5 (continued ) 

Catalyst Fuel Scan 
rate 
(mV/ 
s) 

Ep (V) Current 
density 
(mAcm− 2) 

Ref. 

0.75 V 
vs. RHE 

LaNi0.5Cu0.5O3-δ-Ar 0.5 M 
KOH +
55 mM 
NH4Cl 

25 0.55 V 
vs. Ag/ 
AgCl 

~10 [58] 

LaNi0.6Cu0.35Fe0.05O3-δ 0.5 M 
KOH +
55 mM 
NH4Cl 

25 0.55 V 
vs. Ag/ 
AgCl 

~20 This 
work La0.9Ni0.6Cu0.35Fe0.05O3- 

δ 

~50  
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simulated wastewater was prepared at 2000 ppm NH4Cl (~120 mM), 
which is double that of the AOR tests above (55 mM), the current density 
does not double and scale in a similar way. Despite nearly doubling the 
ammonia concentration, the current density remains somewhat similar 
in both scenarios, probably due to saturation of the active sites on the 
electrode surface. This phenomenon has also been observed in a previ-
ous report [44]. 

3.3. Ammonia electrolysis 

Electrolysis of simulated wastewater using LNCF-90 as the working 
electrode was examined and the current density of the cell was recorded 
in Fig. 6. Pt mesh was chosen as the counter electrode and Ag/AgCl as 
the reference electrode in a three-electrode cell set up. A long-time 
ammonia electrolysis test was carried out in 25 mL of both real and 
simulated wastewater for comparative purposes, with the addition of 

Fig. 5. (a) CV and (b) LSV of LNCF-90 in simulated and real wastewater with and without 0.5 M KOH.  

Fig. 6. (a) Electrolysis profile of LNCF-90 in simulated wastewater with the addition of 0.5 M KOH (b) ammonia concentration and removal efficiency of LNCF-90 in 
simulated wastewater in 0.5 M KOH (c) ammonia concentration and removal efficiency of LNCF-90 in real wastewater in 0.5 M KOH(d) removal efficiency profiles of 
LNCF-90 in simulated and real wastewater with the addition of 0.5 M KOH (e) XRD analysis of LNCF-90 electrode before and after electrolysis test (f) EDS point 
analysis of LNCF-90 electrode before and after electrolysis test (g) SEM and EDS analysis of LNCF-90 electrode after test in real wastewater scaled to 10 µm bar with 
mag x30 k. 
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0.5 M KOH. Since it has been verified that the ammonia oxidation 
process favours alkaline conditions, the electrolyte solutions will hereby 
be simply referred to as simulated and real wastewater (as it is implied 
that the addition of KOH is constant). A fixed anodic potential of 0.55 V 
vs. Ag/AgCl was applied to avoid unfavourable reactions such as oxygen 
evolution which may become more prominent under higher applied 
potentials and result in high energy consumption [2]. 

In a 100 hr test, the current density of the cell employing simulated 
wastewater electrolyte was initially high and then decreased against 
time due to the consumption of ammonia within the electrolyte solution. 
During the initial testing period, the ammonia concentration continued 
to decrease over time and a removal efficiency of 95.4 % was achieved 
after 80 hr operation (Fig. 6b). Beyond 80 h, the removal efficiency 
showed minimal change, reaching 95.7 % after 100 hr. The results 
signify that LNCF-90 is a good electrode for use within an ammonia 
electrolyser, with the ability to reduce ammonia concentration making it 
an ideal candidate for ammonia-containing wastewater treatment. 

It should be noted that the pathway and exact intermediates formed 
throughout the ammonia oxidation process is complex and complete 
oxidation to N2 may be hindered by the formation of intermediates [91]. 
Some studies suggest that ammonia undergoes deprotonation to form 
Nads which can either be coupled to form N2 or oxidised to form NOx 
species [26,91,92]. It has also been suggested that the formation of N2 
may occur via dimerization of partially dehydrogenated *NHx species 
[2,91,93]. The possibility of NOx formation is also viable through this 
mechanism since NH3 can be oxidised to NH2OH, which can then be 
further oxidised to form NOx species [91,94]. Selective catalytic oxida-
tion of ammonia and complete removal of ammonia nitrogen is ideal for 
wastewater treatment [91]. High NH3 conversion at temperatures less 
than 180 ◦C can be obtained on supported noble metals such as Ag/ 
Al2O3, CuO/RuO2, Pt/CuO/Al2O3 and Ir, but selectivity towards N2 
needs to be significantly improved [95–99]. To identify the possible 
presence of nitrate ions, a standard ‘brown-ring’ test was conducted on 
the simulated wastewater solution after electrolysis and the formation of 
the [Fe(H2O)5(NO)]2+ ion gave the expected brown ring result [100]. 
The test therefore confirmed the presence of nitrate ions at detectable 
levels after the electrolysis of simulated wastewater. Although the 
complete removal of ammonia nitrogen is ideal for wastewater, some 
works report the presence of NOx, particularly on nickel hydroxide an-
odes [21,91]. 

To further validate the use of the LNCF-90 electrode in a practical 
setting, real wastewater was also used as an electrolyte. Compared to 
simulated wastewater, the initial current density in real wastewater was 
much lower (Fig. S5). In both cases, there is an expected drop in current 
density over time since ammonia is being removed. The ammonia con-
centration profile shown in Fig. 6c shows that the removal efficiency 
reached 65.8 % after a 70 hr operation in real wastewater. It should be 
noted that this concentration profile shows a steady decrease over time 
for the first 50 hr and then begins to plateau, with only a marginal 
reduction in ammonia between 50 and 70 hr (64.9 and 65.8 % respec-
tively). This is unlike the simulated wastewater solution, which con-
tinues to remove ammonia until 96.7%, showing that the process in real 
wastewater differs. The results imply that past a certain point, the 
catalyst ability to remove ammonia is limited, most likely due to 
contamination of the electrode surface by impurities in real wastewater. 

For comparative purposes, the ammonia removal efficiencies in both 
simulated and real wastewater over a duration of 50 hr is provided in 
Fig. 6d. Within the first 10 hr, there is a small difference in removal 
efficiencies, however, as time progresses, the difference in removal ef-
ficiencies between the simulated and real wastewater becomes more 
evident. This may be owed to secondary ions and impurities present 
within real wastewater which may deposit onto the electrode and 
interfere with AOR at the catalytic surface, hindering the process and 
causing a lower removal efficiency to be observed. This is investigated in 
further detail below. Nonetheless, the removal efficiency of La0.9Ni0.6-

Cu0.35Fe0.05O3-δ in real wastewater is still comparable to the removal of 

ammonia in pure ammonia solutions (~40–70 %) where Ni and Ni(OH)2 
based materials are used as AOR catalysts [2,20,21,42–44]. 

Fig. 6e shows XRD analysis of the LNCF-90 electrode before and after 
electrolysis testing. There is no apparent change in the crystal structure 
after testing in simulated wastewater, indicating the robust and stable 
nature of the perovskite oxide. After testing in real wastewater, although 
the predominant perovskite peaks remain present, there are some 
additional peaks which may be correlated to deposition of impurities or 
additional ions on the surface of the electrode from real wastewater. 

To further explore the existence of such ions, SEM and EDS analysis 
was carried out. Fig. 6g shows the SEM and EDS analysis of the LNCF-90 
electrode after electrolysis in real wastewater. The elements remain 
uniformly distributed; however, the point analysis reveals the presence 
of other ions on the electrode surface after testing in real wastewater. 
Hardness-causing elements such as Na, Mg, Ca and Cl are identified on 
the electrode surface which are commonly reported in real wastewater 
and landfill leachate. These may form an insulating layer on the surface 
of electrodes [101–105]. The distribution of such elements is mapped in 
Fig. S6 and reveals quite intense and homogenous dispersion across the 
electrode surface after testing in real wastewater. This indicates that the 
lower performance in real wastewater may be due to the presence of 
secondary ions which can lead to an insulating layer on the catalyst 
surface. If such an electrode were to be used for the removal of ammonia 
and treatment of real wastewater, cleaning procedures of the electrode 
or slight pre-treatment of hard ions in the water should be considered. 

It should be noted that ammonia can be removed by (i) direct 
oxidation and/or (ii) indirect oxidation of ammonia mediated by 
electro-generated active chlorine species [106]. Direct ammonia 
oxidation requires adjustment of wastewater pH to values greater than 
the pKa of the NH4

+/NH3 acid-base pair (pH > 9.25) as NH4
+ cannot be 

directly oxidised at the anode [106,107]. This approach has been 
adopted in this paper due to ammonia oxidation reaction requiring 
alkaline environments [44]. However, it is often accepted that ammonia 
can undergo indirect oxidation which takes advantage of in situ active 
chlorine species in wastewater. A series of electrochemical reactions 
convert chloride ions present in solution into chloride radicals which 
then undergo a Volmer-Heyrovsky type reaction to form chlorine. Hy-
drolysis of chlorine leads to the formation of hypochlorous acid (HOCl) 
which is an effective oxidant and can react with ammonium ions to form 
N2 or NO3

- ions [106,108,109]. The efficiency of the indirect mechanism 
is highly dependent on the pH of the electrolyte solution, with both 
highly acidic and highly alkaline environments adversely affecting HOCl 
formation [89]. Zhou et al. studied the effect of acidic, neutral and 
alkaline pH environments (5.16, 7.02 and 10 respectively) on treatment 
performances and the highest removal of NH4

+ was obtained at pH 5.16 
due to the presence of HOCl [110]. However, since the pH of the 
wastewater investigated within this study was adjusted to give very 
alkaline environments, the extent of hypochlorous acid and ammonium 
formation is considered to be reasonably low [89]. It is therefore 
assumed that the dominate oxidation pathway for the simulated and real 
wastewater samples tested in this study occur through a direct 
mechanism. 

4. Conclusions 

To summarise, a series of A- and B-site modified La1-yNi0.6Cu0.4- 

xFexO3-δ (x = 0, 0.05 and 0.10; y = 0, 0.05 and 0.10) perovskite oxides 
were prepared by a sol–gel method and tested towards ammonia 
oxidation. It was found that an optimum Fe doping of x  = 0.05 (LNCF- 
05) showed superior activity compared to its counterparts. When A-site 
deficiencies were introduced into the catalyst, further enhanced oxida-
tion performance and stability was achieved when y = 0.10 (LNCF-90). 
The optimised activity of the LNCF-90 may be owed to (i) the presence of 
Fe lowering the Gibbs free energy and (ii) the presence of more oxygen 
vacancies which may lead to greater exposure of active NiII on the sur-
face and indirectly enhance AOR. Based on the excellent ammonia 
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oxidation activity, an electrolyser was prepared with LNCF-90 as the 
working electrode in both simulated and real wastewater electrolyte. It 
was found that the electrolyser delivered a high ammonia removal ef-
ficiency of 95.4 % in 80 hr when simulated wastewater was used as the 
electrolyte. The electrolyser was also able to remove ammonia from real 
wastewater, with removal efficiency of 64.9 % within 50 hr. It was found 
that after testing in real wastewater however, a significant amount of 
hardness-causing secondary ions were present on the electrode surface. 
These can act as an insulating layer and may explain the lower activity 
relative to pure ammonia solutions. The perovskite oxides demonstrate 
favourable performance and may be considered as a suitable alternative 
to precious metal-based electrodes such as Pt/C; however, further 
investigation into the oxidation products and the role of impurities 
found in landfill leachate on catalytic performance must be further 
explored before implementing such catalysts into real scenarios. 
Nevertheless, an efficient catalyst for ammonia oxidation was identified 
and this study paves the direction for future work in tailoring perov-
skites, particularly those possessing an A-site deficiency, towards 
ammonia oxidation and electrolysis for wastewater treatment. 
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