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Oxygen Vacancy-Rich Lay 5Sry 5NigoCug 10, s as a High-
Performance Bifunctional Catalyst for Symmetric Ammonia

Electrolyzer

Mengfei Zhang, Peimiao Zou, Georgina Jeerh, Boyao Sun, Marc Walker, and Shanwen Tao*

In this study, strontium and copper dual-doped La,NiO, annealed in Ar
(Lag.5Sry.5NigoCuq 104 5Ar, LSNC-Ar) with K,NiF, structure is strategically
designed as an ammonia oxidation reaction (AOR) and hydrogen evolu-

tion reaction (HER) bifunctional catalyst for high-efficiency ammonia elec-
trolysis. The selective substitution of lanthanum with high content strontium
improves the electronic conductivity and increases the oxygen vacancy con-
centration. Doping of Cu into the B-site of the perovskite induces a synergistic
interplay of Ni and Cu, leading to excellent AOR activity. Due to the excellent
AOR and HER activity of doped La,NiO,, a symmetric ammonia electrolyzer
based on LSNC-Ar (SAE-LSNC-Ar) is assembled and investigated for the
removal of ammonia. In addition, the performance of the SAE is comparable
to the ammonia electrolyzer based on a Ptlr/C anode and Pt/C cathode at low
voltage. This is the first report using an oxide with the K;NiF, structure as an
efficient AOR catalyst. The assembled SAE-LSNC-Ar shows =95% ammonia
removal efficiency in real landfill leachate, which is the highest among electro-
chemical removal of ammonia in landfill leachate. This study paves an attrac-
tive route to explore materials with the K;NiF, structure as highly efficient
AOR/HER bifunctional catalysts for the electrolysis of ammonia.

recognized as a sustainable low carbon
fuel.ll At present, there has been great
attention on the importance of ammonia
regarding everyday life and production,
and as a result, the concept of ammonia
economy has gained much interest over
the past ten years.?l Although ammonia
is important to our society, the potential
environmental impacts caused by the
increased use of ammonia must be consid-
ered.””! The main source of toxic ammonia
is from agriculture.’! As ammonia is
extremely soluble in waster, e.g., 308 g of
ammonia per liter of aqueous solution,
residual ammonia is always dissolved in
water and subsequently discharges into
wastewater. Even if the ammonia content
is quite low, it still has significantly nega-
tive effects on both the natural environ-
ment and human health.! Therefore, the
removal of ammonia from wastewater
is an important research topic for waste-

1. Introduction

For decades ammonia has been considered a globally vital
commodity for fertilizer production and has increasingly been
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water treatment.’)

Although a variety of techniques such as
microbial, physical and chemical processes have been studied
for the removal of ammonia, electro-oxidation of ammonia is an
environmentally benign technology that can be well controlled
by electrical power input.’! Electro-oxidation of ammonia is
normally achieved by ammonia electrolysis, which composes
of ammonia oxidation reaction (AOR) at the anode side and
hydrogen evolution reaction (HER) at the cathode side.”] In
recent years, researchers have done a lot of work on electro-oxi-
dation of ammonia, but there remains significant gaps before
this technology can be adopted by broader industrial applica-
tions. This is mainly due to concerns over economic feasibility
and technical drawbacks.®® A grand challenge is to develop
highly active precious-metal-free catalysts for ammonia oxida-
tion in order to reduce the cost of electrolyzers. Pt-based cata-
lysts are most investigated and Ptlr/C has proven to be the best
AOR catalyst up to now due to its ability to activate and to make
new bonds.B] However, the large-scale application of expen-
sive precious metals, e.g. Pt and Ir, in wastewater treatment is
not realistic in terms of economic consideration. Low-cost and
highly active catalyst is subsequently in high demand for the
electrolysis of ammonia.’d? Another challenge for practical
applications is low efficiency associated with poor stability in
real wastewater. Although high removal of ammonia by electro-
oxidation has been reported in some papers, most of these works

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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focus on synthetic wastewater.'”! The performance always tends
to suffer a sharp drop when it comes to real wastewater, due to
the instability of the electrode and the complex solution environ-
ment. Improving the performance and stability of the catalysts
in real wastewater paves the way for large-scale applications.

Due to the tunable electronic structures and flexible composi-
tions of perovskites, we recently reported a precious-metal-free
and bifunctional perovskite catalyst for ammonia electrolysis. [
The assembled symmetric ammonia electrolyzer (SAE) based on
Cu-doped LaNiO; benefited from oxygen vacancies and the syn-
ergistic effect of different active sites in the B-site. Consequently,
the system had the ability to remove almost all ammonia in an
alkaline solution. However, in real landfill leachate, the ammonia
removal efficiency of the SAE declined to =70%. It is believed
that insufficient stability and activity of the simple perovskite
catalyst in extreme environments affects its practical use. It has
been demonstrated that oxygen vacancies play a vital role in
the ammonia oxidation process.l®®!! In order to further improve
ammonia removal efficiency, it is anticipated that increasing the
oxygen vacancy concentration may lead to elevated AOR activity
and subsequently enhance ammonia removal efficiencies. One
of the most common ways to create defects in perovskite oxides
is partially substituting the A-site (e.g., La) with low-valent cat-
ions, such as Sr.2l Unfortunately, partially replacing La* in this
perovskite by Sr?* ions at high level leads to phase segregation
and decreased catalytic activity.!"’!

b

MATERIALS
|

www.afm-journal.de

In order to obtain high oxygen vacancy catalyst and avoid
the formation of impurities, we investigate an alternative
Ruddlesden-Popper (RP) oxide. The RP-type oxide is a prom-
ising candidate for electrochemical catalysis due to its wide
element accommodation, tunable electronic structure and con-
trollable stoichiometry.' RP oxides have a general formula
of A,1B,O3ny1 or equivalently (AO)(ABO;),, where n is the
number of perovskite layers. RP phase with a single perovskite
layer is the most widely studied structure and is also referred
to as the K,NiF, structure. Figure 1a shows the schematic dia-
gram of the crystal structure, where the A-site is larger than
that of the B-site cation.™ For La,NiO,, the single LaNiO; per-
ovskite layer is stacked between the LaO rock-salt layer along
the crystallographic c-axis. Since the A-site cation elongates the
interlayer distance, the RP structure is able to accommodate
most elemental substitutions as well as additional composi-
tions which are not as stable.'®! For example, it is known
that the solid solubility of Sr in LaNiOs is limited to =5-20%,
but 75% La can be occupied by Sr in La,NiO, to form stable
Lag 5St15NiO,.["] Despite there is an debate about whether the
low concentration Sr doping La,NiO, is oxygen excess or oxygen
deficiency, it is clear that when reaching a Sr-substitution of
over 50%, La, Sr,NiO, is in a high oxygen-deficient regime
and the vacancy concentration increases with the increased
content of Sr.’®l Due to the flexible properties of this structure,
RP oxides have been applied in various catalytic reactions, such
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Figure 1. Structure. a) Schematic diagram of the RP-type oxide crystal structure. b) XRD patterns of LagsSrysNiO; 935 standard card (ICDD: 04-023-
3096), LSN, LSNC, LSN-Ar and LSNC-Ar. c) SEM image, d) TEM image and ) HRTEM image of LSNC-Ar. f) HAAD-STEM image and corresponding

EDS elemental mappings of La, Sr, Ni, Cu, and O.
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as the oxygen reduction reaction (ORR),”l oxygen evolution
reaction (OER),?% and urea oxidation reaction (UOR).I*4 How-
ever, to the best of our knowledge, there is no report on using
oxides with this structure as AOR catalysts. According to the
previous work, the highest reported doping concentration of Sr
in La,NiO, is 75%. In order to obtain a high oxygen vacancy,
a 75% Sr doped La,;NiO, (Laj5Sr;sNiO4 5 LSN) was chosen as
the patent phase in this study. Another advantage of the high
Sr content in RP oxides is the excellent mixed ionic-electronic
conducting properties.>2! Tt is known that >50% St substitu-
tion for La induces semiconducting or metallic-type behavior
in La,NiO, due to hole doping in the O 2p band, while doping
La,NiO, with other alkaline-earth ions has little influence on
electrical conductivity.2%22l High electrical conductivity of the
catalyst induces better electrocatalytic performance since cata-
lytic reactions involve the transfer of electrons.['!

In this work, we demonstrated an excellent bifunctional
catalyst, LajsSr;sNigoCug ;04 sAr (LSNC-Ar). In comparison
with the previous study,/®! the improvements of this work are:
1) Benefiting from the flexible properties of RP structure, the
oxygen-vacancy-enrichment and high conductivity of LSNC-Ar
was prepared. To the best of our knowledge, this is the first
report using an oxide with the K,NiF, structure for AOR cata-
lysts, which also exhibits excellent HER activity. 2) A highly effi-
cient SAE was assembled based on the LSNC-Ar catalyst and it
showed =95% ammonia removal in real wastewater. Addition-
ally, the SAE exhibits the highest ammonia removal efficiency
in lanfill leachate to date. The superior ammonia removal effi-
ciency combined with the design and synthesis of advanced
AOR/HER bifunctional catalysts sheds light on new robust
AOR catalysts for electro-oxidation of ammonia and moves
toward practical applications.

2. Results and Discussion

2.1. Structure and Morphology

Two oxides with K,NiF, structure, LaysSr;sNiO, s (LSN) and
10% Cu doped LSN (Lag5Sr;sNipoCug 1045 LSNC), were syn-
thesized by a modified Pechini method. Figure 1b demonstrates
the XRD patterns of these two prepared samples. Both sam-
ples were single-phase and conformed with the body-centered
tetragonal structure of Lag5Sr; sNiO; 935, sharing a space group
of I4/mmm (ICDD: 04-023-3096). When increasing the amount
of Cu to 0.2, the product (LagsSr;sNiygCug,0, ¢ is no longer
a pure phase (Figure S1, Supporting Information) due to the
segregation of Sr. Instead, it is a mixture of doped LaNiO,, NiO,
SrCO;, and Sr(OH),-H,0. The phenomenon of Sr segregation
at the surface is often observed in perovskite oxides and gen-
erally unfavorable for various catalytic processes.”%! In the
following experiment, we therefore focus on a low Cu doping
level in LSN samples to avoid the formation of such secondary
phases. As oxygen vacancies are beneficial to AOR, the two
samples were annealed in Ar at 400 °C for 1 h. No additional
peaks were observed in the annealed samples (namely: LSN-Ar
and LSNC-Ar respectively) (Figure 1b).

SEM images showed typical morphologies of LSN, LSNC,
LSN-Ar, and LSNC-Ar (Figure 1c; Figure S2, Supporting

Adv. Funct. Mater. 2022, 2204881 22043881 (3 of'|2)

Information). It is found that these four RP-type oxides have
similar morphology. The average particle sizes were =200 nm
and hardly changed with the doping or annealing process. TEM
results confirm the morphology structure (Figure 1d). Figure le
shows a HRTEM image of the LSNC-Ar. The clear crystal
fringes with lattice spacing of 0.23 nm belong to (112) plane of
LSNC-Ar sample. The HAAD-STEM and corresponding EDS
elemental mappings in Figure 1f suggests uniform distribution
of the La, Sr, Ni, Cu, and O elements.

2.2. Bifunctional Catalytic Activities

The AOR activities of these four oxide catalysts were meas-
ured in an alkaline solution. CV and LSV curves of the LSN
catalyst are shown in Figure S3 (Supporting Information). This
sample showed a pair of similar redox peaks in 0.5 M KOH
media, which attribute to the transformation between the Ni*
and Ni** species.”™?3 When 55 x 10~ m NH,Cl was added into
the electrolyte, no evident change in current density or peak
position was observed, indicating that the LSN sample is not
active toward AOR. The same phenomenon was also found in
the LSN-Ar sample, shown in Figure 2a. When Cu was intro-
duced into B-site of LSN, the CV and LSV curves of LSNC in
0.5 M KOH and 0.5 m KOH + 55 x 10> m NH,CI (Figure S4,
Supporting Information) showed different behavior. A higher
current density could be observed when ammonia was added
into the electrolyte, though the current density was still not
high enough. However, a remarkable increase in anodic cur-
rent density was observed in the LSNC-Ar sample when NH,Cl
was added (Figure 2a). The current density of LSNC-Ar located
at 0.53 V versus Ag/AgCl is =13.4 mA cm™, which is around
double that of the perovskite-based AOR catalyst previously
studied.®dl To gain further insight into the effects of Cu and
oxygen vacancies on ammonia oxidation performances, the
LSV curves of LSN-Ar, LSNC, and LSNC-Ar were studied and
shown in Figure 2b and Figure S4 (Supporting Information).
The results prove that only when Ni and Cu coexist at the B site,
the oxides show good AOR activity, indicating the synergistic
interplay of Ni and Cu that is in agreement with our previous
studies.[°d7>24 Furthermore, the AOR activity could be signifi-
cantly improved when introducing more oxygen vacancies into
the lattice. This high current density is beneficial in speeding
up the ammonia decomposition process, thereby improving
the ammonia removal efficiency of the ammonia electrolyzer.
For comparison, Figure 2c presents typical CV curves for the
Ptlr/C catalyst in 0.5 M KOH in the presence and absence of
55 x 10 m NH,CI, showing an ammonia oxidation peak in
the potential range of —0.4 to —0.1 V versus Ag/AgCl, which is
consistent with the results from a previous report.?’! A small
pre-peak at =—0.7 V is likely attributed to the chemical adsorp-
tion of ammonia.?>-26l Although Ptlr/C has a lower oxidation
potential to LSNC-Ar, the low current density of precious metal
restricts its application at low voltage in ammonia electrolysis.
Considering the price and electrochemical activity of oxide elec-
trocatalysts, LSNC-Ar is still a good candidate to AOR catalyst.
Moreover, the experimental current density versus the scan rate
in LSNC-Ar is displayed in Figure S5a (Supporting Informa-
tion). The CV curves exhibited a distinct linear trend against

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. AOR activity. a) CV and b) LSV curves of LSN-Ar and LSNC-Ar in 0.5 M KOH, 0.5 M KOH + 55 x 10> M NH,CI. ¢) CV curves of Ptlr/C in
0.5 M KOH, 0.5 M KOH + 55 x 10 M NH,Cl. d) CV curves of LSNC-Arin 0.2 M/0.5 m/1 M KOH + 55 x 1073 m NH,Cl. e) CV curves of LSNC-Ar initially,
after 100 cycles and after 200 cycles in 0.5 M KOH with 55 x 1073 M NH,Cl at a scan rate of 50 mV s™. f) Chronoamperogram of LSN-Ar and LSNC-Ar
electrodes in 0.5 M KOH with 55 x 1073 m NH,Cl at fixed potential of 0.53 V versus Ag/AgCl.

scan rates (2-50 mV s7}). From the corresponding calibration
plot, a linear relationship (R? = 0.998) between the square root
of the scan rates and the values of current density are observed,
strongly suggesting that the AOR process was influenced by
mass transfer limitations.[*’]

The ammonia oxidation activity is crucially determined by
conditions such as alkalinity and ammonia concentration.
Figure 2d illustrates the influence of pH on AOR activity,
revealing that a higher alkaline concentration resulted in a
larger current density. The AOR activity of LSNC-Ar was poor
when 0.2 M KOH was added into the ammonia solution. At a
potential of 0.53 V versus Ag/AgCl, the current density rose
from 13.4 to 22.9 mA cm™ as the OH~ concentration increased
from 0.5 to 1 M. The favourable effect of alkaline environment
was further verified by the LSV curves in Figure S6 (Supporting
Information). The charge transfer resistence was considerably
reduced in highly alkaline solution, showing fast mass transfer
and charge transport at increasing concentrations of KOH
(Figure S7, Supporting Information). The effect of ammonia
content was also confirmed by CV and LSV curves, highlighted
in Figure S8 (Supporting Information). The current density
rose from 72 to 13.5 mA cm™ when the ammonia concentration
was increased from 20 to 100 X 10~ m at a potential of 0.53 V
versus Ag/AgCl. These findings show that increasing the pH
value and ammonia concentration improves AOR activity.

Long-term stability is another essential criterion for the
application of catalysts. The CV curves of LSNC-Ar electrode
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in 0.5 M KOH + 55 x 10 M NH,CI solution were measured
over 200 cycles at a scan rate of 50 mV s (Figure 2e). An
obvious increase in current density at 0.5 V versus Ag/AgCl
was observed after the first 100 cycles, which was attributed to
the activation of catalyst possibly due to the formation of metal
hydroxides or oxyhydroxides.”>?3 Then, the current density
slightly decreased after 100 cycles due to the consumption of
ammonia. Chronoamperogram testing was further studied to
evaluate the stability of the perovskite electrode with an anodic
potential fixed at 0.53 V versus Ag/AgCl in 0.5 m KOH +
55 x 10 M NH,CI (Figure 2f). Compared to the low activity of
LSN-Ar, the LSNC-Ar catalyst was able to hold excellent AOR
activity based on its high current density. It is worth noting that
the current density of LSNC-Ar gradually increased during the
first 1000 s and then decreased, which is consistent with the
observation seen by CV testing. All of the above results dem-
onstrate that the LSNC-Ar catalyst exhibits excellent stability
toward AOR.

Highly active bifunctional materials for AOR and HER have
never been more in demand for the development of ammonia
electrolysis technology; thus, it is highly desirable to develop
bifunctional materials that can deliver considerable catalytic
activities with good stability under alkaline conditions. RP
oxides have been reported to be good HER catalysts.?!l To
explore the possibility of the LNSC-Ar as a bifunctional mate-
rial for ammonia electrolysis, HER activity of the LSNC-Ar
catalyst was evaluated via CV, LSV, and chronoamperometry in

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. HER activity. a) HER polarization curves and b) Tafel plots of LSN-Ar, LSNC-Ar and Pt/C catalysts in Ar-saturated 0.5 m KOH solution. ¢) HER
polarization curves of LSNC-Ar catalyst in Ar-saturated 0.5 M KOH and 0.5 m KOH + 10 x 103 m NH,Cl solution. d) Polarization curves of LNCO55-Ar
initially and after 1000 cycles in 0.5 m KOH. e) Chronopotentiometry curves of LSN-Ar, LSNC-Ar, and Pt/C catalysts in 0.5 m KOH at fixed potential of

-10 mA cm™2.

0.5 M KOH solution at room temperature. For comparison, the
as-prepared LSN-Ar and commercial Pt/C catalysts were also
tested under the same test conditions (Figure 3a). The Pt/C
electrode had remarkable HER activity in alkaline conditions,
which is consistent with prior studies.?’! Both LSN-Ar and
LSNC-Ar can effectively catalyze HER with a potential as low as
=115 V versus Ag/AgCl (defined here as the potential at which
HER current density is =1.0 mA cm™2). The potential required
to deliver the current density of =10 and —20 mA cm™ for these
two perovskite catalysts are —1.46 and —1.45 V versus Ag/AgCl
respectively. The Tafel slopes for LSN-Ar and LSNC-Ar are also
close in value, indicating that the introduction of Cu has negli-
gible effect on HER activity. Although the HER performance of
LSNC-Ar is not as high in comparison to the best HER catalyst
to date, this only plays a small effect on the overall ammonia
electrolysis process since the performance is largely dependent
on ammonia oxidation.3%

HER activity in the presence of ammonia is a challenging
issue for HER catalysts. In contrast to common noble-metal
catalysts where HER activity is significantly reduced due to the
weaker metal-hydrogen underpotential deposition bonds, Ni-
based catalysts maintain good HER activity in the presence of
ammonia solution.?¥ This is also found in LSNC-Ar catalyst.
The polarization curve of the oxide catalyst showed negligible
change in the presence of NH,Cl, indicating that ammonia does
not significantly alter the HER activity (Figure 3c). Durability

Adv. Funct. Mater. 2022, 2204881 22043881 (5 of'|2)

tests by continuous cycling in the range of —0.6 to —1.6 V were
conducted. As shown in Figure 3d, after 1000 cycles, LSNC-Ar
showed a slight decline, indicating good stability for HER in
alkaline media. The long-term stability of LSNC-Ar was further
confirmed by chronopotentiometry tests at a current density of
-10 mA cm™2, while the Pt/C catalyst showed superior stability
as expected (Figure 3e). In view of the activity, durability and
cost, LSNC-Ar is an excellent AOR and HER bifunctional cata-
lyst, making it an ideal material for ammonia electrolysis.

2.3. Symmetric Ammonia Electrolyzer Performance

A symmetric ammonia electrolyzer based on LSNC-Ar as both
the anode and cathode (SAE-LSNC-Ar) was assembled, as
shown in Figure 4a. Since the ammonia concentration in the
real wastewater sample was found to be =2000 ppm, the perfor-
mance of the SAE was first tested with a synthesized ammonia
solution possessing a similar concentration. An ammonia solu-
tion with a relatively low concentration of 2177 ppm was pre-
pared and confirmed by the spectrophotometer and then added
0.5 M KOH. The polarization curve of the SAE-LSNC-Ar was
performed with a sweep rate of 1 mV s (Figure 4b). In order
to be consistent with previous work and avoid the effects of
water splitting, the applied cell voltage was fixed at 1.22 V.64
In order to rule out the influence of the carbon cloth substrate,

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a _b _C
o~ o~
h 25 h
50
E [ —sae-Lsncar £
2094 — AE-PtIr/C-Pt/C
g r/C-Pt/ E 40{  0.5MKOH +2177 ppm NH,CI
= 15 =
z 2 30
= =
o 107 $ 20;
© ©
"E 51 E 10'\‘_—
(O] ()
— —
5 01 . . . . 5 b——7F—r———
A Cathode O 00 0.3 0.6 0.9 1.2 15 O 0O 10 20 30 40 50 60 70
Cell voltage (V) Time (h)
d _e f
2500 =@~ Ammonia concentration L 1002 IE 20 2000+ L 1002
=@ Removal efficiency > © _ >
£ 2000 lso © < 15 0.5M KOH + wastewater € 1600 F80 ©
o c E o c
L1500 S = = 3
© 60 :;_) é’" 10 © 12001 =@-Ammonia concentration 60 :;_,
= G— iy — . G
81000_ Lo E 5 g 2004 =@-Removal efficiency L 20 g
IS C o S g
£ 5004 120 © & ] € 400 20 ©
< £ g KMMMM_ N £
0; o & £, 0; lo &
0 10 20 30 40 50 60 70 O 0 30 60 90 120 150 0 30 60 90 120 150
Time (h) Time (h) Time (h)

Figure 4. Performances. a) The schematic diagram of symmetric electrolyzer. b) LSVs data of SAE-LSNC-Ar and AE-Ptlr/C-Pt/C in 0.5 m KOH +
2177 ppm NH,Cl with a sweep rate of 1 mV s7\. ¢) Record of electrolysis current density, d) the concentration profile of ammonia and removal efficiency
of SAE-LSNC-Ar in the 0.5 M KOH + 2177 ppm NH,CI. e) Record of electrolysis current density, ) the concentration profile of ammonia and removal

efficiency in SAE-LSNC-Ar in real wastewater + 0.5 m KOH.

the performance of symmetric ammonia electrolyzer based
on carbon cloth (SAE-carbon cloth) was also measured. From
Figure S9 (Supporting Information) it can be seen the the cur-
rent density of the cell was very low and almost no ammonia
was decomposed under a cell voltage of 1.22 V. As we know,
the best known AOR and HER catalysts is Ptlr/C and Pt/C
respectively, so an AE based on Ptlr/C anode and Pt/C cathode
(AE-PtIr/C-Pt/C) was conducted under similar conditions
for comparison. The performance of AE-Ptlr/C-Pt/C is slight
higher than that of SAE-LSNC-Ar below the cell voltage of 0.8 V
(Figure 4b), due to the lower oxidation potential of Ptlr/C cata-
lyst (Figure 2a, c). Although the current density of the precious
metal-based SA rose faster at an applied voltage above 0.8 V,
the high current density of SAE-LSNC-Ar at high applied vol-
atge indicates excellent activity and benefits from the use of low
costing materials.

The electrolysis of ammonia solution in SAE-LSNC-Ar was
examined and the current density of the cell was recorded in
Figure 4c. In a 72-h test, the current density was high in the
first 20 h and then decreased against electrolysis time due to
the consumption of ammonia in the electrolyte. The ammonia
concentration gradually decreased over time and the removal
efficiency increased to about 100% after operating for 72 h
(Figure 4d). This result indicates SAE-LSNC-Ar is a powerful
electrochemical device for the complete removal of ammonia,
making it a candidate for wide applications in ammonia-con-
taining wastewater treatment.

The performance of the SAE-LSNC-Ar in real wastewater
was then investigated using wastewater collected from the
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Lochhead Landfill Site in Scotland.*®¢d When wastewater
+ 0.5 M KOH was used as the electrolyte, the current den-
sity was initially high, at =5.0 mA cm™ (Figure 4e). After an
operating period of 170 h, the current density dropped below
0.8 mA cm™. The concentration of ammonia decreased from
1908 to 102 ppm, and the ammonia removal efficiency reached
=95% (Figure 4f). This performance is better than most
ammonia removal efficiencies in practical wastewater by tra-
ditional or modern methods, such as electrolysis, microbial
electrolysis or photocatalysis.’??l In addition, the assembled
SAE-LSNC-Ar showed the highest efficiency among electro-
chemical removal of ammonia in lanfill leachate (Table 1).
It is worth noting that the ammonia removal efficiency of
SAE-LSNC-Ar, 95% is also much higher than the 70% achieved
when perovskite oxide LaNijsCugsO;_sAr was used as the
AOR catalyst in our previous study which also utilised the same
real wastewater batch.6d

2.4. Mechanism

It is widely understood that oxygen vacancies have a signifi-
cant impact on the electronic structure and surface chemistry
of perovskites, resulting in improved catalytic activity.[041112]
Compared to single LaNiO; perovskite, the A-site of La in
La,NiO, RP oxide could be easily occupied by high content and
low-valence Sr.3®20] This substitution in the unique RP crystal
structure not only leads to high concentration oxygen defects,
but also maintains structural stability.’®?! In our study, more
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Table 1. Comparison of ammonia removal efficiency with literature results for ammonia electrolyzer.

Anode Cathode Wastewater The initial Concentration of ammonia Removal efficiency Ref.
RuO,/Ti Stainless steel Municipal wastewater 29.9 mg N/L 85% ammonia [33]
CoZnO/graphite Graphite Aquaculture wastewater 3.69£0.72 mg L NH,* >90% ammonia nitrogen [34]
Pt/N-rGO Mo,C/N-rGO Landfill leachate 2260 mg L™ ammonia 70.7% NH*N [32g]
NiO-TiO, Pd Real wastewater 60 £ 2 mg-N L™ ammonia 93% ammonia [35]
RuO,/Ti Stainless steel Rinse wastewater 2156 £ 50 mg L' ammonia 70% ammonia [36]
Magnesium plate Stainless steel mesh plate Swine wastewater 426 + 21 mg L' ammonia nitrogen >90% ammonia nitrogen [37]
TiRuSnO, Stainless steel Landfill leachate 366 mg dm= NH,~-N 65% ammonia [38]
Ti/lrO, Stainless steel Municipal wastewater =24 mg L' ammonia 95% ammonia [39]
LaNigsCuqsO3_sAr LaNigsCuqsO3_sAr Landfill leachate 2210 ppm ammonia >70% ammonia [6d]
LSNC-Ar LSNC-Ar Landfill leachate 2177 ppm ammonia 95% ammonia This work

oxygen vacancies may be formed in the crystalline lattice as the
partial doped Cu into B-sites and the subsequent annealing pro-
cess. In order to determine the existence of oxygen vacancies
directly, the oxygen stoichiometry of LSN-Ar and LSNC-Ar sam-
ples were measured by iodometric titration. The results show
that the oxygen defect concentration in LSNC-Ar (15.21%) is
very high and greater than that of LSN-Ar (13.13%). Combined
with the electrochemical results (Figure 2; Figures S3 and S4,
Supporting Information), it is evident that a high concentration
of oxygen vacancies in LSNC-Ar have a vital effect on AOR cata-
Iytic performance.

The high electrical conductivity of RP oxides is another
advantage that makes them suitable for electrolysis since fast
charge transfer is favorable for electrochemical processes.!*"!
In general, RP oxides have mixed oxide-ionic and electronic
conductivities, with the oxide ionic conduction originating
from oxygen vacancies and the electronic conduction origi-
nating mostly from the BOy octahedra.*! In order to study
the electronic conduction of the LSNC-Ar sample, LSN-Ar and
LSNC-Ar bulks were tested through a four-probe method from
room temperature to 90 °C to observe DC conductivity. From
Figure 5a, both oxides exhibit semiconductor-like behavior
within the temperature range. This phenomenon is similar to
other reported RP structure oxides.*!l In addition, the electrical
conductivity of LSNC-Ar is higher than that of LSN-Ar due to
the introduction of Cu into RP structure.?l The high electrical
conductivity is key to minimize conduction losses, accelerating
electron transfer, increasing the reaction area, and improving
catalytic reactions in electrolysis.'? The Arrhenius plots of
LSN-Ar and LSNC-Ar were shown in Figure S10 (Supporting
Information) and the activation energy of LSNC-Ar (0.059(2) eV)
is higher than that of LSN-Ar (0.066(1) eV). These values are
consistent with that of other RP semiconductor oxide. It
should be noted that, with similar composition, the conduc-
tivity of oxides with the K,NiF, structure is lower than those
with perovskite structure because the rock-salt layer in K,NiF,
structure is generally not an insulator for electronic conduc-
tion. However, a high-level Sr doping in La,NiO4 may result in
higher electronic conductivity.

The synergetic effect between Ni and Cu in AOR catalyst
has been demonstrated in previous reports. Bare Ni or Cu is
almost inactive toward AOR as the metals bind to the N site of
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ammonia either too weakly or too strongly.?l The inappropriate
bond strength cannot efficiently accommodate the subsequent
dehydrogenation reactions.®3 However, when Ni incorporated
with Cu to form bimetal, the ammonia oxidation activity and
stability of NiCu bimetal are excellent due to the synergistic
effect between Ni and Cu. The positive effect of combining
these elements together is also confirmed in the perovskite
catalyst.[d] In the present work, Cu-undoped samples, e.g. LSN
and LSN-Ar, are inactive toward AOR (Figure 2a; Figure S3,
Supporting Information). As expected, when Cu is introduced
into LSN, LSNC showed a higher current density in ammonia
solution (Figure S4, Supporting Information). In addition,
the best AOR activity was observed with the LSNC-Ar catalyst
(Figure 2a,b), indicating the positive effect of synergistic effect
and oxygen vacancy.

XRD analysis was conducted to check the material composi-
tion of LSNC-Ar electrodes before and after electrolysis, and is
presented in Figure 5b. Before the electrolysis experiment, the
LSNC-Ar electrode only consisted of the perovskite and carbon
cloth substrate. After the electrolysis test, three new phases
of KOH, NiCu(OH),, and SrCOj; appeared on both anode and
cathode electrodes. In RP oxides, it is generally recognized
that oxygen vacancies are responsible for phase reconstruc-
tion and the exsolved phases tend to favor the reactions.
In addition, Ni-based AOR catalysts always tend to transfom
to metal hydroxide or oxyhydroxide during the ammonia oxi-
dation process where these materials are the true active sites
for AOR.7>24355] In order to maintain electrical neutrality of
the oxides, some A-site cations separated from the lattice and
formed SrCOj; in the LSNC-Ar anode after the electrolysis test
(marked by LSNC-Ar anode). At the cathode side, it is worth
noting that the diffraction peak intensity of RP oxide is greatly
weakened, suggesting an abundant amount of oxides were con-
verted to other crystalline and amorphous components during
the HER process. Though the diffraction intensity of the new
SrCO; phase is very high in the LSNC-Ar cathode after elec-
trolysis (marked by LSNC-Ar cathode), there is little crystalline
metal hydroxide. This indicates that some B-site cations may
seperate from the RP lattice and evolve into amorphous com-
ponents. Experimental studies and calculations revealed that
amorphous Ni(OH), is a good HER catalyst, and it is more
energetically favored for the hydrogen evolution in comparison
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to its crystalline counterpart.®l Moreover, the heterostructure
synergetic effects between amorphous Ni(OH), and the host
may contribute to better HER activity./] It is anticipated that
crystalline and amorphous metal hydroxide may coexist on the
surface. The structural evolution was also confirmed by Raman
spetra. As shown in Figure 5c, the Raman peaks of SrCO; were
observed in the LSNC-Ar anode and cathode electrodes, located
at 140, 169, and 698 cm™.18! Combining the above results and
assumptions, it is clear that the structural evolution during cat-
alytic reactions promotes both AOR and HER activities.

To gain more insight into the structural changes, SEM
images of LSNC-Ar electrodes before and after electrolysis are
exhibited in Figure 5d—f. LSNC-Ar nanoparticles before the test
were uniformly deposited on the carbon cloth, although some
agglomerations of the particles were observed (Figure 5d).
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According to EDS mapping images and EDS spectra (Figure
S11, Supporting Information), elements of La, Sr, Ni, Cu, and
O can be observed clearly. At the anode side, the LSNC-Ar parti-
cles were split into smaller nanoparticles. This phenomenon of
size reduction after catalytic reaction is also observed in other
papers and it can be attributed to the surface reconstruction
and electrostatic driving force at the surface.’¥*] More active
sites are created by reducing particle size, which are beneficial
for ionic and electronic transportation and electrochemical pro-
cesses in electrolysis. Besides the nanoparticles, a small number
of nanorods were formed on the surface of carbon cloth, which
were attributed to the new SrCO; phase (Figure 5e).’l The EDS
analysis confirms that this electrode was still composed of La,
Sr, Ni, Cu, and O (Figure S12, Supporting Information). At the
cathode side, substantial nanorods were found after hydrogen
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evolution and the SrCO; nanorods could be confirmed in the
EDS mapping (Figure 5f; Figure S13, Supporting Information).

In addition, XPS measurements were conducted to analyze
the surface of the LNSC-Ar catalyst before and after testing.
XPS spectra of La 4d are fitted adapted from the La,0; model
(Figure S14, Supporting Information), and these samples only
contained La**.P The dominant doublet of Sr 3d, shown in
green and purple (Figure S15, Supporting Information), are
thought to be due to Sr bound to a halide, most likely SrF,,
while the smaller doublet, depicted in orange and blue, are
thought to be from SrO.’?l Thus, all of the Sr is in the Sr?*
oxidation state. Figure 5g shows the O 1s XPS spectra of the
LNSC-Ar, LSNC-Ar anode and cathode, which were deconvo-
luted into four characteristic subpeaks, including adsorbed
H,0 at =534.9 eV, adsorbed oxygen or strontium-carbon bond
at =533.7 eV (O*/Sr—0), highly oxidative oxygen at =532.4 eV
(0,27/07), and lattice oxygen at =531.9 eV (0%).5% Based on
the relative integrated area intensities of these fitted subpeaks,
the percentages of the various oxygen species were plotted in
Figure 5h. It has been demonstrated that O,>/O~ at the sur-
face of materials correlates to the oxygen vacancy content and
leads to a high oxygen ionic diffusion rate and electrical con-
ductivity.”>>4 The LSNC-Ar electrode before testing displays
a high percentage of the highly oxidative species (80.7%), indi-
cating the substantial amount of highly active surface oxygen
vacancies. After electrolysis, the content of adsorbed oxygen
and strontium—carbon bond at the anode and cathode sides
increased from 12.6% to 44.4% and 54.4% respectively. These
results support the high oxygen vacancy in the LSNC electrode
and the formation of SrCOj after electrolysis.

The active site in K,NiF,type oxides is generally the B-site
cations and increasing the number of active sites can improve
catalytic reaction. In order to figure out the active sites before
and after electrolysis, the ratios of B-site/A-site were calculated
and compared in Figure 5i. In the original LSNC-Ar electrode,
the ratio was very low and a great amount of A-site cations
gathered at the surface. However, after the electrolysis test, the
ratio of B-site/A-site increased significantly at both the anode
and cathode sides, suggesting more B-sites were evolved and
the phenomenon of Sr segregation relieved to some extent after
AOR and HER. More active sites were exposed at the surface,
resulting in good stability for long-term testing (Figure 2e,f
and Figure 3d,e). Understanding the origins of the enhanced
bifunctional ammonia electrolysis for the K,NiF,-type LNSC-Ar
versus the simple perovskite catalyst provides critical guidance
in designing better materials. All the factors described above,
namely, the enhanced electrical conductivity, oxygen vacancy-
enriched oxide, and the structural evolution during catalytic
process, support LSNC-Ar to be an outstanding candidate mate-
rial for both AOR and HER.

3. Conclusions

In summary, a monolayer RP-type oxide, Lag 5S1; 5Nij oCug,0,4 sAT
(LSNC-Ar), was prepared via a modified Pechini method and
subsequently annealed in Ar. LSNC-Ar can act as a robust
AOR anode and achieve 13.4 mA cm™ at potential of 0.53 V
versus Ag/AgCl in 0.5 KOH with 55 x 103 m NH,Cl. The
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kinetics of AOR is strongly dependent on the alkaline con-
centration and ammonia concentration, which showed higher
pH and ammonia content can improve the AOR activity of
LSNC-Ar catalyst. In addition, this RP oxide also showed HER
catalytic activity. When constructing an SAE using this bifunci-
tional catalyst, the performance of our SAE-LSNC-Ar showed
only slight difference to that of AE-Ptlr/C-Pt/C below the cell
voltage of 0.8 V. Although the current density of precious metal-
based SA rose faster above 0.8 V, the high current density of
SAE-LSNC-Ar indicates excellent activity with lower costing
materials. As a result, the system is capable of 95% ammonia
removal at a cell voltage as low as 1.22 V in a real landfill lea-
chate. The excellent bifunctional activities of LSNC-Ar can be
considered to mainly originate from the following factors: 1)
the enhanced electrical conductivity due to heavy Sr doping; 2)
oxygen vacancy-enriched oxide due to firing in Ar; 3) the syner-
gistic interplay of Ni and Cu. To the best of our knowledge, this
is the first report on using oxides with a K,NiF, structure as
an AOR catalyst and for the purpose of ammonia electrolysis.
The strategy in this work demonstrates great potential toward
designing highly active and stable bifunctional catalysts for
various electrochemical devices including symmetric ammonia
electrolyzers.

4. Experimental Section

Chemicals: The chemicals used in this experiment are lanthanum(l11)
nitrate hexahydrate (La(NOs);-6H,0, 99.9%, Alfa Aesar), strontium
nitrate (Sr(NOs),, 98%, Alfa Aesar), nickel(ll) nitrate hexahydrate
(Ni(NO3),-6H,0, 99.8%, Alfa Aesar), copper(ll) nitrate 2.5-hydrate
(Cu(NO3),-2.5H,0, 99.8%, Alfa Aesar), citric acid (CA, 99+%, Alfa
Aesar), ethylene diamine tetraacetic acid (EDTA, 99%, Alfa Aesar),
ammonia solution (NHs-H,O, 35%, 0.88 g/mL, Fisher Chemical),
ammonium chloride (NH,Cl, 99.5%, Alfa Aesar), potassium hydroxide
(KOH, 85%, Alfa Aesar), isopropanol (C3HgO, 299.8%, Sigma-Aldrich),
carbon black (Cabot Vulcan XC-72R), and Nafion solution (5% in lower
aliphatic alcohols and water, Sigma-Aldrich). All reagents were directly
used without further refinement. The deionized water was supplied for
the entire experiment.

Materials Synthesis: Lag sSr; sNi;_Cu,O4_s samples (x =0, 0.1; denoted
as LSN-Ar, LSNC-Ar respectively) were synthesized by a modified Pechini
method and subsequently annealed in Ar® In a synthesis typical
procedure, 0.015 mol La(NO3);3-6H,0, 0.045 mol Sr(NOs),, 0.027 mol
Ni(NO3),-6H,0, and 0.003 mol Cu(NO;),-2.5H,0 were dissolved in
200 mL deionized water. CA and EDTA were then added to the solution
at a ratio of 1.2:1 and 1:1 with the total metal nitrate salts respectively.
The mixture was neutralized with ammonia solution until the pH value
reached 8 and a clear blue solution formed. Some white precipitate
appeared during the process, then disappeared when the pH value
increased to a value above 7.% The blue solution was continuously
stirred at 90 °C overnight to yield a navy blue gel. The gel was then heated
to 350 °C and held at this temperature for 2 h to form dried powders. The
solid precursor was cooled to room temperature and ground by an agate
mortar and pestle, then further calcined in a muffle furnace at 600 °C for
3 h. Subsequently, the cooled powder was ground again and heated at
1000 °C for 4 h in air. The as-prepared powder was labelled as LSNC. In
order to obtain an oxygen vacancy-enriched LSNC-Ar catalyst, the LSNC
powder was put into a tube furnace and annealed in Ar at 400 °C for 1 h.
To obtain LSNC-Ar bulk, the LSNC powders were grounded and sieved
through a 200-mesh screen to form a homogeneous fine product. For
conductivity measurements, the LSNC powders prepared in air were
pressed into pellets with diameter of 13 mm and a thickness of roughly
3 mm. Then, the pellet was fired in air at 1100 °C for 4 h and annealed in
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Ar at 400 °C for 1 h. Silver paste was coated on both sides of the sintered
powder before conductivity measurements.

Electrode Preparation: The catalyst inks for the AOR and HER were
prepared according to literature.’dl As carbon fiber had proven to be
a good substrate for ammonia electrolysis at low concentration,/?
carbon cloth (Fuel Cell Store, Product code: 7 302 007) was used as
the conductive substrate throughout the experiment. Before electrode
preparation, carbon clothes were washed sequentially in dilute
hydrochloric acid, deionized water, and isopropanol. The catalyst ink was
prepared by mixing 0.1 g catalyst, 0.02 g carbon black, 500 pL deionized
water, 500 puL isopropanol, and 40 pL Nafion solution. The ink was
continuously stirred overnight at room temperature. The slurry was then
brushed over the carbon cloth and dried overnight at room temperature.
For comparison, Pt/C (commercial 20 wt.% platinum on carbon black,
Alfa Aesar) and Ptlr/C electrodes (20 wt.% metal on carbon black,
prepared by reduction process according to the literaturel®) were
prepared in the same way. For example, the Pt/C ink was prepared by
mixing 0.1 g Pt/C, 500 uL deionized water, 500 pL isopropanol, and
40 pL Nafion solution. The loading of the oxide catalyst/C, Pt/C, and
Ptlr/C was 3.6, 3.5 and 3.0 mg cm™2 respectively. When considering the
active materials only, the loading of oxide, Pt, and Ptlr was 3.0, 0.7 and
0.6 mg cm~2 respectively.

Materials Characterizations: X-ray diffraction (XRD) was conducted
on the Malvern Panalytical Empyrean. Scanning electron microscopy
(SEM) images were collected through a field emission SEM (FE-SEM,
Zeiss Supra 55-VP). High resolution transmission electron microscope
(HRTEM), high-angle annular dark-field transmission electron
microscope (HAAD-TEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping were performed to analyze the morphology and
elemental composition by JEOL ARM 200F. Raman microscopy was
performed with a 532 nm wavelength excitation (LabRAM HR800,
HORIBA Jobin Yvon). X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a monochromated Al K, X-ray
source on a Kratos Axis Ultra DLD spectrometer (Kratos Analytical,
Manchester, UK). Data were taken at a take-off angle of 90° with respect
to the surface plane and analyzed using the Casa XPS package, using
mixed Gaussian-Lorentzian lineshapes and Shirley backgrounds. In
order to prevent the surfaces becoming positively charged during the
test, charge neutralization was employed and the spectra subsequently
referenced to the C—C/C—H peak at 285.0 eV during analysis.

Electrochemical Measurements: AOR and HER performance tests
were both conducted at room temperature in a standard three-electrode
system. The prepared electrode, Ag/AgCl (sat. KCl) electrode, and
platinum foil were used as the working electrode, reference electrode,
and counter electrode respectively.

For the AOR test, the electrochemical characterization was
determined by cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometry using the Solartron 1287A Electrochemical
Station. Electrochemical impedance spectroscopy (EIS) was tested
using the Solartron 1260 Electrochemical Station. All oxide samples
were electrochemically activated between 0 to 0.7 V versus Ag/AgCl
(3 cycles) at a scan rate of 50 mV s7. Then, the CV and LSV
measurements were recorded in an alkaline solution from potentials of
0 to 0.7 V versus Ag/AgCl at scan rates of 10 and 2 mV s~ respectively.
The CV curves of Ptlr/C catalyst were measured from —0.9 to 0.5 V
versus Ag/AgCl at scan rates of 10 mV s™'. Chronoamperograms of
the LSN-Ar and LSNC-Ar electrodes were recorded in 0.5 M KOH with
55 x 10 M NH,Cl at fixed potential of 0.53 V versus Ag/AgCl. EIS for
AOR was carried out by applying a fixed potential of 10 mV bias at a
frequency range of 1 MHz to 0.01 Hz.

For HER performance, the electrochemical characterization was
conducted by the Solartron 1470E multichannel cell test system. Prior
to HER tests, the solution was deaerated by continuous purging with
high purity Ar for 30 min. Then, LSV curves for HER were measured
between —0.6 and 1.6 V versus Ag/AgCl at a scan rate of 2 mV s7.
CV curves were conducted at 10 mV s™ for 1000 cycles in 0.5 M KOH.
Chronopotentiometry of LSN-Ar, LSNC-Ar, and Pt/C electrodes were
carried out at a fixed potential of =10 mA cm2.
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The electrical conductivities of the samples were measured in
Ar by a pseudo four-probe DC method as described earlier.’®! The
measurements were recorded from room temperature to 100 °C at
a rate of 0.2 °C min™". The bulk sample was placed onto an alumina
support and four silver wires were fixed onto the sample using silver
paste. A constant potential of 10 mV was applied by the Solartron 1470E
multichannel cell test system.

Determination of Oxygen Vacancy Concentration by lodometric Titrations:
lodometric titration was used to test the oxygen vacancy content of RP
oxides.[*dl First, 30 mg oxide was dissolved in dilute hydrochloric acid
under Ar atmosphere. Subsequently, excess Kl and five drops of starch
indicator were added into the solution. Then mixed solution was titrated
by 0.02 M Na,S,0;5 solution until it was clear and colorless.

2Ni3* + 217 — 2Ni +1, m
2Cu?* + 41~ — 2Cul+1, ()
I, +25,03 — 21~ +S,0¢ 3)

According to equation 3, the product of I, will be reduced by Na,S,0;.
So, the molar amount of Ni** could be obtained and the oxygen vacancy
concentration was calculated based on the amount of oxide and
thiosulfate solution.

Symmetric Ammonia Electrolyzer Performance Evaluation: The LSNC-Ar
electrodes were directly used as bifunctional catalysts without any pre-
activation and further treatment. A solution containing 25 mL 0.5 m
KOH + 2177 ppm NH,Cl solution was used as the electrolyte. The
concentration of ammonia was confirmed by a spectrophotometer
(S-22 UV/vis, Boeco, Germany). The real wastewater was collected from
Lochhead Landfill Site in Scotland. Twenty five milliliter of wastewater
was filtered before use.
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