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� Shuttle shaped

SrFe0:8Cu0:1Nb0:1O3� d was syn-

thesised by a Pechini method.

� SrFe0:8Cu0:1Nb0:1O3� d is a potential

cathode for direct ammonia fuel

cells.

� Fuel cell performance using

different concentration of NH3H2O

as a fuel was investigated.

� Open circuit voltage and power

density of fuel cells were improved

by adding 1 M NaOH.
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Through Pechini method, a single phase shuttle-shaped perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d was successfully synthesised at 1000 �C. It was combined with active

carbon, forming a composite electrode to be used as cathode in a room temperature

ammonia fuel cell based on an alkaline membrane electrolyte and Pt/C anode. Reasonable

OCV and power density were observed for an ammonia fuel cell using

SrFe0:8Cu0:1Nb0:1O3�d/C composite cathode. Although the power density is not high enough

for conventional portable or transport applications, it has the potential for stationary

application in removal of ammonia from wastewater because the requirements on power

density is relatively low. When a dilute 0.02 M ammonia solution (340 ppm) was used as the

fuel, the fuel cell using this perovskite oxide can obtain an open circuit voltage of 0.35 V

and a power density of 0.03 mW/cm2. In order to obtain higher OCV, NaOH is necessary to

be added in the fuel, especially when the fuel contains a low concentration of ammonia.
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This study indicates that perovskite oxides are potential good cathode for low temperature

direct ammonia or alkaline membrane fuel cells.
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Introduction

A fuel cell is an energy conversion device that converts the

chemical energy in fuels directly into electricity at high effi-

ciency [1]. There are different types of fuel cells such as solid

oxide fuel cells, molten carbonate fuel cells, phosphoric acid

fuel cells, alkaline fuel cells, and polymeric electrolyte mem-

brane fuel cells [1]. For low temperature fuel cells, depending

on the types of charge carriers, they can be divided into proton

exchange membrane fuel cells (PEMFCs) using Hþ ions as the

charge carriers whilst those rely on negative OH� ions as the

charge carrier in the electrolyte is called alkaline membrane

fuel cells (AMFCs). The electrolyte and electrode materials

used for different types of fuel cells are very different in order

to meet their specific requirements. Among these fuel cells,

AMFCs are of particular interest because theoretically low-

cost non-precious metal catalysts can be used in both anode

and cathode thus the overall cost for materials will be lower

compared with the PEMFCs, which require precious metals,

such as Pt, Pd, Ag as the catalysts in electrodes [2,3]. However,

in real AMFCs, those with electrodes based on precious-metal

catalysts still exhibit better performance than non-precious

metal catalysts [4e7]. The Pt/C and Pd/C based electro-

catalysts in AMFCs are also unstable and degradation of

these catalysts has been observed [8]. Therefore, it is desired

to develop new catalysts, particularly new non-precious cat-

alysts for AMFCs. Non preciousmetals, metal oxides and non-

metals have been investigated as low-cost catalysts for AMFCs

[2]. As the anode activity is related to the fuels used in the fuel

cells, therefore, different anode will be applied according to

various fuels. In our research, we pay more attention in the

cathode catalysts for AMFCs. The reaction at the AMFC cath-

ode is [9,10]:

O2 þ2H2Oþ 4e�/4OH� E0 ¼ þ0:40V (1)

This reaction is also called oxygen reduction reaction (ORR)

under alkaline conditions. At present, platinum group metal

(PGM) catalysts are regarded as one of the most active elec-

trocatalysts for ORR due to their high activity and low over-

potential [11e13]. However, because Pt resources are

expensive, scarce and poorly stable [14], they are unable to be

applied at a large scale [15,16]. In recent years, there are many

optimization researches on finding higher activity and

cheaper catalyst for ORR. According to laboratory test, in

alkaline electrolyte, the ORR performance of those materials

can be even better than that for Pt/C. For example, carbona-

ceous materials containing nitrogen and transition metals

(MeeNeC, where Me ¼ Fe, Co, Mn) have been synthesised

through pyrolysis to control the porosity and structure, which

exhibited significantly higher ORR activity under alkaline
igation of perovskite oxid
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conditions than under acidic conditions [17]. In addition, the

ORR activity can also be significantly increased by doping the

aqueous electrolyte with heteroatoms (such as N, P, S) and

transition metals (such as Fe, Co, Ni) [18,19]. This is because

the activity of catalysts can be improved through porous

morphology and larger electrochemical surface area [20,21].

On the other hand, perovskite oxides are mixed metal oxides

with a general formula of ABO3, first discovered in Russia in

1830 [22e24]. Compared with other types of non-noble metal

oxides, perovskite oxides have a good flexibility in composi-

tion and structure [14]. Perovskite oxides have excellent

properties in rechargeable metal-air batteries and regenera-

tive fuel cells, especially in solid oxide fuel cells [25e28].

Perovskite oxides have been widely used as both cathode and

anode in solid oxide fuel cells and solid oxide electrolysis cells

[1,29] and catalysts for ammonia synthesis [30e32]. Due to the

low cost and high activity of the perovskite oxides in alkaline

media and the ability to form a large number of potential

chemicals, it has become a popular inexpensive alternative to

precious metal catalysts, measured by three electrode set-up

[14,33]. However, to the best of our knowledge, research on

perovskite oxide catalyst for low temperature fuel cells or

electrolysers focus on three electrode set-up whilst reports on

using perovskite oxide as the cathode in a two electrode are

scarce. In a previous report, we proved that the perovskite

oxides Cu- and Nb- co-doped SrCoO3-d, SrCo0.8Cu0.1Nb0.1O3-d is

a good cathode catalyst for direct room temperature ammonia

fuel cell [34]. On the other hand, we also investigated Cu- and

Nb- co-doped SrFeO3�d with various Cu molar ratio from x ¼ 0

to 0.4, and it was found that, in SrFe1-2xCuxNbxO3-d, sample

SrFe0:8Cu0:1Nb0:1O3�d with x ¼ 0.1 exhibits the highest con-

ductivity in both air and 5% H2/Ar thus suitable for use as

electrodes in solid oxide fuel cells [35]. Therefore, we believe

SrFe0:8Cu0:1Nb0:1O3�d could be a potential cathode material for

low temperature alkaline membrane fuel cells.

In term of various fuel for fuel cells, ammonia is unique in

terms of wastewater treatment and indirect on-board

hydrogen storage [36e39]. Although there are various types

of high temperature ammonia fuel cells, the high operating

temperature of ammonia solid oxide fuel cells (SOFCs) or

ammonia alkaline fuel cells (AFCs) makes them very difficult

to be directly used for ammonia-containing wastewater

treatment due to the high thermal capacity of water

[34,38,40e42]. Fortunately, we reported the first low temper-

ature ammonia fuel cells based on either alkaline membrane

or acidic Nafion membranes although the power density is

quite low [10,34,43]. There are several reports on ammonia

fuel cells based on alkaline membrane fuel cells [44e47]. If the

power density is high enough, direct ammonia fuel cells have

the potential to power electric vehicles [38]. It has been
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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proposed to use direct ammonia fuel cell to convert low grade

waste heat into electricity [48]. On the other hand, high con-

centration of ammonia is normally present in wastewater

such as landfill leachate and sewage water. In most cases,

there are free ammonia (NH3) or ammonium (NHþ
4 ) existing in

wastewater [10,21,49e51], which may come from natural hy-

drolysis of urea in urine [52]. Therefore, instead of consuming

energy to remove ammonia, electricity will be generated from

ammonia-containing wastewater with the application of

ammonia fuel cells.

In this work, for the first time, perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d was investigated as the cathode for

directly ammonia fuel cells. It has been reported that Pt/C is a

good catalyst for electrochemical oxidation of ammonia thus

would be a good anode for direct ammonia fuel cells [53,54].

The performances of a room temperature ammonia fuel cell

with Pt/C as the anode, SrFe0:8Cu0:1Nb0:1O3�d as the cathode

and alkalinemembrane as the electrolyte were investigated in

detail.
Experimental methods

Synthesis of SrFe0:8Cu0:1Nb0:1O3�d

The perovskite oxide sample of SrFe0:8Cu0:1Nb0:1O3�d was

synthesised by a Pechini method [25,34]. Firstly, dissolve all

the chemical precursors, ammonium niobate(V) oxalate hy-

drate, C4H4NNbO9$xH2O (99.99%, Sigma Aldrich, x ¼ 6.7),

SrðNO3Þ2 (98%, Alfa Aesar), FeðNO3Þ3$9H2O (98þ%, Alfa Aesar),

and CuðNO3Þ2$2:5H2O (98%, Alfa Aesar), in deionized water

with the stoichiometric molar ratio of 0.1:1.0:0.8:0.1 to prepare

a mixed solution. Secondly, citric acid (99þ%, Alfa Aesar) and

ethylene glycol (Fisher Scientific) were added into the mixed

solution. The molar ratio of citric acid, ethylene glycol and

total metal ions was 1.2:1.2:1. Thirdly, the mixed solution was

magnetically stirred at 125 �C for over 10 h on a hot plate (IKA

C-MAG HS7). While stirring, the gel was formed as poly resin.

The gel was then dried at a constant temperature of 350 �C to

remove the extra solvent from the mixture. After cooling

down, the mixture was ground in an agate mortar and pestle

to form powders. Finally, the prepared powders were calcined

in a muffle furnace (Carbolite RHF1600) at 400 �C for 2 h then

1000 �C for 4 h at a heating/cooling rate of 5 �C/min. The as-

prepared SrFe0:8Cu0:1Nb0:1O3�d was used for materials char-

acterisation and fuel cell measurements.

Materials characterisation

The X-ray diffraction (XRD) data was collected on a PAN

analytical X’Pert Pro in the Bragg-Brentano reflection geome-

try with a Ni-filtered Cu Ka source (1.5405 �A), fitted with the

X’Celerator detector and an Empyrean CuLFF XRD tube. Ab-

solute scans in the 2q range of 10e90� with step sizes of 0.0167�

were used during data collection [34]. Scanning electron mi-

croscopy (SEM) measurements were carried out on a ZEISS

SUPRA 55-VP Field Emission Scanning Electron Microscope

equipped with an energy dispersive X-ray (EDX) spectrometer

that allows elemental composition analysis [55]. Brunauer,

Emmett and Teller (B.E.T.) surface area analyses was carried
Please cite this article as: Zou P et al., Investigation of perovskite oxid
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out using a QUADRASORB SI surface area analyser with ni-

trogen as the adsorbate gas, all catalysts were degassed at

150 �C with measurements carried out at liquid nitrogen

temperature (77 K).

Electrode fabrication

The preparation of the SrFe0:8Cu0:1Nb0:1O3�d cathode ink con-

sists of three steps [34,56,57]. The first step was to mix 1 g as-

prepared SrFe0:8Cu0:1Nb0:1O3�d, 0.2 g carbon black (Cabot

Vulcan XC-72) and 0.2 g Amberlite IRA-402(OH) resin (Alfa

Aesar). The mixed powder was ball-milled at 200 rpm for 24 h

on an Ortoalresa OABM 255 miller. Then a suspension of

polytetrafluoroethylene (PTFE) containing 0.2 g of PTFE was

added into the milled mixture using 5 ml water and 5 ml

isopropanol as the solvent. The mixture above was stirred at

room temperature for at least 24 h to prepare the ink for use as

cathode of an ammonia fuel cell.

The substrate for the catalysts in this work is plain car-

bon fibre cloth (0.35 mm thickness, E-TEK). Clean and pre-

treat the carbon cloth electrode (1 � 2 cm2) was firstly son-

icated in dilute hydrochloric acid, water and isopropanol for

1 min respectively. The as-prepared ink was then brushed

onto the pre-treated carbon cloth. Finally, the electrode was

put in a fume cupboard and naturally dried for overnight.

The loading of catalyst SrFe0:8Cu0:1Nb0:1O3�d is approximately

14 mg/cm2.

Electrochemical measurements

The fuel cell was assembled in a home-made fuel cell testing

jig with prepared anode, cathode and electrolyte membrane.

The cathode was perovskite oxide SrFe0:8Cu0:1Nb0:1O3�d with

carbon black and Amberlite resin. Co-impregnated ARE-PVA

membrane prepared according to a previous report [58] was

used as electrolyte. The Pt/C anode was prepared according

the method described in a previous paper whilst commercial

Pt/C (20 wt% of Pt, Alfa Aesar) was used as the Pt source and

the same plain carbon cloth was used as the substrate [59].

The loading of Pt was 0.8 mg/cm2. The effective area of cell

was 1 � 1 cm2. The ammonia solution and compressed air

were pumped and flowed into the anode and cathode cham-

ber respectively. The flow rate of ammonia solution is

controlled by a small pump rotated at 20 rpm, and the flow

rate of air is controlled at 10mL/min by amass flow controller.

The fuel cell performance was measured by a Solartron 1287A

Electrochemical Interface coupled with a Solartron 1250

controlled by electrochemical software CorrWare/CorrView

and Z-Plot/Z-view. The a.c. impedance was measured in the

frequency range between 65 kHz and 0.01 Hz at the amplitude

of the a.c. signal 20 mV [10].

The fuel was prepared by the ammonia hydrolyte solution

(35 wt%, 0.88 g/mL, Fisher Chemical) and sodium hydroxide

(98%, Alfa Aesar). At the beginning, the performance of fuel

cell in different concentrations of ammonia solutions was

tested at room temperature. Then ammonia solutions with

1 M NaOH were used as the fuel. In most cases, the ammonia

concentration in the wastewater is between 200 ppm and

2000 ppm, so it is important to test the performance for fuels

with low concentration of ammonia to determine if this
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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Table 1 e Comparison of specific surface area of different
samples.
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technology is suitable for power generation from ammonia-

containing wastewater.
Sample Specific surface
area (m2 g�1)

carbon black (Cabot Vulcan XC-72) 148.221

SrFe0.8Cu0.1Nb0.1O3-d powder 2.913

SrFe0.8Cu0.1Nb0.1O3-d/carbon black 37.302

SrFe0.8Cu0.1Nb0.1O3-d/carbon black/carbon cloth 13.465
Results and discussion

XRD and SEM/EDS analyses of synthesised
SrFe0:8Cu0:1Nb0:1O3�d

Pechini method was used to prepare the SrFe0:8Cu0:1Nb0:1O3�d

cathode catalyst in order to obtain the single phase materials

to relatively low temperature with smaller particle size and

higher specific surface area. The XRD pattern of

SrFe0:8Cu0:1Nb0:1O3�d after firing at 1000 �C for 4 h is shown in

Fig. 1. It can be seen that a single phase perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d was successfully obtained. It can be

indexed as cubic structure with a ¼ 3.8866 (1) �A, which is

comparable to the a ¼ 3.8817 (1) �A in our previous report for

pure SrFe0:8Cu0:1Nb0:1O3�dwhen the sample was prepared by a

sol-gel process [35]. In this study, the firing temperature was

1000 �C which is 300 �C lower than that in the previous study

when SrFe0:8Cu0:1Nb0:1O3�d was synthesised by a sol-gel pro-

cess. The specific surface area of the as-synthesised

SrFe0:8Cu0:1Nb0:1O3�d is 2.913 m2 g�1 when measured by a

BET method (Table 1). This is reasonable because the sample

was fired at 1000 �C.
The SEM picture of the synthesised SrFe0:8Cu0:1Nb0:1O3�d is

shown in Fig. 2a. The majority of the powder is composed of

shuttle-shaped nano-rods. The picture with a magnification

factor of 50000 is shown in Fig. 2b. The shuttle-shaped nano-

rods have a length of 200e400 nmand a diameter of 30e60 nm.

Some thinner nano-rods has a diameter of 10 nm. A small

number of large particles with secondary particle size

~500 nm was also observed. EDS point analysis indicate that

both the shuttle-shaped nanorods and the large particles are

composed of element Sr, Fe, Cu, Nb and O indicating they are

both SrFe0:8Cu0:1Nb0:1O3�d but with different shapes

(Fig. 2ceg). To the best of our knowledge, this is the first time,

that shuttle-shaped perovskite oxide was prepared. It has

been reported that shuttle-shaped a-Fe2O3 was prepared by a
Fig. 1 e XRD pattern of the prepared SrFe0:8Cu0:1Nb0:1O3�d

collected at room temperature.
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supramolecular template [60]. Shuttle-shaped ceria was syn-

thesised via a surfactant octadecyl amine and urea assisted

solvothermal process for use as catalyst for CO oxidation [61].

Supramolecular template or surfactant was required in order

to obtain shuttle-shaped oxides Fe2O3 and CeO2 whilst neither

was used in the synthesis process of SrFe0:8Cu0:1Nb0:1O3�d in

this study. Recently halide perovskite CsPbX3 (X ¼ Br, or/and I)

was prepared by dissolving the Cs, Pb salts in octane at 90 �C
[62]. In general, this low temperature synthesis method is not

suitable for preparation of perovskite oxides. Shuttle-shaped

materials may have special catalytical, magnetic or mechan-

ical properties. In this study, it happens that shuttle-shaped

perovskite oxide SrFe0:8Cu0:1Nb0:1O3�d was prepared by a

conventional Pechini method. The mechanism of the forma-

tion process is not clear which needs further investigation.

However, in this study, it has been demonstrated that this

material is a good cathode material for ammonia fuel cells

based on alkaline membrane electrolytes.

Ammonia fuel cell performance without the addition of
NaOH

An alkaline fuel cell based on Co-AER-PVA membrane, Pt/C

anode and SrFe0:8Cu0:1Nb0:1O3�d=C cathode was fabricated to

test the performance when ammonia was used as the fuel.

Although pure SrFe0:8Cu0:1Nb0:1O3�d is quite conductive, the

contact between rigid SrFe0:8Cu0:1Nb0:1O3�d and the carbon

cloth current collector would not be good, therefore black

carbon Cabot Vulcan XC-72 was mixed with perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d to form a composite electrode in order to

improve the contact between SrFe0:8Cu0:1Nb0:1O3�d catalyst

and carbon cloth current collector. The specific surface area of

the SrFe0:8Cu0:1Nb0:1O3�d and black carbon mixture is

37.302 m2g�1 which is between that for pure

SrFe0:8Cu0:1Nb0:1O3�d and pure carbon black (Table 1). Intro-

duction of carbon black not only improve the contact between

the hard SrFe0:8Cu0:1Nb0:1O3�d and soft carbon cloth substrate

but also increase the overall specific surface area which will

benefit the catalytic activity of this composite cathode. How-

ever, the overall specific surface area of the cathode including

carbon cloth is only 1/3 of that for SrFe0:8Cu0:1Nb0:1O3�d/carbon

black composite because of the low surface area of carbon

cloth (Table 1).

Fig. 3a shows the IeV curves of the fuel cell at room tem-

perature when different concentration of ammonia aqueous

solutions were used as the fuel. It was found that the open

circuit voltage (OCV) was quite low when the ammonia fuel

concentration is below 1 M. This indicates that it is difficult to

generate electricity from low concentration of ammonia

which normally exists in wastewater. The OCV increased to
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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Fig. 2 e SEM pictures of SrFe0:8Cu0:1Nb0:1O3�d powder. (a) 6500X; (b) 50000X; (c)e(g) point analysis of elements.
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0.075 V when 3 M ammonia was used as the fuel and further

increased to 0.25 V when 5 M ammonia was input in the fuel

cells (Fig. 3b). This experiment indicates that both anode and

cathode catalysts have some activity to oxidation of ammonia

at anode and reduction of oxygen at the cathode. Pt/C is a good

anode catalyst for ammonia fuel cell but the reaction kinetics

on Pt is slow, which is reflected on the low OCV of the cell,

particularly at low concentration of fuels [9,63]. A maximum

current and power density of 0.6 mA/cm2 and 0.038 mW/cm2

was achieved when 35 wt% concentrated ammonia was used

as the fuel.

What should be noted is that it is very common to add

strong base such as KOH or NaOH to increase pH value when
Please cite this article as: Zou P et al., Investigation of perovskite oxid
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investigating the activities of perovskite oxides on oxygen

reduction reaction in alkaline conditions [14]. In this work, to

investigate the activity of SrFe0:8Cu0:1Nb0:1O3�d cathode in the

presence of strong alkaline condition, some NaOH was added

to the ammonia fuel to investigate the performance.

Ammonia fuel cell performance with the addition of NaOH
to a concentration of 1 M

Fig. 4a shows the fuel cell performancewhenNaOHwas added

to the ammonia fuel at a concentration of 1 M. When the

ammonia concentration was as low as 0.02 M, the OCV was

0.35 V whilst the maximum current density was 1 mA/cm2,
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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https://doi.org/10.1016/j.ijhydene.2019.08.097


Fig. 3 e The IeV curve (a) and OCV (b) of a room

temperature ammonia fuel cell at different ammonia

concentrations using SrFe0:8Cu0:1Nb0:1O3�d electrode as the

cathode.

Fig. 4 e The IeV curve (a) and OCV (b) of a room

temperature ammonia fuel cell at different ammonia

concentrations with 1 M NaOH using SrFe0:8Cu0:1Nb0:1O3�d

electrode as the cathode.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
which is higher than that when 35 wt% ammonia was used as

the fuel without the addition of NaOH (Fig. 3). Even the

ammonia concentration was only 0.02 M, the maximum

power density was 0.03 mW/cm2, which is comparable to that

when using 35 wt% ammonia as the fuel without the addition

of NaOH (Fig. 3a). This experiment indicates that this type of

fuel cell has the potential to generate electricity from low

concentration of ammonia from wastewater with the pres-

ence of base such as NaOH. In case the pH value of the

ammonia-containing wastewater is not high enough, some

alkaline waste such as coal fly ash which contains a signifi-

cant amount of CaO can be added into the ammonia-

containing wastewater to increase the pH value, making the

fuel suitable for ammonia fuel cell performance [64]. When

concentrated 35 wt% ammonia solution with 1 M NaOH was

used as the fuel, the OCV was 0.46 V (Fig. 4b), which is higher

than the 0.3 V for an ammonia fuel cell usingNH4
þ-formNafion

membrane as the electrolyte and Pt/C as both as the anode

and cathode [10]. The theoretical OCV of ammonia fuel cell is

the same as long as the fuel concentration at the anode and

oxidant (air or O2) at the cathode are identical, disregarding

the charge carriers in the electrolyte. However, the real over-

potential at either electrode is related to the charge carrier
Please cite this article as: Zou P et al., Investigation of perovskite oxid
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and the activity of the catalysts. The difference in observed

OCV could be related to the membrane or/and the cathode

materials as the anode is the same although Pt was 0.6 mg/

cm2 in previous study, slightly lower than the 0.8 mg/cm2 in

this study [10]. Themaximumcurrent densitywas 6.2mA/cm2

which is comparable to the 8.0 mA/cm2 for an ammonia fuel

cell at room temperature when Pt/C was used as both anode

and cathode [10]. Compared with our previous fuel cell work

using Cu-doped SrCo0.9Nb0.1O3�d perovskite oxides as the

cathode [34], in the presence of NaOH, the OCV is same,

approximately 0.45 V, but the power density generated from

SrFe0:8Cu0:1Nb0:1O3�d cathode is higher. Especially when the

ammonia concentration is higher than 1 M, the fuel cell with

SrFe0:8Cu0:1Nb0:1O3�d cathode exhibits higher current and

power densities. For example, the maximum current density

and power density generated from Cu-doped SrCo0.9Nb0.1O3�d

cathode was 5 mA/cm2 and 0.25 mW/cm2, lower than 6.2 mA/

cm2 and 0.35 mW/cm2 for Cu-doped SrFe0.9Nb0.1O3�d cathode

in this work. These results indicate that the perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d is a reasonably good cathode in the

presence of NaOH.
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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In a direct ammonia fuel cell based on alkaline membrane,

the anode reaction is [10]:
2NH3 þ 6OH�/N2 þ 6H2Oþ 6e� E0 ¼ �0:77V (2)

The introduction of NaOH will increase the concentration

of OH� ions, making reaction (2) shift to the right. Therefore,

the kinetics of ammonia oxidation is improved thus the

overpotential at the anode decreases leading to higher OCV.

As for the cathode, most perovskite oxides are active for ORR

reaction in strong alkaline condition. It is believed that adding

NaOH will increase the activity of SrFe0:8Cu0:1Nb0:1O3�d there-

fore the fuel cell performance is much better in the presence

of NaOH, compared to the results shown in Fig. 3.

For comparison, the performance of the fuel cell with

0.02 M and 5 M ammonia solution as the fuel when with and

without addition of NaOH to a concentration of 1 M is plotted

together in Fig. 5. The effect of NaOH is significant on the fuel

cell performance. In order to generate electricity from

wastewater with low concentration of ammonia, such as

0.02 M or 340 ppm, it is important that the pH value of the

wastewater must be very high. Although significant progress

has been made on low temperature direct ammonia fuel

cells, the catalytic activities of both anode and cathode are

still not high enough to achieve high power density. It is

therefore desired to develop new catalysts for
Fig. 5 e The IeV curve of ammonia fuel cell in (a) 0.02 M and

(b) 5 M ammonia with and without 1 M NaOH.

Please cite this article as: Zou P et al., Investigation of perovskite oxid
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electrochemical oxidation of ammonia at weak alkaline or

neutral condition to be used as anode for ammonia fuel cells

for this particular application.

XRD and SEM/EDS analysis of the SrFe0:8Cu0:1Nb0:1O3�d/C
cathode after ammonia fuel cell measurements

In order to investigate the stability of perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d in ammonia fuel cells, XRD and SEM/EDS

analysis were carried out for the cathode after the fuel cell

measurements. The XRDpatterns of the SrFe0:8Cu0:1Nb0:1O3�d=

C composite cathode before and after the fuel cell measure-

ments are shown in Fig. 6. As expected, before the fuel cell

measurements, the cathode is composed of

SrFe0:8Cu0:1Nb0:1O3�d and carbon. The small peak at 2q of ~37�

belongs to the PTFE binder [65]. However, after the fuel cell

measurements, the peaks for SrFe0:8Cu0:1Nb0:1O3�d became

very weak whilst carbon and PTFE were present (Fig. 6b). This
Fig. 6 e XRD data of the SrFe0:8Cu0:1Nb0:1O3�d cathode (a)

before and (b) after the fuel cell measurements.

e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
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Fig. 7 e SEM pictures of SrFe0:8Cu0:1Nb0:1O3�d cathode after the fuel cell measurement. (a) 6500X; (b) 10000X; (c)e(i) EDS point

analysis.
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indicates SrFe0:8Cu0:1Nb0:1O3�d was poorly crystallised or it

decomposed during the fuel cell measurements.

Fig. 7 shows the SEM & EDS analysis of the electrode after

fuel cell test. Although the XRD result after test is confusing,

the EDS results has proved the elements of catalyst including

Sr, Fe, Cu, Nb & O. This means the perovskite oxide are still

there, but they are in poorly crystallised state. It cannot be

ruled out that it decomposed to other oxides but still stayed in

the cathode current collector. However, during the fuel cell

measurement, there is no sudden drop in the performance.

The performance of the cell is consistent with the fuel con-

centration. This implied that the stability of the

SrFe0:8Cu0:1Nb0:1O3�d is relatively good. The reason for

decreased crystallinity of SrFe0:8Cu0:1Nb0:1O3�d is not clear yet.

Some of the beautiful shuttle-shaped SrFe0:8Cu0:1Nb0:1O3�d

still present at the cathode after the fuel cell measurements

(Fig. 7b). Element Na was also picked up by EDS indicating the

cross-diffusion of the fuel from anode to the cathode during

the fuel cell measurements. Therefore better alkaline mem-

brane with low ammonia crossover is desired for low tem-

perature ammonia fuel cells.
Conclusions

Shuttle-shaped perovskite oxide SrFe0:8Cu0:1Nb0:1O3�d was

synthesised without the use of template or surfactant. It was

used as cathode for a room temperature ammonia fuel cell.

This study indicates that the perovskite oxide

SrFe0:8Cu0:1Nb0:1O3�d not only can be used as electrodes in

solid oxide fuel cell, but also has the potential to be used as

cathode for low temperature alkaline membrane fuel cells,

which can avoid unnecessary by-reactions happened in high

temperatures. Reasonable OCV and power density were

observed for an ammonia fuel cell using

SrFe0:8Cu0:1Nb0:1O3�d/C composite cathode. Although the

power density is not high enough for conventional portable or

transport applications, it has the potential for stationary

application in removal of low concentration ammonia from

wastewater. This is because the requirements on power

density is relatively low, not alone the generated electricity is

a bonus whilst wastewater is treated. When ammonia con-

centration is as low as 340 ppm (0.02 M), the fuel cell with Pt/C

anode and SrFe0:8Cu0:1Nb0:1O3�d/C cathode can generate OCV

of 0.35 V and power density of 0.03mW/cm2. In order to obtain

reasonable OCV for fuel cell in wastewater containing low

concentration of ammonia, it is necessary to add base such as

NaOH to create a strong alkaline condition. This can be ach-

ieved through the addition of alkaline waste, such as coal fly

ash which contains a significant amount of CaO. On the other

hand, the power density of this device still can be improved. In

addition, if the Pt/C anode is replacedwith non-preciousmetal

catalysts, which have good activity on electrochemical

oxidation of ammonia, the ammonia fuel cell can be good

economic way to simultaneously treat ammonia-containing

wastewater and generate electricity from waste.
Please cite this article as: Zou P et al., Investigation of perovskite oxid
ammonia fuel cell, International Journal of Hydrogen Energy, https:/
Acknowledgements

The authors thank EPSRC (Grant No. EP/G01244X/1) and

Innovate UK (Grant No. 104010 and 133714) for funding.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2019.08.097.
r e f e r e n c e s

[1] Steele BCH, Heinzel A. Materials for fuel-cell technologies.
Nature 2001;414:345e52.

[2] Pan ZF, An L, Zhao TS, Tang ZK. Advances and challenges in
alkaline anion exchange membrane fuel cells. Prog Energy
Combust Sci 2018;66:141e75.

[3] Wang LQ, Bellini M, Miller HA, Varcoe JR. A high conductivity
ultrathin anion-exchange membrane with 500þh alkali
stability for use in alkaline membrane fuel cells that can
achieve 2 W cm(-2) at 80 degrees C. J Mater Chem
2018;6:15404e12.

[4] Gottesfeld S, Dekel DR, Page M, Bae C, Yan YS, Zelenay P,
et al. Anion exchange membrane fuel cells: current status
and remaining challenges. J Power Sources 2018;375:170e84.

[5] Dekel DR. Review of cell performance in anion exchange
membrane fuel cells. J Power Sources 2018;375:158e69.

[6] Davydova E, Zaffran J, Dhaka K, Toroker M, Dekel D.
Hydrogen oxidation on Ni-based electrocatalysts: the effect
of metal doping. Catalysts 2018;8:454.

[7] Davydova ES, Mukerjee S, Jaouen F, Dekel DR.
Electrocatalysts for hydrogen oxidation reaction in alkaline
electrolytes. ACS Catal 2018;8:6665e90.

[8] Lafforgue C, Zadick A, Dubau L, Maillard F, Chatenet M.
Selected review of the degradation of Pt and Pd-based
carbon-supported electrocatalysts for alkaline fuel cells:
towards mechanisms of degradation. Fuel Cells
2018;18:229e38.

[9] Lan R, Tao SW, Irvine JT. A direct urea fuel cellepower from
fertiliser and waste. Energy Environ Sci 2010;3:438e41.

[10] Lan R, Tao SW. Ammonia carbonate fuel cells based on a
mixed NH4

þ/Hþ ion conducting electrolyte. ECS
Electrochemistry Letters 2013;2:F37e40.

[11] Xia W, Mahmood A, Liang Z, Zou R, Guo S. Earth-abundant
nanomaterials for oxygen reduction. Angew Chem Int Ed
2016;55:2650e76.

[12] Shao M, Chang Q, Dodelet J-P, Chenitz R. Recent advances in
electrocatalysts for oxygen reduction reaction. Chem Rev
2016;116:3594e657.

[13] Ma J, Wang L, Mu X, Cao Y. Enhanced electrocatalytic activity
of Pt nanoparticles supported on functionalized graphene for
methanol oxidation and oxygen reduction. J Colloid Interface
Sci 2015;457:102e7.

[14] Zhu Y, Zhou W, Shao Z. Perovskite/carbon composites:
applications in oxygen electrocatalysis. Small
2017;13:1603793.

[15] Geng D, Chen Y, Chen Y, Li Y, Li R, Sun X, et al. High oxygen-
reduction activity and durability of nitrogen-doped
graphene. Energy Environ Sci 2011;4:760e4.
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
/doi.org/10.1016/j.ijhydene.2019.08.097

https://doi.org/10.1016/j.ijhydene.2019.08.097
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref1
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref1
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref1
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref2
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref2
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref2
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref2
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref3
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref4
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref4
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref4
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref4
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref5
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref5
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref5
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref6
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref6
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref6
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref7
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref7
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref7
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref7
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref8
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref9
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref9
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref9
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref9
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref10
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref11
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref11
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref11
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref11
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref12
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref12
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref12
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref12
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref13
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref13
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref13
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref13
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref13
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref14
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref14
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref14
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref15
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref15
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref15
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref15
https://doi.org/10.1016/j.ijhydene.2019.08.097


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10
[16] Wang C-H, Yang C-W, Lin Y-C, Chang S-T, Chang SL.
Cobalteiron (II, III) oxide hybrid catalysis with enhanced
catalytic activities for oxygen reduction in anion exchange
membrane fuel cell. J Power Sources 2015;277:147e54.

[17] Osmieri L, Escudero-Cid R, Videla AHM, Oc�on P, Specchia S.
Application of a non-noble Fe-NC catalyst for oxygen
reduction reaction in an alkaline direct ethanol fuel cell.
Renew Energy 2018;115:226e37.

[18] Hossen MM, Artyushkova K, Atanassov P, Serov A. Synthesis
and characterization of high performing Fe-NC catalyst for
oxygen reduction reaction (ORR) in Alkaline Exchange
Membrane Fuel Cells. J Power Sources 2018;375:214e21.

[19] Xu J, Wu C, Yu Q, Zhao Y, Li X, Guan L. Ammonia
defective etching and nitrogen-doping of porous carbon
toward high exposure of heme-derived FeeNx site for
efficient oxygen reduction. ACS Sustainable Chem Eng
2017;6:551e60.

[20] Xu W, Wu ZC, Tao SW. Recent progress in electrocatalysts
with mesoporous structures for application in polymer
electrolyte membrane fuel cells. J Mater Chem
2016;4:16272e87.

[21] Xu W, Du D, Lan R, Humphreys J, Miller DN, Walker M, et al.
Electrodeposited NiCu bimetal on carbon paper as stable
non-noble anode for efficient electrooxidation of ammonia.
Appl Catal B Environ 2018;237:1101e9.

[22] Tanaka H, Misono M. Advances in designing perovskite
catalysts. Curr Opin Solid State Mater Sci 2001;5:381e7.

[23] Vasala S, Karppinen M. A2B’B’’O6 perovskites: a review. Prog
Solid State Chem 2015;43:1e36.

[24] Tao SW, Irvine JTS. A redox-stable efficient anode for solid-
oxide fuel cells. Nat Mater 2003;2:320e3.

[25] Oh MY, Jeon JS, Lee JJ, Kim P, Nahm KS. The bifunctional
electrocatalytic activity of perovskite La0.6Sr0.4CoO3-d for
oxygen reduction and evolution reactions. RSC Adv
2015;5:19190e8.

[26] Chen Y, Zhou W, Ding D, Liu M, Ciucci F, Tade M, et al.
Advances in cathode materials for solid oxide fuel cells:
complex oxides without alkaline earth metal elements.
Advanced Energy Materials 2015;5:1500537.

[27] Shao Z, Zhou W, Zhu Z. Advanced synthesis of materials for
intermediate-temperature solid oxide fuel cells. Prog Mater
Sci 2012;57:804e74.

[28] Ding D, Li X, Lai SY, Gerdes K, Liu M. Enhancing SOFC
cathode performance by surface modification through
infiltration. Energy Environ Sci 2014;7:552e75.

[29] Cowin PI, Petit CTG, Lan R, Irvine JTS, Tao SW. Recent
progress in the development of anode materials for solid
oxide fuel cells. Advanced Energy Materials 2011;1:314e32.

[30] Humphreys J, Lan R, Du DW, XuW, Tao SW. Promotion effect
of proton-conducting oxide BaZr0.1Ce0.7Y0.2O3-d on the
catalytic activity of Ni towards ammonia synthesis from
hydrogen and nitrogen. Int J Hydrogen Energy
2018;43:17726e36.

[31] Amar IA, Lan R, Petit CT, Tao SW. Solid-state electrochemical
synthesis of ammonia: a review. J Solid State Electrochem
2011;15:1845e60.

[32] Amar IA, Lan R, Humphreys J, Tao SW. Electrochemical
synthesis of ammonia from wet nitrogen via a dual-chamber
reactor using La0.6Sr0.4Co0.2Fe0.8O3-d-Ce0.8Gd0.18Ca0.02O2-

d composite cathode. Catal Today 2017;286:51e6.
[33] Borca C, Canulescu S, Loviat F, Lippert T, Grolimund D,

D€obeli M, et al. Analysis of the electronic configuration of the
pulsed laser deposited La0.7Ca0.3MnO3 thin films. Appl Surf
Sci 2007;254:1352e5.

[34] Zou PM, Chen SG, Lan R, Tao SW. Investigation of new
perovskite oxide SrCo0. 8Cu0. 1Nb0. 1O3-d as cathode for room
temperature direct ammonia fuel cells. ChemSusChem 2019.
https://doi.org/10.1002/cssc.201900451.
Please cite this article as: Zou P et al., Investigation of perovskite oxid
ammonia fuel cell, International Journal of Hydrogen Energy, https:/
[35] Lan R, Cowin PI, Sengodan S, Tao SW. A perovskite oxide
with high conductivities in both air and reducing
atmosphere for use as electrode for solid oxide fuel cells. Sci
Rep 2016;6:31839.

[36] Lan R, Irvine JTS, Tao SW. Ammonia and related chemicals
as potential indirect hydrogen storage materials. Int J
Hydrogen Energy 2011;37:1482e94.

[37] Valera-Medina A, Xiao H, Owen-Jones M, David WIF,
Bowen PJ. Ammonia for power. Prog Energy Combust Sci
2018;69:63e102.

[38] Lan R, Tao SW. Ammonia as a suitable fuel for fuel cells.
Frontiers in Energy Research 2014;2:35.

[39] Estejab A, Daramola DA, Botte GG. Mathematical model of a
parallel plate ammonia electrolyzer for combined
wastewater remediation and hydrogen production. Water
Res 2015;77:133e45.

[40] Yang J, Muroyama H, Matsui T, Eguchi K. Development of a
direct ammonia-fueled molten hydroxide fuel cell. J Power
Sources 2014;245:277e82.

[41] Siddiqui O, Dincer I. Experimental investigation and
assessment of direct ammonia fuel cells utilizing alkaline
molten and solid electrolytes. Energy 2019;169:914e23.

[42] Itagaki Y, Cui J, Ito N, Aono H, Yahiro H. Effect of Ni-loading
on Sm-doped CeO2 anode for ammonia-fueled solid oxide
fuel cell. J Ceram Soc Jpn 2018;126:870e6.

[43] Lan R, Tao SW. Direct ammonia alkaline anion-exchange
membrane fuel cells. Electrochem Solid State Lett
2010;13:B83e6.

[44] Adli NM, Zhang H, Mukherjee S, Wu G. Review-ammonia
oxidation electrocatalysis for hydrogen generation and fuel
cells. J Electrochem Soc 2018;165:J3130e47.

[45] Zhang HM, Wang YF, Kwok YH, Wu ZC, Xia DH, Leung DYC.
A direct ammonia microfluidic fuel cell using NiCu
nanoparticles supported on carbon nanotubes as an
electrocatalyst. ChemSusChem 2018;11:2889e97.

[46] Assumpcao M, da Silva SG, de Souza RFB, Buzzo GS,
Spinace EV, Neto AO, et al. Direct ammonia fuel cell
performance using PtIr/C as anode electrocatalysts. Int J
Hydrogen Energy 2014;39:5148e52.

[47] Siddiqui O, Dincer I. Investigation of a new anion exchange
membrane-based direct ammonia fuel cell system. Fuel Cells
2018;18:379e88.

[48] Rahimi M, Kim T, Gorski CA, Logan BE. A thermally
regenerative ammonia battery with carbon-silver electrodes
for converting low-grade waste heat to electricity. J Power
Sources 2018;373:95e102.

[49] Karri RR, Sahu JN, Chimmiri V. Critical review of abatement
of ammonia from wastewater. J Mol Liq 2018;261:21e31.

[50] Mook WT, Chakrabarti MH, Aroua MK, Khan GMA, Ali BS,
Islam MS, et al. Removal of total ammonia nitrogen (TAN),
nitrate and total organic carbon (TOC) from aquaculture
wastewater using electrochemical technology: a review.
Desalination 2012;285:1e13.

[51] Xu W, Lan R, Du D, Humphreys J, Walker M, Wu Z, et al.
Directly growing hierarchical nickel-copper hydroxide
nanowires on carbon fibre cloth for efficient electrooxidation
of ammonia. Appl Catal B Environ 2017;218:470e9.

[52] Radenahmad N, Afif A, Petra PI, Rahman SM, Eriksson S-G,
Azad AK. Proton-conducting electrolytes for direct methanol
and direct urea fuel cellseA state-of-the-art review. Renew
Sustain Energy Rev 2016;57:1347e58.

[53] de Vooys ACA, Koper MTM, van Santen RA, van Veen JAR.
The role of adsorbates in the electrochemical oxidation of
ammonia on noble and transition metal electrodes. J
Electroanal Chem 2001;506:127e37.

[54] Li Z-F, Wang Y, Botte GG. Revisiting the electrochemical
oxidation of ammonia on carbon-supported metal
nanoparticle catalysts. Electrochim Acta 2017;228:351e60.
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
/doi.org/10.1016/j.ijhydene.2019.08.097

http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref16
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref17
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref18
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref18
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref18
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref18
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref18
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref19
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref20
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref20
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref20
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref20
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref20
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref21
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref21
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref21
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref21
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref21
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref22
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref22
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref22
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref23
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref23
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref23
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref23
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref23
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref24
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref24
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref24
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref25
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref26
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref26
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref26
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref26
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref27
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref27
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref27
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref27
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref28
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref28
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref28
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref28
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref29
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref29
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref29
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref29
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref30
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref31
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref31
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref31
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref31
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref32
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref33
https://doi.org/10.1002/cssc.201900451
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref35
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref35
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref35
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref35
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref36
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref36
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref36
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref36
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref37
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref37
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref37
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref37
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref38
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref38
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref39
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref39
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref39
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref39
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref39
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref40
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref40
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref40
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref40
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref41
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref41
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref41
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref41
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref42
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref42
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref42
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref42
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref43
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref43
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref43
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref43
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref44
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref44
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref44
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref44
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref45
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref45
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref45
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref45
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref45
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref46
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref46
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref46
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref46
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref46
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref47
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref47
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref47
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref47
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref48
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref48
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref48
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref48
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref48
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref49
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref49
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref49
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref50
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref52
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref52
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref52
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref52
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref52
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref53
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref54
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref54
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref54
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref54
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref54
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref55
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref55
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref55
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref55
https://doi.org/10.1016/j.ijhydene.2019.08.097


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11
[55] Du DW, Lan R, Xu W, Beanland R, Wang H, Tao SW.
Preparation of a hybrid Cu2O/CuMoO4 nanosheet electrode
for high-performance asymmetric supercapacitors. J Mater
Chem 2016;4:17749e56.

[56] Suntivich J, Gasteiger HA, Yabuuchi N, Nakanishi H,
Goodenough JB, Shao-Horn Y. Design principles for oxygen-
reduction activity on perovskite oxide catalysts for fuel cells
and metaleair batteries. Nat Chem 2011;3:546.

[57] Suntivich J, Gasteiger HA, Yabuuchi N, Shao-Horn Y.
Electrocatalytic measurement methodology of oxide
catalysts using a thin-film rotating disk electrode. J
Electrochem Soc 2010;157:B1263e8.

[58] Qin H, Lin L, Chu W, Jiang W, He Y, Shi Q, et al. Introducing
catalyst in alkaline membrane for improved performance
direct borohydride fuel cells. J Power Sources
2018;374:113e20.

[59] Prabhuram J, Wang X, Hui CL, Hsing IM. Synthesis and
characterization of surfactant-stabilized PVC nanocatalysts
for fuel cell applications. J Phys Chem B 2003;107:11057e64.

[60] Liu XM, Fu SY, Xiao HM, Huang CJ. Preparation
and,characterization of shuttle-like a-Fe2O3 nanoparticles by
Please cite this article as: Zou P et al., Investigation of perovskite oxid
ammonia fuel cell, International Journal of Hydrogen Energy, https:/
supermolecular template. J Solid State Chem
2005;178:2798e803.

[61] Sun C, Chen L. Controllable synthesis of shuttle-shaped ceria
and its catalytic properties for CO oxidation. Eur J Inorg
Chem 2009:3883e7.

[62] Ye S, Zhao MJ, Song J, Qu JL. Controllable emission bands and
morphologies of high-quality CsPbX3 perovsKite
nanocrystals prepared in octane. Nano Research
2018;11:4654e63.

[63] Siddharth K, Chan Y, Wang L, Shao M. Ammonia electro-
oxidation reaction: recent development in mechanistic
understanding and electrocatalyst design. Current Opinion
in Electrochemistry 2018;9:151e7.

[64] Shaheen SM, Hooda PS, Tsadilas CD. Opportunities and
challenges in the use of coal fly ash for soil improvements - a
review. J Environ Manag 2014;145:249e67.

[65] KangW, Li F, ZhaoY,QiaoC, Ju J, Cheng B. Fabricationof porous
Fe2O3/PTFE nanofiber membranes and their application as a
catalyst for dye degradation. RSC Adv 2016;6:32646e52.
e SrFe0:8Cu0:1Nb0:1O3� d as cathode for a room temperature direct
/doi.org/10.1016/j.ijhydene.2019.08.097

http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref56
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref57
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref57
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref57
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref57
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref57
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref58
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref58
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref58
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref58
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref58
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref59
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref59
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref59
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref59
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref59
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref60
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref60
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref60
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref60
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref61
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref62
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref62
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref62
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref62
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref63
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref64
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref64
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref64
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref64
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref64
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref65
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref65
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref65
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref65
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
http://refhub.elsevier.com/S0360-3199(19)33070-8/sref66
https://doi.org/10.1016/j.ijhydene.2019.08.097

	Investigation of perovskite oxide SrFe0.8Cu0.1Nb0.1O3-δ as cathode for a room temperature direct ammonia fuel cell
	Introduction
	Experimental methods
	Synthesis of SrFe0.8Cu0.1Nb0.1O3-δ
	Materials characterisation
	Electrode fabrication
	Electrochemical measurements

	Results and discussion
	XRD and SEM/EDS analyses of synthesised SrFe0.8Cu0.1Nb0.1O3-δ
	Ammonia fuel cell performance without the addition of NaOH
	Ammonia fuel cell performance with the addition of NaOH to a concentration of 1 M
	XRD and SEM/EDS analysis of the SrFe0.8Cu0.1Nb0.1O3-δ/C cathode after ammonia fuel cell measurements

	Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


