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Recently, due to the high energy density of ammonia, low source-to-tank energy cost and carbon free fuel,

low-temperature direct ammonia fuel cells (DAFCs) have attracted extensive attention and play an

important role in ammonia economy. In DAFCs, Pt-based materials have been the most studied

electrocatalysts for the anodic ammonia oxidation reaction (AOR) and cathodic oxygen reduction

reaction (ORR) over the past decade. However, the high cost of precious metal has markedly inhibited

the large-scale application of DAFCs. Herein, a bifunctional material of ternary Ni4Cu5Fex (x = 0, 0.5, 1,

3, 5) alloy embedded in a carbon network was prepared by a simple solvothermal approach, and showed

superior activity and durability towards both AOR and ORR. The excellent bifunctional catalytic activity of

the Ni4Cu5Fel/C sample was analyzed by experimental and calculational methods. Utilizing the
bifunctional activities of this alloy, a symmetric DAFC was assembled with Ni4Cu5Fel/C as both the
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anode and cathode, with a commercial anion exchange membrane (AEM) as electrolyte. The symmetric

DAFC-Ni4Cu5Fel/C showed a maximum current density of 67 mA cm™2 at 80 °C. To the best of our
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1. Introduction

Fossil fuels contribute approximately 80 percent of the global
mainstream energy demand, with this energy system being the
source of approximately two thirds of global CO, emissions.'”
Due to the greenhouse effect caused by extensive use of tradi-
tional fossil energy, many countries have formulated carbon
neutral plans to reduce carbon emissions over the next few
decades.* On one hand, the use of carbon-based fuels must be
gradually reduced to overcome CO, emissions; on the other
hand, energy demand per capita is projected to continuously
increase.>® Consequently, to address such demands while
diminishing environmental impacts, it is imperative to develop
sustainable and environmentally benign carbon-free renewable
fuels.”® In this regard, hydrogen is often regarded as a prom-
ising energy vector, but its storage and transportation remain

“School of Engineering, University of Warwick, Coventry, CV4 7AL, UK. E-mail: s.tao.
1@warwick.ac.uk

’Key Laboratory of Design and Assembly of Functional Nanostructures, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou, Fujian
350002, China

‘Department of Physics, University of Warwick, Coventry CV4 7AL, UK

‘Department of Chemical Engineering, Monash University, Clayton, Victoria 3800,
Australia

available. See

T Electronic supplementary information

https://doi.org/10.1039/d2ta04129d

(ESI)

This journal is © The Royal Society of Chemistry 2022

knowledge, this is the first report on a symmetric DAFC. This work not only reports a new AOR/ORR
bifunctional catalyst, but also moves towards the development of low-cost DAFCs with simple structure.

big challenges and restrict its large-scale applications.’® These
problems can be solved if ammonia is used as an energy
vector.>'* Ammonia can be dissolved in water to create a solu-
tion with a solubility limit of around 35 wt% that can be kept in
a glass container without the need for any extra equipment.>**
In addition, it also can be readily liquified by increasing pres-
sure to ~10 bar at room temperature or by cooling to —33 °C at
atmospheric pressure, which is much easier than that of
hydrogen.® Except for liquid storage, ammonia is found to be
stored as a solid in metal-amine complexes. For example,
hydrammine is a non-pressurized ammonia storage material
and has an energy density similar to that of liquid ammonia.™
Benefiting from the liquid and solid storage, the technology of
shipping and pipeline transfer of ammonia is well established
in the current market. Around 175 million tonnes per year are
produced worldwide.>*°

Due to its carbon-free and easy storage and transportation
properties, some pathways have been developed in order to take
advantage of ammonia fuel, such as internal combustion
engine and catalytic thermal decomposition.'®***> Recently,
direct utilization of ammonia in fuel cells to generate electricity
with high efficiency has been proposed and extensively
studied.>'**> The direct ammonia fuel cell (DAFC) is an excel-
lent alternative as an ammonia-fueled power source, especially
for small-scale and domestic applications.?** In DAFCs, the
ammonia oxidation reaction (AOR) occurs at the anode and

J. Mater. Chem. A, 2022, 10, 18701-18713 | 18701


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta04129d&domain=pdf&date_stamp=2022-09-17
http://orcid.org/0000-0003-2185-4315
http://orcid.org/0000-0002-5522-0516
http://orcid.org/0000-0002-1215-0271
http://orcid.org/0000-0001-6133-992X
https://doi.org/10.1039/d2ta04129d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta04129d
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010036

Open Access Article. Published on 22 August 2022. Downloaded on 3/22/2026 2:44:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

oxygen reduction reaction (ORR) at the cathode. When an anion
exchange membrane (AEM) acts as the electrolyte, the reactions
for DAFC are shown below:**>¢

Anode reaction:

2NH; + 60H™ — N, + 6H,0 + 66" E°= —077V (1)

Cathode reaction:

3/20, +3H,0 + 66" >60H~  E° = +0.40 V (2)

Overall reaction:

2NH; +3/20,—N, +3H,0 E°=+1.17 V (3)

Ammonia is directly oxidized to N, at the anode side, whilst
O, reduction to OH™ occurs at the cathode side. Generally, low
temperature DAFCs operate at a temperature range from room
temperature to 100 °C.>***® Thus, DAFCs have received a great
deal of attention as high-efficient generation
technologies.

While there is no doubt that the low temperature DAFC is a very
appealing technology, some of the reasons that commercial DAFC
device is at an early stage due to the expensive catalysts and
sluggish catalytic reactions at the anode, i.e., electro-catalysts for
AOR. Robust alkaline membrane with minimum ammonia cross-
over is also desired to commercialize low temperature direct
ammonia fuel cells.***° Pt-based materials are the most commonly
studied electrocatalysts and researchers have systematically
screened a range of Pt based bimetallic catalysts for ammonia
electro-oxidation over the past two decades.*** Both experimental
studies and mathematical modeling investigations have indicated
that PtIr alloy has the highest AOR activity and lowest ammonia
oxidation potential, owing to the catalyst ability to activate bonds
and to make bonds."****3 Furthermore, Pt-based catalysts have
also shown great potential towards ORR, allowing them to act as
cathodes in DAFCs. This is due to the straightforward dissociation
process of oxygen adsorption on the surface, followed by electron
transfer and protonation to create H,O.* However, high cost,
limited resources and poor stability have markedly inhibited this
precious-based catalyst's large scale commercial and residential
applications. At present, precious metals remain the primary
catalysts, and opportunities therefore exist to develop lower-cost
materials with equivalent or better activity.*

In the past five years, a wide variety of materials based on
non-precious 3d transition metals, such as Ni, Cu, Co, Fe, have
gained rapid recognition over Pt as an attempt to increase the
practicality of AOR catalysts by lowering the cost."****” Amongst
these metals, experimental studies have reported that Ni-based
materials are the most promising catalysts with respect to AOR
activity and high selectivity towards N, in low to intermediate
temperature ranges.*>*** However, compared to Pt, the d band
center of the Ni metal is relatively wide, which means that Ni
binds less strongly to the reactants and does not adsorb the
reactants as efficiently as Pt.>® So, strengthening the bonding
strength of Ni to ammonia is a strategical way to improve the
catalytic activity of this catalyst. Previous work reported that the
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NiCu alloy, which embeds Cu in Ni, performed better due to the
synergistic effect between Ni and Cu, leading to a stronger bond
between Ni and N atoms.***” Furthermore, bimetallic alloys can
carefully alter the d-band electron filling, Fermi level, and
interatomic spacing, resulting in improved AOR electrocatalytic
activity.”* It was found that bimetals would transform to
hydroxides after the oxidation process, which were ultimately
the active materials towards AOR.***”*> Zhu et al. recently re-
ported that further introducing a lower electronegative Fe*
cation can substantially improve the AOR activity of Ni; ,Cu,-
OOH.* DFT results showed that the Fe** was able to polarize the
electrode cloud to a larger extent, decrease the thermodynamic
energy and lower the kinetic energy. Additionally, the syner-
gistic effect of the metal atoms in Ni-Cu-Fe-OOH also leads to
the improvement in AOR. In this study, ternary Ni4Cu5Fex
alloys were prepared by a simple solvothermal method. By
optimizing the composition, the ternary Ni4Cu5Fel catalyst
exhibited the highest AOR activity, which exceeded that of the
Ni4Cu5 bimetallic counterpart. Moreover, NiCu bimetallic
nanoparticles confined in a porous carbon network were also
found to be good ORR catalysts.® Interestingly, our study
demonstrates that introducing Fe into the NiCu alloy further
improves ORR performance remarkably. Furthermore, the ORR
activity is not affected in the presence of low concentration of
ammonia. As this catalyst is found to be active towards both
AOR and ORR, a symmetric DAFC based on Ni4Cu5Fel/C
(DAFC-Ni4Cu5Fe1/C) was assembled and tested. Symmetric
structures have been used in various electrochemical devices,
such as electrolytic cells, supercapacitors and fuel cells.*»**>¢ As
the same material was used as both the anode and cathode, the
symmetric fuel cell not only simplifies the integral device
configuration, but also reduces the fabrication cost of a fuel
cell.>”*® To the best of our knowledge, this is the first report on
a symmetric DAFC. This work sheds light on using non-precious
metal catalysts for DAFCs, particularly symmetric DAFCs.

2. Experimental details
2.1 Chemicals

The chemicals used in this experiment are nickel(u) chloride
hexahydrate (NiCl,-6H,0, 99.3%, Alfa Aesar), copper(u) chlo-
ride dihydrate (CuCl,-2H,0, 99%, Alfa Aesar), iron(u) chloride
(FeCl,, 99.5%, Alfa Aesar), sodium hydroxide (NaOH, 98%, Alfa
Aesar), potassium hydroxide (KOH, 85%, Alfa Aesar), ammo-
nium chloride (NH,Cl, 99.5%, Alfa Aesar), carbon black (Cabot
Vulcan XC-72R), hydrazine monohydrate (N,H,-H,O, 98+%,
Alfa Aesar), ammonia solution (NH;-H,0, 35%, 0.88 ¢ mL ™",
Fisher Chemical), Nafion solution (5% in lower aliphatic alco-
hols and water, Sigma-Aldrich), ethylene glycol ((CH,OH),, Alfa
Aesar), ethanol (C,HgO, =99.8%, Fisher Chemical), isopropanol
(C3HgO, =99.8%, Sigma-Aldrich) and deionized water (H,O). All
reagents were used directly without further refinement.

2.2 Materials synthesis

The Ni4Cu5Fex/C catalysts (x = 0, 0.5, 1, 3, 5) were synthesized
by a solvothermal method. In a typical procedure for the

This journal is © The Royal Society of Chemistry 2022
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Ni4Cu5Fe1/C catalyst, 0.1 g carbon black was firstly added into
50 mL ethylene glycol and ultrasonicated for 30 min to form an
ink. Subsequently, 8 x 10~* mol NiCl,-6H,0, 1 x 10> mol
CuCl,-2H,0, 2 x 10~ * mol FeCl, were dissolved in the ink and
continuously stirred for another 15 min. Then, 1 g NaOH and
5 mL N,H,-H,O were added into the mixture solution. After
being stirred for 1 h, the black mixture was transferred to
a Teflon-line stainless autoclave and reacted at 200 °C for 10 h.
The sample was separated from the solution by centrifuging at
7000 rpm min " for 6 min. The product was then washed three
times with deionized water and isopropanol until the solution
became transparent. After being dried at 60 °C in an oven for
12 h, the Ni4Cu5Fe1/C powders were obtained. For the prepa-
ration of the Ni4Cu5/C catalyst, a similar process was conducted
where no FeCl, was added into the solution.

2.3 Electrode preparation

The catalyst ink for AOR was prepared by a similar method re-
ported in our previous work.* Carbon cloth (Fuel Cell Store,
product code: 7302007, wet proofing: 1-5%, thickness: 0.36 mm,
plane electrical resistivity < 5 mQ cm ™ ?) was used as the conduc-
tive substrate in this research. Before electrodes were made,
carbon cloth (2.5 x 2.5 cm?) was washed and sonicated in dilute
hydrochloric acid, deionized water, and isopropanol. 0.1 g catalyst
was mixed with 500 pL deionized water, 500 pL isopropanol, and
40 pL Nafion solution. The slurry was ultrasonicated for 30 min
and then continuously stirred at room temperature overnight.
Subsequently, the as-prepared catalyst ink was brushed onto the
washed carbon cloth and the carbon cloth was dried overnight in
a fume cupboard. The loading of catalyst was about 2.5 mg cm >
for both anode and cathode. For comparison, Pt/C electrode
(commercial 20 wt% platinum on carbon black, Alfa Aesar) was
prepared in the same way and the loading of Pt/C on carbon cloth
was 3.5 mg cm™ > (loading for pure Pt was 0.7 mg cm™ ).

The catalyst ink for ORR was prepared by blending catalyst
powder (10 mg) with 100 pL Nafion solution and 1000 uL
ethanol in an ultrasonic bath. 5 pL of catalyst ink was then
pipetted onto the glassy carbon disk. The working area of the
electrode was ~0.196 cm >, leading to a catalyst loading of
0.232 mg cm ™~ for all samples for rotating electrode tests. The
electrode was dried at 80 °C before electrochemical tests.

2.4 Materials characterizations

X-ray diffraction (XRD) patterns of the samples were recorded
with a 3rd generation Malvern Panalytical Empyrean equipped
with a Cu K, radiation (0.15419 nm). Scans were made in the
range 20-80° with a step size of 0.01313° and a counting time of
~34.4 s per step. Scanning electron microscopy (SEM) images
and energy dispersive X-ray spectroscopy (EDS) were obtained
through a field emission SEM (FE-SEM, Zeiss Supra 55-VP). High
resolution transmission electron microscope (HRTEM) and high-
angle annular dark-field transmission electron microscope
(HAAD-TEM) were conducted by a JEOL ARM 200F equipped with
an energy-dispersive X-ray spectrometer that allowed elemental
composition analysis. Raman spectra were performed with the
532 nm wavelength excitation (LabRAM HR800, HORIBA Jobin

This journal is © The Royal Society of Chemistry 2022
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Yvon, Villeneuve-d'Ascq, France). X-ray photoelectron spectros-
copy (XPS) measurements were conducted using a mono-
chromated 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 surface becoming positively charged during
the test, charge neutralization was employed and the spectra was
subsequently referenced to the C-C/C-H peak at 285.0 €V during
analysis. XRF spectra were acquired using a Rigaku Primus IV
wavelength dispersive X-ray fluorescence spectrometer equipped
with a 4 kW X-ray tube. Samples were scanned for approximately
5 min to obtain sufficient counts for quantitative analysis to be
carried out. The stability of AEM in ammonia fuel was conducted
by Fourier transform infrared spectroscopy (FTIR) spectra. One
AEM was immersed in 3 M KOH solution and the other was in
3 M KOH + 7 M NH; - H,O. Before FTIR test, both AEMs were left
for 24 h and then washed by deionized waster. All FTIR data were
collected on a Thermo Fisher iS50R FTIR spectrometer equipped
with a SpecAc Golden Gate ATR, using a KBr Beam splitter and
a DTGS room temperature detector. FTIR spectra were recorded
in the wavenumber range of 550 cm ' and 4000 cm ' with
a resolution of 4 cm ™. Automatic atmospheric suppression was
performed on all data, with a fresh background for each sample.

2.5 Electrochemical measurements

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

For the AOR test, the electrochemical characterization was
determined by cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and chronoamperometry techniques conducted on the
Solartron 1287A Electrochemical Station. Before testing, all elec-
trodes were electrochemically activated by potential cycling
between 0 V to 0.7 V vs. Ag/AgCl (100 cycles) at scanning rate of
50 mV s ' to obtain stable results. Then, the CV and LSV
measurements were recorded from 0 V to 0.7 V vs. Ag/AgCl with
a scan rate of 5 mV s ' and 2 mV s ' respectively. Chro-
nopotentiometry tests for the Ni4Cu5/C, Ni4Cu5Fe1/C and Pt/C
electrodes were recorded in 0.5 M KOH with 55 mM NH,CI at
a fixed potential of 0.5 V vs. Ag/AgCl. EIS for AOR was conducted
using the Solartron 1260A Electrochemical Station at a frequency
range of 1 M Hz to 0.01 Hz and fixed potential of 10 mV bias.

For the ORR test, the electrochemical characterization was
determined by CV, LSV, and chronopotentiometry techniques
conducted on the Solartron 1470E multichannel cell test
system. 0.1 M KOH solution was used as the electrolyte. Before
electrochemical measurements, the solution was deaerated by
continuous purging with high purity Ar/O, for 30 min. The
electrode was activated by running CV scans between 0.1 V and
—0.5 V vs. Ag/AgCl at a scan rate of 10 mV s~ for three cycles.
Then CV and LSV curves for ORR were measured at a scan rate
of 10 mV s~ . Chronopotentiometry tests for the Ni4Cu5/C and
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Ni4Cu5Fe1/C electrodes were recorded in 0.1 M KOH at fixed
potential of —0.3 V vs. Ag/AgCl.

The rotating disk electrode (RDE, PINE, AFMSRCE 3013)
tests were performed at various rotation speeds ranging from
100 to 1600 rpm with a scan rate of 10 mV s *. The electron
transfer number (1) of oxygen molecule was calculated from the
Koutecky-Levich plots using following equation:**-**

1 1 1 1 1

T 4
J JL+JK B&)l/2+JK ()

B = 0.62nFCyD,>* V"¢ (5)

where J is the measured current density, /x and J;, are the kinetic
and limiting current densities, w is the angular velocity of the
disk, 7 is the electron transfer number, F is the Faraday constant
(96 485 C mol™"), C, is the bulk concentration of O, (1.2 x
10~° mol cm73), D, is the diffusion coefficient of O, in 0.1 M
KOH (1.9 x 10~° em® s~ '), and Vs the kinematic viscosity of the
electrolyte (0.01 cm® s~ ).

2.6 Density functional theory (DFT) calculations

First-principles and the density functional theory (DFT) calcu-
lation method were performed using the Vienna Ab Initio
Simulation Package (VASP).**®* The projected-augmented-wave
(PAW) method was used. The generalized gradient approxima-
tion (GGA) and Perdew-Burke-Ernzerhof (PBE) functional are
chosen to describe the exchange-related interactions.®

The plane wave cut-off energy was set to 400 eV, the Ni4Cu5
and Ni4Cu5Fel alloys were constructed according to experi-
mental results. 10* eV and 0.01 eV A~* were used to converge
the energies and residual forces respectively. For the Ni4Cu5Fe1l
alloy, a 2 x 2 x 2 supercell was calculated on a 4 x 4 x 4 k-
point grid (Fig. S14t). The superstructure was employed with
five layers and a vacuum gap of 22 A was established to prevent
lower layers interacting with the periodic image. The bottom
two layers were fixed and top three layers were relaxed. A 3 x 3
x 1 k-point grid was constructed to sample the Brillouin zone.
The slab model of Ni4Cu5 was treated similar to the Ni4Cu5Fel
superstructure.

For the Ni4Cu5Fel alloy, the energy E,q4s of each adsorbed
intermediate was calculated by:

Eads - Elotal - Esub - Eadalom (6)

where Eiotal, Esub and Eagatom referred to the total energy of the
Ni4Cu5Fe1l alloy together with the adsorbate, the energy of the
Ni4Cu5Fe1 substrate and the energy of the isolated adsorbate.
The change of Gibbs free energy for ORR was calculated from
the equation:

AG = E,q — AZPE — TAS + AGy + AG,y 7)

where AZPE is the zero-point energy, AGy = —eU is the free
energy change resulting from an extra applied potential U vs.
standard hydrogen electrode (SHE). AG,y represented the
Gibbs free energy corrected by pH. AG,y = —kT'In 10 x pH.
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The free energy changes of the four processes for ORR could
be described as:

AG] = AGOOH* - 492 AGQ = AGo* — AGOOH* AG3
= AGOH* — AGo* AG4 = *AGOH* (8)

The overpotential (n) used to evaluate the catalytic perfor-
mance could be calculated using the following:*

7°"R = max(AGy, AGy, AGs, AGy) + 1.23 eV 9)

2.7 Fuel cell testing

An anion exchange membrane (AEM, Fumasep FAA-3-50,
product code: 5041622) was employed as the electrolyte. In
order to activate the membrane, the AEM was immersed in 1 M
KOH solution for 2 h and then washed with deionized water.
The symmetric fuel cell was successfully assembled using the
same Ni4Cu5Fe1/C as both the anode and cathode. The effective
area of the fuel cell was 1 x 1 cm>. A solution of 3 M KOH + 7 M
NH;-H,0 was pumped as the anodic flow field at 2 mL min~?,
whilst 150 mL min~' humidified air (CO,-free) was flowed as
the cathodic flow field. Back pressures of 1.4 bar, were applied
to the anode and cathode. The polarization curves and power
density curves were tested and obtained at different tempera-
tures using the Solartron 1287A Electrochemical Station. EIS of
the fuel cell was conducted by the Solartron 1260A Electro-
chemical Station at a frequency range of 1 M Hz to 0.01 Hz and
fixed potential of 10 mV bias.

3. Results and discussion
3.1 Structure and morphology

The strategy for synthesizing the Ni4Cu5Fex/C catalyst is illus-
trated Fig. 1a. Firstly, the precursor ions and carbon black were
uniformly dispersed in the ethylene glycol solvent by contin-
uous stirring. Then, an appropriate amount of reducing agent
was added to allow for the reduction of all transition metals.
After a solvothermal reaction at 200 °C for 10 h, a composite of
the ternary Ni4Cu5Fex nanoparticles and carbon black was
successfully obtained. Finally, the catalyst was separated and
collected by washing and centrifuging. The XRD patterns of
Ni4Cu5/C and different amounts of Fe embedded Ni4Cu5Fex/C
(x = 0.5, 1, 3, 5) are shown in Fig. 1b. In Ni4Cu5/C, diffraction
peaks appeared at 43.3°, 50.5° and 74.2° corresponding to the
(111), (200) and (220) planes of the bimetal respectively, which
conforms with the face-entered cubic NiCu (JCPDS no. 65-9047).
Compared to the control sample of Ni4Cu5/C, similar peaks
were observed for Ni4Cu5Fex/C. This is also consistent with
a previous report on Ni-Cu-Fe electrodes synthesized by elec-
trodeposition.*>*® It is worth noting that the Ni4Cu5Fe5/C
sample was a mixture of NiCuFe, carbon and Fe;O, (JCPDS
no. 89-0691), implying a second phase is formed when x = 5.
Therefore, only Ni4Cu5Fex/C samples with 0 = x =< 3 were
investigated in the following experiment. To clearly determine
the precise composition in alloys, the elemental ratio in

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Synthesis and characterization. (a) Schematic illustration of the preparation process of ternary NiCuFe alloy by solvothermal synthesis. (b)
XRD patterns of Ni4Cu5/C, Ni4Cu5Fe0.5/C, Ni4Cu5Fel/C, Ni4Cu5Fe3/C and Ni4Cu5Fe5/C. (c) Raman spectra of Ni4Cu5/C, Ni4Cu5Fe0.5/C,
Ni4Cu5Fel/C and Ni4Cu5Fe3/C. (d) SEM image, (e and f) TEM images and (g) HRTEM image (inset: FFT pattern of the corresponding nanoparticle)
of Ni4Cu5Fel/C sample. (h) HAAD-STEM image and corresponding EDS elemental mappings of Ni, Cu, Fe and C.

Ni4Cu5Fex was characterized by XRF. The results showed that
the ture compositions of the samples coincide with the
designed structures (Table S1}). For example, the elemental
ratio in Ni4Cu5Fel sample was Ni: Cu:Fe = 4:5.63:0.82.
There are some deviation in the final composition from the
initial molar ratio which is common when the samples were
synthesised by a hydrothermal synthesis process.

Compared to the characteristic high peak intensities of the
alloy component, the XRD diffraction peaks of carbon are
hardly visible. Fortunately, the existence of the carbon matrix
can be confirmed by Raman spectroscopy. Fig. 2c shows the
Raman spectra of all of the above four samples, in which the
peaks positioned at ~1357 and ~1583 cm ' represent the
disorder carbon (D-hand) and graphitic carbon (G-band)
respectively.® Commonly, the graphitization degree and
defect density of carbon-based materials can be roughly

This journal is © The Royal Society of Chemistry 2022

estimated by calculating the intensity ratio Ip/I of the D and G
bands.®” The calculated I,/I; values were found to be 0.81, 0.88,
0.91 and 0.78 for the Ni4Cu5/C, Ni4Cu5Fe0.5/C, Ni4Cu5Fel/C
and Ni4Cu5Fe3/C samples respectively. The comparatively
higher I/I; value of the Ni4Cu5Fe1/C electrocatalyst compared
to other samples points to the presence of higher number of
defect sites in the Ni4Cu5Fe1/C. Such defect sites are known to
be beneficial towards enhancing various activity, such as ORR,
OER and HER.**°%¢8

The morphology of the as-prepared Ni4Cu5Fel/C electro-
catalyst was characterized by FESEM. The sample was
composed of nanoparticles and no large particles were observed
(Fig. 1d). Nanoparticle spatial distributions may have a large
significance on catalyst stability.®® According to the EDS
mapping images and EDS spectrum of the Ni4Cu5Fel/C
powders (Fig. S1}), elements Ni, Cu, Fe can be clearly
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observed and the distribution of these elements is homoge-
neous. However, it is hard to observe the distribution of C in the
powders due to the influence of the conductive tape. In order to
reveal the intermetallic microstructure, TEM measurements on
Ni4Cu5Fe1/C were carried out. From Fig. 1e and f, small alloy
particles embedding carbon nanoparticles can be seen. The
ultra-small particle sizes and large surface areas of Ni4Cu5Fe1/
C lead to more exposed active sites for the catalytic reaction to
take place. It is worth noting that the carbon networks in the
catalyst enable fast electron transport, which is a key factor for
the catalytic process. The HRTEM image (Fig. 1g) and Fast-
Fourier-Transform (FFT) pattern (inset in Fig. 1g) display the
interplanar spacing of 0.201 nm corresponding to dq4; of fcc-
alloy. Ni, Cu, Fe atoms were uniformly distributed over the
alloy particles at the same locations, further proving the
formation of the Ni-Cu-Fe alloy (Fig. 1h).

3.2 Bifunctional catalytic activities

The AOR activities of the Ni4Cu5Fex/C catalysts were measured
in alkaline media. Firstly, CV measurements of binary Ni4Cu5/C
and ternary Ni4Cu5Fel/C were performed in Fig. 2a. Both
samples showed a pair of similar redox peaks in 0.5 M KOH
media, which are attributed to the transformation between the
Ni** and Ni*" species.*>¥” In addition, compared to the binary
Ni4Cu5/C catalyst, the modified ternary alloy showed a higher
current density. When 55 mM NH,CI was added into the elec-
trolyte, a remarkable increase of anodic current density was
observed in both samples, with the ternary alloy presenting

18706 | J. Mater. Chem. A, 2022, 10, 18701-18713

a higher AOR activity (Fig. 2b). The LSV curves also demon-
strated the positive effects of Fe in the Ni-Cu-Fe catalyst
towards the electro-oxidation of ammonia (Fig. S27), which is
consistent with previous results.*> To gain insight into the effect
of Fe on the ammonia oxidation performances of Ni4Cu5Fex
alloys, different amounts of Fe embedded alloys were syn-
thesised and tested for their catalytic activity. From Fig. S3,} it
can be deduced that the optimal x amount of Fe in Ni4Cu5Fex is
1. In order to understand the AOR process, CV curves of
Ni4Cu5Fe1/C obtained under different scan rates were acquired
(Fig. S4at). There was a distinct linear trend against scan rate
(2-25 mV s~ ). A linear relationship (R* = 0.998) between the
square root of the scan rates and the values of current density
was obtained, indicating a diffusion-controlled AOR process of
Ni4Cu5Fel catalyst (Fig. S4bt).”*"

The working conditions, such as the alkalinity and ammonia
concentration are crucial to the ammonia oxidation perfor-
mance. The effect of pH value on the AOR activity is shown in
Fig. 2¢, which reveals that a higher alkaline concentration led to
higher current density. When an ammonia solution containing
0.2 M KOH was used as electrolyte, the AOR activity of
Ni4Cu5Fe1/C was not good. However, as the OH ™ concentration
increased from 0.5 M to 1 M, the current density enhanced from
31 to 71 mA cm™” at a potential of 0.55 V vs. Ag/AgCl. The LSV
curves also confirmed the positive effect of alkaline conditions
(Fig. S51). By comparing a series of Nyquist plot semicircles, it
was clearly revealed that charge transfer resistance was rela-
tively smaller in high KOH concentration (Fig. 2d), indicating

This journal is © The Royal Society of Chemistry 2022
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the rapid mass transfer and charge transport in the presence of
higher concentration of KOH solution.”® When the ammonia
content was raised from 20 to 100 mM at a potential of 0.55 Vvs.
Ag/AgCl, the current density increased from 17 to 31 mA cm 2
(Fig. S6t). These findings show that by increasing the pH value
and ammonia concentration, the AOR activity of the
Ni4Cu5Fe1/C catalyst improves. This is also compatible with
eqn (1), since the reaction shifts to the right as reactant
concentration increases.

Besides activity, long-term stability is another essential
criterion for the applicability of catalysts. The CV curves of the
Ni4Cu5Fe1/C electrode in 0.5 M KOH + 55 mM NH,CI solution
were measured over 100 cycles at a scan rate of 50 mV s~ '
(Fig. 2e). In comparison with the initial CV curve, a slightly
increase in current density at 0.5 V vs. Ag/AgCl was observed in
the last CV curve, which was attributed to the activation of
NiCuFe by possible formation of metal hydroxides and oxy-
hydroxides.*””> Chronoamperogram testing was further studied
to evaluate the stability of the ternary alloy electrode using
a potential fixed at 0.5 V vs. Ag/AgCl in 0.5 M KOH + 55 mM
NH,CI (Fig. 2f). Compared to the continuous declining current
of un-modified Ni4Cu5/C, the Ni4Cu5Fe1/C catalyst was able to
hold excellent AOR activity based on its high current density. It
is worth noting that the current density of Ni4Cu5Fe1/C grad-
ually increased during the first 4 h, which is consistent with the
observation on CV cycling test. All the above results demon-
strate the excellent AOR activity and stability of the ternary
Ni4Cu5Fe1/C catalyst.

Considering the potential bifunctional activity, the ORR
activity of Ni4Cu5Fe1/C alloy was also evaluated via CV, LSV and
chronoamperometric techniques in alkaline solution at room
temperature. There was a strong ORR cathodic peak at —0.14 V
vs. Ag/AgCl in the CV curves of the Ni4Cu5Fel/C catalyst
recorded in O,-saturated 0.1 M KOH solution. However, there
was no obvious reduction peak recorded in Ar-saturated solu-
tion (Fig. 3a). Remarkably, Ni4Cu5Fe1/C displayed a more
positive oxygen reduction peak and a higher CV peak current
density than those of Ni4Cu5/C (Fig. S7t), implying a strong
electronic interaction between Fe and Ni/Cu. These results
preliminarily confirmed the excellent ORR activity of
Ni4Cu5Fe1/C. The ORR polarization curves were recorded at
a rotation speed of 1600 rpm and proved that Ni4Cu5Fel/C
demonstrated a much higher onset potential, half-wave poten-
tial and larger current density (Fig. 3b). To gain further insight
in the ORR kinetics, Tafel plots of these two catalysts were fitted
(Fig. 3c). The Tafel slope of Ni4Cu5Fe1/C (103 mV dec™ ') was
smaller than that of Ni4Cu5/C (111 mV dec '), indicating that
the incorporation of Fe into NiCu induces faster electrokinetic
processes of water oxidation on the surfaces of ternary alloy.

Furthermore, RDE measurements were performed at
different rotating speeds between 100 to 1600 rpm to obtain the
Koutecky-Levich (K-L) plots of the Ni4Cu5Fe1/C catalyst. The
limiting current density of this catalyst increased with
increasing rotating speed due to the gradually shortened
diffusion distance (Fig. 3d).” The calculated average transfer
number of Ni4Cu5Fel1/C varied from 3.8 to 4 (Fig. S8%), illus-
trating the ORR process of the catalyst is a 4e~ dominant

This journal is © The Royal Society of Chemistry 2022
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process. This result suggests that the Ni4Cu5Fel/C catalyst
could directly reduce oxygen to water and the migration of
adsorbed oxygen intermediates is likely to be the rate-
determining step for the ternary alloy catalyst.”® The effect of
scan rate on the cathodic peak currents at —0.3 V vs. Ag/AgCl is
shown in Fig. S9a.t The linear relationship between the square
root of the scan rate and current density indicates a diffusion-
controlled process for Ni4Cu5Fe1/C (Fig. S9bt).”

For the practical applications of DAFC, tolerance to
ammonia crossover is a challenging issue for ORR catalysts
since this results in a drop in cell power and efficiency.'®
Compared to common precious-metal-based catalysts where
ORR activity would significantly decrease due to surface
poisoning,” the polarization curve of the ternary alloy showed
negligible change in the presence of NH,Cl. This indicates that
ammonia does not noticeably affect ORR activity of the catalyst
(Fig. 3e). The carbon embedded structure may play an impor-
tant role in the ORR catalyst in terms of ammonia tolerance
since a similar phenomenon has been confirmed in other
methanol-tolerant ORR electrocatalysts.” In addition,
Ni4Cu5Fe1/C showed good electrochemical stability in alkaline
solution, maintaining high current applied after 9000 s,
surpassing the Ni4Cu5/C stability under the same experimental
conditions (Fig. 3f). Overall, the high ORR activity, tolerance to
ammonia and robust stability of Ni4Cu5Fe1/C indicates that
this catalyst could also be a good cathode in DAFCs. With the
AOR/ORR bifunctional activity of Ni4Cu5Fel/C, it becomes
possible to apply it as both anode and cathode in a symmetric
direct ammonia fuel cell.

3.3 Bifunctional catalytic mechanism of Ni4Cu5Fe1/C

In the DAFC, the catalytic reaction at the anode side is AOR and
at the cathode side is ORR. The Ni4Cu5Fe1/C electrode after
AOR is hereby referred to as Ni4Cu5Fel/C anode and the
Ni4Cu5Fe1/C electrode after ORR as Ni4Cu5Fe1/C cathode. SEM
images of the Ni4Cu5Fel/C electrode before and after the
catalytic reaction are shown in Fig. 4a-c. Ni4Cu5Fe1/C nano-
particles before the test were uniformly deposited on the carbon
cloth, although some agglomeration of the particles was
observed (Fig. 4a). According to the EDS mapping images and
EDS spectra (Fig. S117), elements Ni, Cu, and Fe can be clearly
observed. The SEM images of the Ni4Cu5Fe1/C anode and
cathode showed no observable change in composition and
distribution of the Ni4Cu5Fe1 nanoparticles (Fig. 4b, ¢ and S11,
S127), indicating robust structural stability of the carbon
capsulated ternary alloy. The EDS analysis confirms that the
nanoparticles were still composed of the elements Ni, Cu, and
Fe (Fig. S10-S127).

To gain further insight on the structural changes, XRD
analysis of the Ni4Cu5Fe1/C electrodes before and after tests
was conducted (Fig. 5d). Unsurprisingly, before the catalytic
reaction, the Ni4Cu5Fel/C electrode only consisted of the
ternary alloy and carbon cloth substrate. After the ammonia
oxidation process, two new phases of metal hydroxide and CuO
appeared on the surface of the anode. The metal hydroxide
belonged to the Ni-Cu-Fe-(OH), phase and can be supported by
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Fig. 3 ORR activity. (a) CV curves of Ni4Cu5Fel/C in Ar or O,-saturated 0.1 M KOH. (b) LSV curves and (c) Tafel plots of Ni4Cu5/C and
Ni4Cu5Fel/C in O,-saturated 0.1 M KOH at 1600 rpm. (d) LSV curves of Ni4Cu5Fel/C in O,-saturated 0.1 M KOH at different rotation speeds. (e)
LSV curves of Ni4Cu5Fel/C in O,-saturated 0.1 M KOH or 0.1 M KOH + 10 mM NH4CL. (f) Chronoamperogram of Ni4Cu5/C and Ni4Cu5Fel/C

electrodes in 0.1 M KOH at fixed potential of —0.3 V vs. Ag/AgCL.

the transformation of NiCuFe — Ni-Cu-Fe-(OH), — Ni-Cu-
Fe-OOH which has been proven in other Ni-based AOR cata-
lysts.*>*” As mentioned above, nickel hydroxides and/or oxy-
hydroxides are the real active centers during ammonia
oxidation. The formation of CuO at the surface of AOR catalyst
has a positive effect to AOR. On one hand, CuO itself is an active
catalyst to AOR, which has been proved in previous
reports.*®””7®  For through Raman and CO-
(TPR) measurements,
Han et al. proved that superoxo species (O, ) as key active sites
produced on CuO surface have led ammonia molecules to be
stepwise oxidized.” On the other hand, the presence of CuO can
improve the performance of the catalysts. Khan et al. reported
that CuO dispersed on the surface of the catalyst generate
synergy and coupling effects for ammonia adsorption.” In
addition, active oxygen is essential for the AOR and CuO
exhibits excellent oxygen storage and activation abilities.**”®
Therefore CuO dispersed on the surface of the catalyst is posi-
tive to ammonia oxidation process. The evolution of the
composition during the AOR process leads to an improvement
of catalytic activity as can be seen in CV cycling and chro-
noamperogram tests (Fig. 2e and f). For the Ni4Cu5Fel/C
cathode, only a new metal hydroxide phase is observed. A
synergic effect between the metal and metal hydroxide accel-
erates high eletrocatalytic activity and fast electron transfer.*
The structural changes before and after catalytic reactions
were also confirmed by Raman spectra (Fig. 4e). Compared to
the original ternary alloy catalyst, the electrodes after AOR and
ORR both presented two obvious Raman bands, which are
located at 230-310 cm ' and 460-600 cm ' respectively.

example,
temperature-programmed reduction

18708 | J Mater. Chem. A, 2022, 10, 18701-18713

According to literature, these two broad Raman bands both
correlate to Ni(OH),, and the broad sharp bands imply that the
introduction of metal hydroxides at the surface may be rich in
defects.®*® It is worth noting that the Raman band of 230-
310 cm™ " in Ni4Cu5Fe1/C anode was higher and broader than
that in the Ni4Cu5Fe1/C cathode. In order to understand the
structure better, this Raman peak can be fitted with three peaks
at positions of 272, 280 and 323 cm ™. The former fitting peak
belonged to Ni(OH),. The peak observed at 280 and 323 cm ™"
are attributed to the A, mode and B; of CuO respectively.®
Furthermore, the Raman observation is consistent with the XRD
results.

The phenomenon of surface reconstruction was also
confirmed by XPS analysis. Fig. 4f showed the Cu 2p core level
spectra of Ni4Cu5Fe1/C before and after catalytic reaction. All
the spectra were corrected using the C 1s signal located at
285.0 eV. The XPS spectra of Ni4Cu5Fe1/C and Ni4Cu5Fel/C
cathode both showed five characteristic peaks located at
933.3 eV (Cu(0)/Cu,0), 935.2 eV (Cu(OH),), along with compo-
nents at 939.9 eV, 942.7 eV and 945.0 eV corresponding to
Cu(OH), shake-up features. It is worth noting that Cu(0) and
Cu,0 is essentially impossible to distinguish by this deconvo-
lution due to the chemical shift being lower than the resolution
of the analyser.?” Conventionally, one would attempt to resolve
this using the Cu LMM Auger emission, but the intensity was
too low to facilitate an adequate spectrum. As fitting the curves
of the Ni4Cu5Fe1/C anode are complex, an enlarged figure is
placed in Fig. S13.f Beside the five peaks listed above, the
Ni4Cu5Fe1/C anode exhibited five additional components at
binding energies of 933.6 eV, 935.0 eV, 941.0 eV, 942.3 eV,

This journal is © The Royal Society of Chemistry 2022
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944.2 eV, which could be attributed to CuO.*® The phenomenon
of a new CuO phase after AOR is consistent with the observation
in XRD. The XPS data from the Cu-Ni 3p regions in Fig. 4g
showed that all samples only contained Ni** (Ni(OH),). Unfor-
tunately due to the overlap between Fe LMM Auger emission
and the Ni 2p photoemission, it was not possible to extract
meaningful conclusions from the Ni 2p energy level. We also
noted that the ratios of surface Ni/Cu/Fe varied significantly
after catalytic reactions. The atomic percentages of the three
different metals before and after catalytic reaction were calcu-
lated and presented in Fig. 4h. In the original Ni4Cu5Fe1/C
sample, all three metal elements were observed, and the
content of Cu was the highest and the content of Fe was the
lowest. This coincided with the preparation of the catalyst. After
catalytic reactions, more Ni appeared on the external surface of
the anode and cathode, indicating the formation of the
hydroxide. This once again confirms the important role of the
nickel hydroxide in AOR and ORR. More interestingly, the
atomic percentages of Fe also increased to 5% and 4% at anode

This journal is © The Royal Society of Chemistry 2022

and cathode side respectively. This means more Fe was exposed
on the surface during the ammonia oxidation and oxygen
reduction process, and is benefical for these two catalytic
reactions.

The positive effect of Fe on NiCu-based catalysts for the
ammonia oxidation process has been previously demonstrated
using DFT simulation.*” It was found that Fe atom preferred to
stay close to the Cu atom rather than the Ni atom to form
a cluster for the sake of achieving lower formation energy.
During the AOR process, the adsorption of ammonia on the
catalyst surface was considered to be the limiting step due to the
high energy barrier.”*** When Fe was doped into NiCu, the
energy barrier to ammonia adsorption decreased sharply, which
was attributed to the decline of thermodynamic energy and the
lower of kinetic energy. This calculation is consistent with the
result of our experiment, which also confirmed excellent AOR
performance of Ni4Cu5Fel alloy. In order to further clarify the
effect of Fe in the Ni4Cu5Fel1 catalyst for the ORR, the Gibbs free
energies for appropriate reaction steps on two models were

J. Mater. Chem. A, 2022, 10, 18701-18713 | 18709
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Ni4Cu5Fel/C at different temperatures. (c) Nyquist plots of EIS spectra measured for symmetric DAFC-Ni4Cu5Fel/C. (d) Comparison of OCVs
and power densities from this work and those of other direct ammonia fuel cells based on non-precious-metal catalysts.

calculated. A similar calculation was performed for Ni4Cu5. The
crystal structure models of these two alloys were built
(Fig. S147). Overpotential is an important parameter to evaluate
the catalytic performance of the ORR. Fig. 4i shows the Gibbs
free energy diagram of the initial steps in ORR. Ni4Cu5Fel
exhibits a lower 7°%" value (0.86 eV) than that of Ni4Cu5 (1.19
eV), which clearly illustrates the positive effect of Fe on ORR.
This suggests that the activity for ORR can be very different at
different level of Fe doping.

3.4 Performance of symmetric direct ammonia fuel cell

A schematic illustration of a typical symmetric DAFC is depicted
in Fig. 5a. The membrane electrode assembly (MEA) was
composed of the Ni4Cu5Fe1/C electrodes and an AEM. Oxygen
consumes electrons and generates hydroxyl ions at the cathode
side. Hydroxyl ions migrate from cathode to anode side through
the AEM. At the anode side, ammonia molecules react electro-
chemically with hydroxyl ions and are oxidized to provide
electrons. Different from other reported low temperature DAFC
which consists of two kinds of catalysts, the anode and cathode
used in this work are identical, both being based on Ni4Cu5Fe1/
C catalyst (loading: 2.5 mg cm™2). The design of a symmetric
DAFC not only simplifies the integral device configuration, but
also saves time and effort by only preparing a single catalyst.

18710 | J Mater. Chem. A, 2022, 10, 18701-18713

Additionally, in order to be close to practical use, the cathode
side is fed with compressed air (CO,-free) instead of pure
oxygen in our experiment.

According to previous work, cell operating conditions, such
as hydroxide concentration and operating temperature, have an
important effect on catalytic kinetics, and consequently, fuel
cell performance.'® Ideal hydroxide concentration for DAFCs
has been reported to be 3 M KOH, since this can minimize the
AOR onset potential and obtain a maximum peak current
density."”'® Therefore, in the following experiments, the anode
feedstock is fixed to 3 M KOH + 7 M NH;-H,0. Firstly, the
stability of AEM under ammonia solution was checked. From
the Fig. S151 we can see the structure of AEM did not change
when it immersed in 3 M KOH + 7 M NH;-H,O for 24 h. It
indicated the good stability of AEM in ammonia solution for
along time. Then, the symmetric DAFC-Ni4Cu5Fe1/C was tested
at different operating temperatures and the results are shown in
Fig. 5b. When operating at a low temperature (40 °C), the cell
OCV and power density were both poor, 0.35 V and 0.29
mW cm ' respectively. This is because the overpotential of
catalytic reactions is high and the DAFC has not been fully
activated. The cell performance increased as the operating
temperature was raised from 40 °C to 80 °C (Fig. 5b). A signif-
icant improvement in AOR was observed at higher temperature,

This journal is © The Royal Society of Chemistry 2022
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which is due to the enhancement of onset potential and larger
peak current density of the AOR.*® To further study the effect of
temperature on the fuel cell performance, the EIS spectra for the
symmetric DAFC at different operating temperatures were
tested. From Fig. 5c, it can be seen that the cell resistance was
very high at a low temperature (40 °C). A significant decrease
was observed when the temperature increased from 40 °C to
60 °C following by a sluggish increase from 60 °C to 80 °C. The
measured area-specific resistance (ASR) was 0.8 Q cm? at 80 °C.
At 80 °C, a maximum OCV and power density of 0.62 V and 8.9
mW cm™? were obtained respectively. A comparison of the
symmetric DAFC with other reported low temperature ammonia
fuel cells based on non-precious metal-based catalysts are noted
(Fig. 5d and Table S2t).'**>%°* The results demonstrate the
excellent bifunctional catalytic activity of ternary Ni4Cu5Fel
which can be used in a symmetric DAFC. It is worth noting that
the stability of the symmetric DAFC is not good at high
temperature due to the limitation of the commercial AEM with
an operating temperature up to 60 °C and for a very short time
at 80 °C. The power density of the symmetric DAFC may be
further improved by increasing the operating temperature if
a more stable alkaline membrane is used.”

4. Conclusions

In summary, we have successfully constructed a bifunctional
ternary Ni4Cu5Fex/C alloy catalyst via a simple solvothermal
method for DAFC applications. TEM images showed that alloy
particles embedded in a carbon network formed nanoparticle
catalysts. The optimal NiCuFe catalyst at a nominal molar ratio
of 4:5:1 showed excellent AOR activity and stability as
compared to the Ni4Cu5/C electrode in alkaline solution. The
kinetic activity of AOR is strongly dependent on the alkaline
concentration and ammonia concentration, which resulted in
higher pH values and ammonia content facilitating AOR activity
of the Ni4Cu5Fe1/C catalyst. In addition, the introduction of Fe
into NiCu alloy also improved ORR activity. RDE measurements
indicated that the ORR process of Ni4Cu5Fel/C catalyst is a 4e~
dominant process. Negligible change in ORR in the presence of
NH,CI and good electrochemical stability indicated that this
ternary alloy catalyst could be a good cathode in DAFC. Exper-
imental results and DFT calculations demonstrated that the
excellent bifunctional catalytic activities of Ni4Cu5Fe1/C mainly
arise from surface reconstruction during the catalytic reactions
and the positive effects of Fe. When this bifunctional catalyst
electrode was assembled with a commercial AEM into a single
cell, the symmetric DAFC demonstrated an OCV and power
density of 0.62 V and 8.9 mW cm 2 at 80 °C respectively. This
work not only highlights the importance of optimizing the
composition of alloys as a simple strategy to provoke bifunc-
tional activity, but also would provide inspiration on the design
and development of symmetric DAFCs.
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