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Abstract
With increasing interest in direct ammonia fuel cells, designing and developing high-
activity electrocatalysts for the electrochemical ammonia oxidation reaction has 
become a critical research focus. In this work, a nickel foam-supported nickel–cobalt 
layered double hydroxide/platinum composite (Pt-NiCo-LDH) was synthesized 
through electrochemical deposition and displacement reactions for enhanced 
electrocatalytic activity. Key synthesis parameters, including reaction temperature 
and chloroplatinic acid hexahydrate (H2PtCl6 6H2O) concentration, were systematically 
optimized. Electrochemical characterization using cyclic voltammetry revealed that 
the optimal catalyst – synthesized in a solution containing 450 μL deionized water 
and 1,050 μL 0.1 moL/L H2PtCl6·6H2O at 20°C for 8  h – showed an oxidation peak 
current of 154.60 mA and a low onset potential of −0.38 V (versus mercury/mercury 
oxide), indicating exceptional catalytic activity. The support of nickel foam provided 
favorable conditions to deposit NiCo-LDH nanowires, providing sites for the growth 
of platinum nanoparticles, thus promoting the catalytic activity of the Pt-(NiCo-LDH) 
electrocatalyst.

Keywords: Electrocatalyst; Ammonia oxidation reaction; Nanocomposite; Platinum; 
Nickel–cobalt layered double hydroxide

1. Introduction
With the continuous consumption of fossil fuels, the development and application of 
clean energy sources have received increasing attention.1-3 Among these, hydrogen is 
considered one of the ideal energy carriers.4 However, currently, hydrogen is primarily 
produced from fossil fuels, which is accompanied by the generation and emission of 
carbon dioxide. In addition, the application of hydrogen is also limited by challenges 
related to storage and transportation.5 In contrast, ammonia, owing to its high energy 
density, rich hydrogen content, and low safety risks, has garnered significant attention.6 
On one hand, decomposing ammonia into nitrogen (N2) and hydrogen can address the 
problems associated with hydrogen storage and transportation. On the other hand, the 
electrochemical oxidation reaction of ammonia can be applied to remove ammonia 
nitrogen in water bodies – thereby addressing environmental issues – and for the design 
and development of direct ammonia fuel cells.7,8 The combustion of direct ammonia 
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fuel cells produces only water as a byproduct, making it an 
extremely clean fuel.

Considerable research efforts have focused on 
electrocatalysts for the ammonia oxidation reaction 
(AOR). Among noble metals, platinum (Pt) showed the 
best electrocatalytic activity compared to others. Various 
morphologies of pure Pt, including cubic Pt,9 sheet-like Pt,10 
and flower-like Pt,11 have been reported as catalysts for the 
electrochemical AOR. These different morphologies can 
be achieved by controlling the electrodeposition potentials 
and using surfactants. In addition, to further improve AOR 
activity, research has extended to certain Pt-based binary 
and ternary electrocatalysts. Vooys et al.12 established the 
nitrogen adsorption strength trend as follows: Ruthenium 
> rhodium > palladium > iridium > Pt >> gold, silver, and 
copper.12 Therefore, Pt-based alloys, including Pt-nickel 
(Ni), Pt-iridium, and Pt-gold, have been synthesized, 
showing superior electrocatalyst performance compared to 
pure Pt. In addition, certain oxides, such as yttrium oxide,13 
stannic oxide,14 and cerium oxide,15 have also been used to 
modify Pt. For example, cerium oxide-modified Pt showed 
better AOR performance, including lower onset potential 
and higher oxidation peak current, compared to pure Pt.

In regard to transition metals and their oxides/
oxyhydroxides, Ni has been regarded as a promising 
candidate for AOR electrocatalysts. However, challenges 
remain, such as the compromised long-term stability 
of Ni due to corrosion during ammonia electrolysis. To 
overcome these issues, various Ni-based materials have 
been developed, including Ni–copper alloys,16 copper 
oxide/Ni hydroxide,17 Ni–copper oxyhydroxide,18 Ni–
copper–iron oxyhydroxide,19 and Ni–cobalt (Co) layered 
double hydroxides. These materials aim to control the 
electron structure and the adsorption of ammonia. For 
example, Ren et al.20 synthesized copper oxide/Ni through 
a one-step replacement reaction and used charge density 
difference and Mulliken charge analyses to explain the 
enhanced electrocatalytic performance.20 Wang et al.21 
developed a boron-modified Ni–iron layered double 
hydroxide (NiFe-LDH) supported on Ni foam (NF), where 
boron nanoclusters served as charge bridges to regulate 
electron redistribution in NiFe-LDH and expose more 
active metal sites.21

In this work, to fabricate a high-performance 
electrocatalyst for AOR, NiCo-LDH nanowires were 
first electrodeposited onto NF, followed by the growth 
of Pt nanoparticles through a galvanic replacement 
reaction. The ratio of chloroplatinic acid hexahydrate 
(H2PtCl6∙6H2O), reaction time, and reaction temperature 
were systematically controlled, and the resulting samples 
were characterized. In addition, the samples were analyzed 

using scanning electron microscopy (SEM; ZEISS 300, 
HITACHI, Japan) and X-ray photoelectron spectroscopy 
(XPS; ESCALAB 250XI, Thermofisher, USA).

2. Methodology
2.1. The synthesis of nickel–cobalt layered double 
hydroxide/platinum composite

2.1.1. Pre-treatment of nickel foam

The NF was first cut into thin sheets measuring 10 mm × 
25 mm × 1 mm. The sheets were then placed into a 50 mL 
beaker and immersed in 3 mol/L hydrochloric acid for 
10 min. Next, the NF was transferred to ethanol (analytical 
reagent grade; Tianli Chemical Reagent Company, China) 
and sonicated for 10  min. Finally, the NF was washed 
with deionized water and dried in an oven (Shangcheng 
Instrument Manufacturing Company, China) at 50°C for 
later use. The resulting sample is referred to as NF.

2.1.2. Preparation of nickel–cobalt layered double 
hydroxide

First, 0.571  g of Ni(II) chloride hexahydrate (analytical 
reagent grade; Shanghai Macklin Biochemical Co., 
Ltd. China) and 0.195  g of Co(II)chloride hexahydrate 
(analytical reagent grade: Shanghai Macklin Biochemical 
Co., Ltd. China) were added into 50 mL of deionized water 
and stirred to form a homogeneous solution. Subsequently, 
0.30  g of urea (analytical reagent grade; Shanghai 
Macklin Biochemical Co., Ltd. China) was added to the 
aforementioned mixed solution, followed by magnetic 
stirring for an hour to ensure complete homogenization. 
The resultant mixture and a cleaned NF substrate were 
transferred into a 100  mL teflon-lined stainless-steel 
autoclave (Wanruigude Company, China), which was then 
sealed and maintained at 120°C for 12  h in an electric 
oven (Shangcheng Instrument Manufacturing Company, 
China). After naturally cooling to room temperature, the 
obtained sample was collected, rinsed, and denoted as 
NiCo-LDH.

2.1.3. Preparation of platinum–(nickel–cobalt layered 
double hydroxide)

Nickel–cobalt layered double hydroxide was placed into 
4  mL centrifuge tubes. Then, 150 μL, 300 μL, 450 μL, 
and 600 μL of H2PtCl6·6H2O (0.1 mol/L) (analytical 
reagent grade; Shanghai Macklin Biochemical Co., Ltd. 
China) were added into the centrifuge tubes along with 
1,350 μL, 1,200 μL, 1,050 μL, and 900 μL of deionized 
water, respectively, to obtain a solution with a volume of 
1,500 μL. The mixtures were placed in a water bath at 20°C 
for 8 h. The obtained Pt-(NiCo-LDH) samples were labeled 
as Pt-(NiCo-LDH)-X (X = 1, 2, 3, 4). Under the optimal 
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concentration of 450 μL of H2PtCl6·6H2O (0.1 moL/L) and 
1,050 μL of deionized water, the temperature of the water 
bath was controlled at 30°C, 40°C, and 50°C, with heating 
maintained for 8 h. The obtained samples were named as 
Pt-(NiCo-LDH)-X (X = 5, 6, 7). In addition, the sample 
prepared without H2PtCl6·6H2O (0.1 moL/L) was named 
NiCo-LDH-8, the sample prepared without NiCo-LDH 
was named Pt-NF-9, and the NF was designated NF-10. 
Figure  1 shows the synthesis process of NiCo-LDH and 
Pt-(NiCo-LDH)-X.

3. Results and discussion
In this work, ammonium chloride (NH4Cl) was used as the 
ammonia source. The cyclic voltammetry (CV) technique 
was employed to analyze the electrochemical reactions 
based on the peak current, peak potential, and related 
parameters.22 The oxidation peak current is one of the 
important parameters to evaluate the activity of catalysts. 
Higher peak currents indicate better catalytic activity, 
characterized by faster electron transfer, accelerated 
electrode reaction rates, and lower reaction resistance. 
To select the best synthesis condition of the catalyst, the 
CV technique was conducted on all catalysts for the AOR. 
The oxidation reaction peak currents were collected and 
used as a key parameter to evaluate the catalyst activity. 
In addition, to obtain an electrocatalyst with excellent 
catalytic performance, the volume of H2PtCl6 6H2O and 
the reaction temperatures of H2PtCl6 6H2O and NiCo-
LDH were regulated.

First, the concentrations of H2PtCl6 6H2O were studied. 
Figure  2A-D shows the CV curves of the Pt-(NiCo-
LDH)-X (X = 1, 2, 3, 4) catalysts synthesized with H2PtCl6 
6H2O volumes ranging from 0.15 mL to 0.60 mL. In the 
1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M 
NH4Cl solutions, a distinct oxidation peak emerged at 

Figure  1. The synthesis process of nickel (Ni)–cobalt layered double 
hydroxide and platinum–(Ni–cobalt layered double hydroxide)-X

Figure  2. The cyclic voltammetry curves of platinum–(nickel–cobalt layered double hydroxide)-X (Pt-[NiCo-LDH]-X). (A) Pt-(NiCo-LDH)-1, 
(B) Pt-(NiCo-LDH)-2, (C) Pt-(NiCo-LDH)-3, and (D) Pt-(NiCo-LDH)-4 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium 
chloride (NH4Cl) solutions. Hg/HgO refers to mercury/mercury oxide used as the reference.

A B

C D
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Figure  4. The cyclic voltammetry curves of platinum–(nickel–cobalt layered double hydroxide)-X (Pt-[NiCo-LDH]-X). (A) Pt-(NiCo-LDH)-3, 
(B) Pt-(NiCo-LDH)-5, (C) Pt-(NiCo-LDH)-6, and (D) Pt-(NiCo-LDH)-7 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium 
chloride (NH4Cl) solutions. Hg/HgO refers to mercury/mercury oxide used as the reference.

A B

C D

Figure 3. The cyclic voltammetry curves of (A) platinum–(nickel–cobalt layered double hydroxide) (Pt-[NiCo-LDH]-X) (X = 1, 2, 3, 4), (B) Pt-(NiCo-
LDH)-X (X = 3, 5, 6, 7), (C) Pt-(NiCo-LDH)-3, NiCo-LDH-8, Pt-Ni foam (NF)-9, and NF-10 catalysts in the mixed solution of 1 M potassium hydroxide 
and 0.1 M ammonium chloride, and (D) the oxidation peak currents of all catalysts. Hg/HgO refers to mercury/mercury oxide used as the reference.

A B C

D
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approximately −0.05 V. Figure 3A shows the CV curves of 
Pt-(NiCo-LDH)-1, Pt-(NiCo-LDH)-2, Pt-(NiCo-LDH)-3, 
and Pt-(NiCo-LDH)-4 catalysts in the mixed solution of 1 
M KOH and 0.1 M NH4Cl, with oxidation peak currents 
shown in Figure 3D. Notably, with an increasing volume 
of H2PtCl6 6H2O, the oxidation peak current exhibited 
a notable upward trend, escalating from 74.47  mA to 
154.60  mA, indicating an enhanced catalytic activity. 
However, at 0.6  mL, the catalytic activity of Pt-(NiCo-
LDH)-4 decreased significantly to an oxidation peak 
current of 116.15  mA. This indicated that during the 
displacement process between PtCl6

2-  and Co2+, a large 
quantity of Co2+ was consumed, and excessive H2PtCl6 
6H2O may have destabilized the NiCo-LDH structure, 
thereby resulting in the loss of catalytic activity.

Based on the addition of 0.45  mL of H2PtCl6 6H2O, 
the reaction temperature (20°C, 30°C, 40°C and 50°C) 
between H2PtCl6 6H2O and NiCo-LDH was further 
controlled. Figure 4 shows the CV curves of the Pt-(NiCo-
LDH)-X (X = 3, 5, 6, 7) catalysts in 1 M KOH and 1 M 
KOH + 0.1 M NH4Cl solutions. Figure 3B shows the CV 
curves of Pt-(NiCo-LDH)-X (X = 3, 5, 6, 7) catalysts in the 
mixed solution of 1 M KOH and 0.1 M NH4Cl. As shown 
in Figure  3B, as the reaction temperature increased, the 

oxidation peak current gradually decreased. The oxidation 
peak currents decreased from 154.60  mA to 81.91  mA 
(Figure 3D), indicating that the catalytic activity gradually 
weakened. Increasing reaction temperatures accelerated 
the rate of the displacement reaction between PtCl6

2- and 
Co2+. Simultaneously, the nucleation rate of Pt was also 
accelerated, which hindered the formation of highly 
dispersed Pt and reduced the number of catalytically active 
sites.

To demonstrate that Pt-(NiCo-LDH)-3 exhibited better 
catalytic activity than NF, NiCo-LDH, and Pt-NF, the 
catalytic activities of NiCo-LDH-8, Pt-NF-9, and NF-10 
were also tested in 1 M KOH and 1 M KOH + 0.1 M NH4Cl 
solutions, as shown in Figure 5. No discernible variation 
in current was observed in the CV curves of NiCo-LDH-8 
and NF-10, indicating that pure NiCo-LDH and NF did 
not show obvious catalytic activity in this measurement 
system. In contrast, the Pt-NF-9 catalyst exhibited a clear 
oxidation peak with an oxidation peak current of 57.65 mA, 
indicating that the Pt showed electrocatalytic activity. In 
addition, the oxidation peak current of Pt-(NiCo-LDH)-3 
was 2.7  times that of Pt-NF-9, indicating that there is a 
good synergistic effect between NiCo-LDH and Pt. Table 1 
shows the electrocatalytic activities of some reported 

Figure 5. The cyclic voltammetry curves of (A) platinum–(nickel–cobalt layered double hydroxide)-3 (Pt-[NiCo-LDH]-X), (B) NiCo-LDH-8, (C) Pt-Ni 
foam (NF)-9, and (D) NF-10 catalysts in 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium chloride (NH4Cl) solutions. Hg/HgO refers 
to mercury/mercury oxide used as the reference.

A B

C D
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catalysts. Compared to these catalysts, the onset potential 
and current density of Pt-(NiCo-LDH)-3 were accepted.

To find the optimal potential ranges of Pt-(NiCo-
LDH)-3 for AOR, different potential ranges, including 
−1 – 0.4 V, −0.8 – 0.6 V, −0.6 – 0.8 V, −0.4 – 1.0 V, and 
−0.2 – 1.2 V, have been selected and measured for the 
electrocatalytic test. As shown in Figure  6A-D, with the 
rightward shift of the potential window, the oxidation 
peak around −0.05 V gradually decreased and eventually 
disappeared, whereas the oxidation peak at around 0.7 V 
gradually became increasingly prominent. This shift 
occurred because moving the potential window to the right 
gradually deviated from the suitable operating potential of 

the Pt catalyst, revealing the potential range more suitable 
for NiCo-LDH. However, as shown in Figure 4C and D, the 
catalytic activity of NiCo-LDH alone was not significant, 
and the current change before and after the addition 
of NH4Cl was minimal. These results indicate that the 
catalytic activity of Pt-(NiCo-LDH)-3 mainly originated 
from Pt, with the most suitable operating window range 
being −1 – 0.4V.

To investigate the kinetics of AOR on the Pt-(NiCo-
LDH)-3 surface, CV curves were recorded at scan rates 
ranging from 20 to 200 mV/s, as shown in Figure 7A. With 
increasing scan rates, the oxidation peak currents increased 
accordingly. Figure  7B shows the relationship between 

Figure 6. The potential ranges for ammonia oxidation reaction in (A, B, C and D) 1 M potassium hydroxide (KOH) and 1 M KOH + 0.1 M ammonium 
chloride (NH4Cl) solutions. The cyclic voltammetry curves of different potentials (E) in 1 M KOH and (F) in 1 M KOH + 0.1 M NH4Cl solution. Hg/HgO 
refers to mercury/mercury oxide used as the reference.

A B

C D
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oxidation peak currents and scan rates. Based on the fitted 
curve, a favorable linear correlation was observed between 
the oxidation peak currents and the square root of the 
scan rate, described by the linear equation: y = 0.37x+0.03 

(R2 = 0.999), indicating a diffusion-controlled process. 
Moreover, with the increase in scan rates, the oxidation 
peak potential (Epa) demonstrated a subtle positive shift. 
In addition, a strong linear correlation was established 

Figure 7. Cyclic voltammetry curves of platinum–(nickel–cobalt layered double hydroxide)-3 electrode in 1 M potassium hydroxide + 1 mM ammonium 
chloride at different scan rates. (B) Oxidation peak current densities versus (vs.) the square root of the scan rates. (C) Oxidation peak potentials vs. scan 
rate. (D) The effect of scan rate on peak potentials. Hg/HgO refers to mercury/mercury oxide used as the reference.

A B

C D

Table 1. The ammonia oxidation reaction test conditions and activity of reported catalysts

Electrode Onset potential (V) Current density (mA/cm2) Electrolyte Stability References

Platinum/cobalt–iron/nickel 
foam

−0.019 VRHE 50.00 at 0.029 VRHE 0.2 M N2H4
+ 1.0 M KOH At −0.017 VRHE for 

100 h
23

Platinum–iridium–copper 0.350 VRHE 40.60 at 0.500 VRHE 0.1 M NH3
+ 1.0 M KOH At 0.650 VRHE for 

500 s
24

Silver/iron (II) oxide/titanate 
nanotubes

−0.500 VAg/AgCl - 0.1 M NH4Cl+ 1.0 M 
phosphate-buffered saline

At −0.250 VAg/AgCl for 
five cycles

25

Platinum–cobalt hydroxide–
nickel foam-3

0.250 VRHE 10.17 at − 0.200 VRHE 0.1 M NH4Cl+ 1.0 M KOH - 31

Nickel–copper–sulfur treated/
carbon paper

1.374 VRHE 110.00 at 1.690 VRHE 0.2 M NH4Cl+ 1.0 M NaOH At 1.640 VRHE for 
24 h

27

Platinum–iridium  
(5:5 atomic ratio)/XC-72

0.350 VRHE 32.20 at 0.500 VRHE 1.0 M ammonia+ 1.0 M KOH At 0.500–1.000 VRHE 
for 4,000 cycles

28

Platinum–(nickel–cobalt 
layered double hydroxide)-3

−0.03 VHg/HgO 154.60 at 0.24 VHg/HgO 0.1 M NH4Cl+ 1.0 M KOH At 0.24 VHg/HgO for 
5,000 s

This work

Abbreviations: Ag: Silver; AgCl: Silver chloride; Hg: Mercury; HgO: Mercury oxide; KOH: Potassium chloride; NH4Cl: Ammonium chloride; 
RHE: Reversible hydrogen electrode.

https://dx.doi.org/10.36922/EER025170033
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Figure 10. The X-ray diffraction pattern of platinum Pt-(NiCo-LDH)-3
Abbreviations: NF: Nickel foam; NiCo-LDH: Nickel–cobalt layered 
double hydroxide; Pt: Platinum.

Figure  9. Scanning electron microscopy images. (A and B) Nickel–
cobalt layered double hydroxide (NiCo-LDH) and (C and D) platinum-
(NiCo-LDH)-3. Scale bars: 200 nm and 500 nm, magnifications: 200 nm 
(50.00 K), and 500 nm (20.00 K).

A B

C D

between the Epas and the scan rates (R2 = 0.999) (Figure 7C). 
This finding suggested the presence of an irreversible 
process for AOR on the Pt-(NiCo-LDH)-3 electrode. 
A good linear relationship was observed between the Epa 
and the logarithm of the scan rate (ln ν) (ν ≥ 0.06 V/s), 
as shown in Figure 7D. Laviron’s theoretical model29 was 
employed to fit the data, resulting in Equation I. Based 
on this fitting, the number of electrons (n) participating 
in the rate-determining step of the AOR on the Pt-(NiCo-
LDH)-3 electrode can be calculated.

θ
θ ν

α α α
    = + +    

    
 ln lnPa

RT RTk RTE E
nF nF nF

� (I)

The parameters in Equation I were Faraday’s constant 
(F = 96,485  C/mol), temperature (T = 298.15 K), gas 
constant (R = 8.314 J/[K·moL]), standard electrode 
potential (Eθ), and electron transfer coefficient (α). The 
standard rate constant is denoted as kθ. The αn value was 
determined by the slope of the EPa versus ln ν as 0.15. 
Meanwhile, the value of α can be computed by Equation II:

α
 − =  
 

/2 1.857Pa P
RTE E

F
� (II)

In Equation II, EP∕2 is the potential of the half peak. 
The α was calculated as 0.25, and the number of transfer 
electrons in the rate-determining step of AOR was 
determined as 0.6.

To evaluate the stability of the catalyst, stability tests 
were conducted on Pt-(NiCo-LDH)-3 and Pt-NF-9. The 
results, shown in Figure 8, indicate that Pt-(NiCo-LDH)-3 
has a higher current and exhibits better catalytic stability 
than Pt-NF. After the stability test, Pt-(NiCo-LDH)-3 
maintained its sheet-like morphology.

Figure 8. The stability measurement and SEM image after stability measurement of Pt-(NiCo-LDH)-3. (A) The stability measurements of platinum–
(nickel–cobalt layered double hydroxide) (Pt-[NiCo-LDH]-3) and Pt-nickel foam (NF)-9. (B) The scanning electron microscopic image of Pt-(NiCo-
LDH)-3 after use. Scale bar: 1 µm, magnification: 10.00 KX.

A B
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Three analyses, SEM, X-ray diffraction (XRD, D8 
advance, Bruker, Germany), and XPS, were employed 
to study the morphology and composition of Pt-(NiCo-
LDH)-3. Figure  9A and B show the SEM images of 
NiCo-LDH. It was observed that NiCo-LDH existed 
in the form of nanowires, with a certain degree of 
agglomeration. At a lower magnification (Figure  9B), 
it was easy to observe that these nanowires combined 
to form a flower-like morphology. However, after the 
growth of Pt after incubation in the water bath, the 
flower-like structure formed by the agglomeration of 
these NiCo-LDH nanowires degraded, as shown in 
Figure 9C and D. This could be attributed to two aspects: 
first, the addition of H2PtCl6 6H2O introduces a large 
number of H+, which provides a certain corrosive effect 
on NiCo-LDH, and second, the Co3+ ions within NiCo-
LDH dissolve out and act as reducing agents to convert 
PtCl6

2- to Pt. Unfortunately, the presence of Pt could not 
be clearly identified from the SEM images of Pt-(NiCo-
LDH)-3. In addition, compared to the SEM image of 
Pt-(NiCo-LDH)-3 after use, the nanowire of Pt-(NiCo-

LDH)-3 showed more apparent changes, indicating that 
the NiCo-LDH underwent phase transitions and lattice 
rearrangements during the electrochemical measurement 
process.

Figure  10 exhibits the XRD pattern of Pt-(NiCo-
LDH)-3. As shown in Figure 7, the three strong diffraction 
peaks at 44.7°, 52.0°, and 76.5° could be attributed to NF. 
In addition, three diffraction peaks could be detected at 
40.5°, 47.1°, and 68.7°, attributable to the 111, 200, and 220 
crystal planes of Pt.30 In addition, a weaker diffraction peak 
of NiCo-LDH was observed at 22.8°.24 The XRD diffraction 
peaks of NiCo-LDH and Pt confirm the successful growth 
of NiCo-LDH and Pt on the surface of NF.

To further characterize the chemical composition 
of Pt-(NiCo-LDH)-3, XPS was performed, and the 
corresponding results are presented in Figure  11. 
Figure  11A revealed four deconvoluted peaks in the Ni 
2p. The peaks at 856.14 eV and 873.81 eV correspond 
to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively,30 whereas the 
satellite peaks at 861.73 eV and 880.43 eV are attributed 

Figure 11. The X-ray photoelectron spectroscopy spectra of (A) nickel (Ni) 2p, (B) cobalt (Co) 2p, (C) oxygen (O) 1s, and (D) platinum (Pt) 4f in Pt-(NiCo 
layered double hydroxide)-3

A B

C D
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to shake-up processes. In Figure 11B, the Co 2p spectrum 
exhibits a prominent peak at 781.42 eV, assigned to Co2+ 
2p3/2.

31 For the oxygen 1s spectrum (Figure  11C), three 
peaks at 530.52 eV, 531.44 eV, and 532.5 eV were resolved, 
corresponding to lattice oxygen (M-O), hydroxyl groups 
(M-OH), and adsorbed water (H-O-H), respectively.31 
Collectively, these XPS results confirm the successful 
formation of NiCo-LDH. Finally, the XPS spectrum of the 
Pt is shown in Figure 11D. Two peaks at 70.87 eV and 73.31 
eV could be attributed to Pt 4f7/2 and Pt 4f5/2, indicating that 
Pt was zero-valent. In addition, the fitted peak at 68.10 eV 
could be ascribed to Ni 3p.30 These results indicated that Pt 
nanoparticles have been deposited onto NiCo-LDH.

4. Conclusion
This study successfully developed a high-performing 
Pt-(NiCo-LDH) supported by NF through a solvothermal 
reaction and displacement reaction. All samples’ 
catalytic activities for AOR were measured. Among the 
prepared samples, Pt-(NiCo-LDH)-3 exhibited superior 
electrocatalytic activity, with an oxidation peak current of 
154.60  mA and a low onset potential of −0.38 V (versus 
mercury/mercury oxide). The excellent electrocatalytic 
activity was mainly attributed to good synergistic effects; 
NiCo-LDH nanowires provided a large specific surface area, 
offering favorable conditions for the growth of Pt, while 
Pt showed good catalytic activity in the electrochemical 
oxidation of ammonia. This work presents a potential 
catalyst for the AOR in direct ammonia fuel cells.
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