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Abstract

The development of high-performance electrode materials is essential for next-generation
energy-storage technologies. In this work, FeCo layered double hydroxide (FeCo-LDH)
was successfully synthesized using a simple co-precipitation method. Structural
characterizations by XRD and FT-IR confirmed the formation of a well-defined LDH phase
with characteristic basal reflections, metal-oxygen vibrations, and interlayer hydroxyl
groups. SEM analysis revealed a loosely stacked nanosheet morphology that provides
abundant electroactive surface sites, while EDX confirmed the uniform distribution of Fe
and Co without detectable impurities. Electrochemical measurements demonstrated the
outstanding pseudocapacitive performance of FeCo-LDH. The material exhibited
pronounced redox activity in CV, distinct potential plateaus in GCD, and low charge-
transfer resistance in EIS. A high specific capacitance of 1409 F-g™* at 10 A-g™! was
achieved, indicating excellent rate capability and efficient ion diffusion. These results
confirm that FeCo-LDH is a promising electrode material for high-performance
supercapacitors and other advanced energy-storage applications.
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1. Introduction

The rapid development of modern society has imposed increasing demands on
efficient, sustainable, and environmentally friendly energy storage technologies. Among
them, supercapacitors have emerged as promising candidates for next-generation energy
storage devices due to their high power density, fast charge—discharge capability, and
long cycle life [1], [2]. However, the electrochemical performance of supercapacitors
strongly depends on the properties of the electrode materials. Therefore, extensive
research efforts have been devoted to designing and developing advanced electrode
materials with high redox activity, structural stability, and superior ion transport
properties [3], [4].

Among various candidates, layered double hydroxides (LDHSs), consisting of
positively charged brucite-like layers with intercalated anions, have received significant
attention because of their tunable chemical composition, unique two-dimensional
layered structure, and abundant electroactive sites [5]-[7]. The interlayer spacing in
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LDHs not only accommodates various types of anions but also facilitates rapid ion
transport, which is highly beneficial for electrochemical energy storage. Nevertheless,
single-metal LDHSs often suffer from limited conductivity and poor cycling stability,
restricting their practical applications [8], [9].

To address these limitations, bimetallic LDHs have been extensively investigated
[10]. Incorporating two different transition metals within the LDHs framework can
generate synergistic effects, leading to enhanced conductivity, richer redox chemistry,
and improved structural robustness [11]. In particular, Fe- and Co-based LDHSs are of
considerable interest: Fe is low-cost, abundant, and environmentally benign, while Co
provides superior conductivity and multiple valence states . The integration of Fe3* and
Co?* ions into the LDH structure not only offers abundant redox-active sites but also
promotes efficient electron transfer, thereby improving capacitance and cycling stability
[12], [13]. Among the various synthesis strategies reported for LDH materials, such as
hydrothermal, solvothermal, and electrodeposition methods, the co-precipitation
approach has attracted considerable attention due to its simplicity, low cost, and mild
reaction conditions. In addition, this method enables precise control over the metal ion
composition and facilitates the formation of well-defined layered structures with
uniformly distributed active sites. These advantages make co-precipitation particularly
suitable for the scalable preparation of LDH materials for electrochemical energy
storage applications.

—— 10 mV/s

) . @ . o 40,
Co-precipitation i i

—— @3 —) ¢
Na,CO,, NaOH @ B

FeCo -LDH 00 01 P:tintialia(V) 04 05

Current (Alg)

Fig. 1. Synthesis of FeCo-LDH and its electrochemical characterization.

In this study, we report the facile synthesis of FeCo-LDH by a co-precipitation
method using Na,CO; and NaOH as precipitating agents. As illustrated in Fig. 1, Fe3*
and Co?* precursors are co-assembled into the layered FeCo-LDH structure, providing
numerous electroactive sites and facilitating ion intercalation/deintercalation. The
electrochemical properties of the synthesized FeCo-LDH were comprehensively
evaluated through (i) cyclic voltammetry (CV) to analyze redox behavior and
pseudocapacitive characteristics, (ii) galvanostatic charge—discharge (GCD) to
determine specific capacitance, Coulombic efficiency, and cycling durability, and (iii)
electrochemical impedance spectroscopy (EIS) to investigate intrinsic resistance,
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electrical conductivity, and ion transport Kinetics. The results demonstrate that FeCo-
LDH exhibits remarkable redox activity, superior capacitance performance, and
excellent stability, confirming its great potential as a promising electrode material for
high-performance supercapacitors.

2. Experimental details

2.1. Materials

Cobalt chloride hexahydrate (CoCl,-6H,0), ferric chloride hexahydrate
(FeCl;-6H,0), sodium carbonate (Na,COs3), sodium hydroxide (NaOH), potassium
hydroxide (KOH), acetylene black (AB), polyvinylidene fluoride (PVDF), and
N-methyl-2-pyrrolidone (NMP) were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. All reagents were of analytical grade and used without further
purification. Activated carbon (AC) was obtained from Sigma-Aldrich.

Nickel foam was used as a current collector and pretreated by immersion in
diluted hydrochloric acid (HCl, 1 M) for 1h to remove surface oxides, followed by
thorough washing with deionized water and ethanol. The foam was then dried in a
vacuum oven at 80°C for 2 h prior to use.

2.2. Material synthesis

The FeCo-LDH was synthesized via a co-precipitation method. Solution A was
prepared by dissolving two metal salts in 150 mL of deionized water: FeCls-6H,0
(0.006 mol), CoCl,-6H,0 (0.006 mol). The solution was stirred magnetically at room
temperature for 30 min to ensure complete dissolution.

Solution B was prepared by dissolving Na,CO; (0.018 mol) and NaOH
(0.084 mol) in 150 mL of deionized water. Solution B was then added dropwise to
Solution A using a separatory funnel under continuous magnetic stirring at room
temperature. During the addition process, the pH of the reaction system was monitored
using a pH meter and maintained in the range of 9.5-10, which is favorable for the co-
precipitation of Fe¥* and Co?* ions and the formation of the layered FeCo-LDH
structure. The co-precipitation process was maintained for 6 h to allow full precipitation
of the metal hydroxide-carbonate precursors. The resulting precipitate was collected and
dried in an oven at 40°C for 6 h to obtain the FeCo-LDH. The material fabrication
process is shown in Fig. 1.

2.3. Approach for determining characteristics and properties of materials
Characteristics:

The crystal structures of the synthesized samples were analyzed by powder X-ray
diffraction (XRD) using a Siemens D5005 diffractometer operated at 30 kV and 40 mA
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with Cu-Ka radiation (A = 0.154 nm). The diffraction patterns were recorded over a 26
range of 10° to 70° at a scanning rate of 0.9° min~* and a step size of 0.03°.

Fourier transform infrared (FT-IR) spectra were obtained in the range of
4004000 cm™ using a PerkinElmer Spectrum Two spectrometer equipped with
an attenuated total reflectance (ATR) accessory to identify functional groups and
bonding characteristics.

Surface morphology and particle distribution were examined using scanning electron
microscopy (SEM) on a Hitachi S-4800 field-emission scanning electron microscope.

Electrochemical properties:

The as-synthesized FeCo-LDH powder was mixed with acetylene black (AB) and
polyvinylidene fluoride (PVDF) binder in a weight ratio of 80:10:10 using a few drops
of N-methyl-2-pyrrolidone (NMP) as the solvent to form a uniform slurry. This slurry
was uniformly coated onto a piece of nickel foam (1.0 x2.0 cm?) and subsequently
dried in a vacuum oven at 50°C for 5h. The mass loading of active material was
controlled at approximately 2 mg-cm™2,

Electrochemical performance was evaluated using a standard three-electrode
configuration on a Metrohm Autolab PGSTAT 302N workstation. Ag/AgCI served as
the reference electrode, platinum foil as the counter electrode, and 2 M KOH aqueous
solution as the electrolyte. Cyclic voltammetry (CV) measurements were carried out in
the potential window of 0.0-0.5V at various scan rates ranging from 2 to 10 mV- s™.
Galvanostatic charge-discharge (GCD) tests were performed at different current
densities (2 to 10 A-g7) within the voltage range of 0.0-0.42 V. Electrochemical
impedance spectroscopy (EIS) was conducted over a frequency range of 0.1 Hz to
100 kHz with a 10 mV AC amplitude at open-circuit potential.

The specific capacitance (Cs) of the electrodes was calculated from CV curves
using the equation:

Cs:fl-dt

m- AV
where | is the current (A), m is the mass of active material (g), and AV is the potential
window (V). The Cs values were also determined from GCD curves using the formula [14]:
1At
* m-AV
where At is the discharge time (s). All measurements were repeated to ensure
consistency and reproducibility of the results.
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3. Results and discussion

Figure 2 presents the XRD pattern of the synthesized FeCo-LDH material. The
XRD pattern of the synthesized FeCo-LDH exhibits sharp and well-defined diffraction
peaks, characteristic of the hydrotalcite-like layered double hydroxide (LDH) structure.

(003) FeCo- LDH

(101/102)

Intensity (a.u.)

10 I 20 I 30 40 I 50 I 60 I 70
2- Theta (degree)
Fig. 2. The XRD pattern of the FeCo-LDH.

A strong basal reflection at approximately 20 ~ 11.3°, corresponding to the (003)
plane with an interlayer spacing of ~7.8 A, indicates the presence of intercalated anions and
water molecules between the hydroxide layers. Subsequent reflections at ~23.0°, 34.6°,
38.4°, and 60.2° are assigned to the (006), (012), (015), and (018) planes, respectively,
confirming the periodic stacking and good crystallinity of the layered structure [15]. The
absence of significant additional peaks suggests that the material predominantly exists in the
LDH phase. The well-ordered layered structure and relatively large interlayer spacing are
favorable for ion intercalation/de-intercalation processes, which play a crucial role in
electrochemical performance.

The FT-IR spectrum of the synthesized FeCo-LDH displays characteristic
vibrational features consistent with a LDH structure. A broad and intense band centered
near ~3400 cm™ is observed, which can be assigned to O—H stretching vibrations from
both structural hydroxyl groups (M—OH) and interlayer/adsorbed water molecules. The
presence of interlayer water is further supported by a bending vibration band around
~1620-1650 cm™, attributable to H-O—H bending. A relatively strong absorption in the
region ~1350-1385 cm™ is apparent and is typical for the asymmetric stretching mode
of intercalated COs2™ anions; this band supports the conclusion (from XRD) that
carbonate is a likely charge-balancing species in the interlayer galleries.
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In the fingerprint region, distinct bands below ~1000 cm™ correspond to metal—
oxygen and metal-hydroxide lattice vibrations. Notably, absorptions approximately at
~800-600 cm™ can be assigned to M—O-H bending and M—O stretching modes, while
further features near ~560-450 cm™ are consistent with Fe-O and Co-O lattice
vibrations typically observed for mixed transition-metal hydroxides/oxides [16]. The
absence of strong bands associated with nitrate (e.g., ~1384 cm™ asymmetric stretch
with characteristic splitting) or organic contaminants indicates that the sample is largely
free of extraneous anionic species aside from carbonate and hydroxyl/water.

intensity (a.u.)

Interlayer anion

M-OH
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Wavenumber (cm'l)
Fig. 3. The FT-IR spectrum of FeCo-LDH.

The SEM images of the synthesized FeCo-LDH material, presented in Fig. 4,
reveal a characteristic layered morphology consistent with the structure of LDH. At low
magnification (Fig. 4(a)), the sample appears as aggregated nanosheets loosely stacked
in a layered arrangement with numerous interlayer voids. This morphology suggests that
the layers are interconnected but not densely packed, thereby facilitating electrolyte
penetration and ion diffusion. At higher magnification (Fig. 4(b)), the nanosheets appear
thinner and exhibit a wrinkled structure, providing a high surface area-to-volume ratio
and exposing abundant active sites. These structural features are expected to promote
rapid charge transfer and enhance electrochemical performance. Consequently, the
porous nanosheet morphology of FeCo-LDH provides favorable pathways for
electrolyte penetration and ion diffusion, which is beneficial for electrochemical energy
storage applications.
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Fig. 4. SEM images of FeCo-LDH.

The EDX spectrum of the FeCo-LDH material (Fig. 5) displays characteristic
signals of Fe, Co, and O, confirming the presence of the main constituent elements and
the successful formation of the LDH structure. No impurities were detected, indicating
the high phase purity of the synthesized sample. These results, in combination with
FT-IR, XRD, and SEM analyses, verify that FeCo-LDH was successfully synthesized
with a well-defined layered structure and numerous potential active sites. Thus, the
compositional homogeneity, good crystallinity, and morphology favorable for ion
diffusion and charge transfer highlight FeCo-LDH as a highly promising material for
electrochemical applications.
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Fig. 5. EDX spectrum of FeCo-LDH.

Figure 6 presents the electrochemical characteristics of the FeCo-LDH material
obtained from CV and GCD measurements at various scan rates and current densities.
In the CV profiles (Fig. 6(a)), the material exhibits well-defined redox peaks, indicative
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of a faradaic pseudocapacitive charge-storage mechanism rather than simple electrical
double-layer adsorption. As the scan rate increases, the enclosed CV area expands
significantly, reflecting excellent rate capability and fast charge-transfer kinetics. The
separation of surface-controlled and diffusion-controlled contributions (Fig. 6(b) and (c))
reveals that surface-controlled processes dominate at higher scan rates, demonstrating that
the material possesses a structure favorable for rapid surface reactions while still
maintaining a considerable diffusion-controlled contribution. This behavior is consistent
with the porous layered morphology observed in the SEM images.

The GCD curves at different current densities (Fig. 6(d)) display the characteristic
plateau features of faradaic reactions, further confirming the pseudocapacitive nature of
FeCo-LDH. The specific capacitance values obtained from CV and GCD analyses
(Fig. 6(e) and (f)) gradually decrease with increasing current density but remain relatively
high, indicating good rate performance and stable reaction kinetics. Notably, the specific
capacitance derived from GCD reaches 1409 F-g™t at 10 A-g7%, demonstrating excellent
charge-storage capability and robust performance under high-current conditions. Overall,
the electrochemical results in Fig. 6 confirm that FeCo-LDH exhibits strong
pseudocapacitive activity, efficient ion diffusion, and high specific capacitance, making it
a promising candidate for high-performance energy storage applications.

Figure 7 presents the Nyquist electrochemical impedance spectra obtained from
the three-electrode system. The compressed semicircle observed in the high-frequency
region corresponds to the solution resistance (Rs) and the charge-transfer resistance
(Rct) at the electrode-electrolyte interface. The fitted results reveal a relatively low
solution resistance of Rs = 0.66 Q and a charge-transfer resistance of Rct = 1.2 Q,
indicating efficient electron transfer at the electrode—electrolyte interface. Variations in
the semicircle diameter among the samples reflect differences in charge-transfer
kinetics; the sample with the smallest semicircle exhibits the lowest Rct, suggesting
more favorable electrochemical reaction dynamics.

In the low-frequency region, the curves transition into a sloped line characteristic of
Warburg diffusion, indicating ion-diffusion processes within the electrode material. A
steeper slope suggests more efficient ion transport, which is consistent with the improved
electrochemical performance of the sample. These results demonstrate that the investigated
electrode possesses efficient ion transport and charge-transfer capability, contributing to the
superior electrochemical capacity observed from the GCD measurements.
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Fig. 6. (a) CV curves of FeCo-LDH ; (b) Separation of diffusion-controlled and surface-
controlled contributions for FeCo-LDH at 10 mV- s 1; (¢) Proportion of surface and diffusion-
controlled contributions at different scan rates; (d) GCD curves of FeCo-LDH at different
current densities; (e) Specific capacitance from CV; (f) Specific capacitance from GCD.
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Fig. 7. EIS Nyquist plots of the three electrodes.

4. Conclusion

In conclusion, FeCo-LDH was successfully synthesized via a simple co-
precipitation method and demonstrated high structural purity and well-defined layered
morphology as confirmed by XRD, FT-IR, SEM, and EDX analyses. The material
exhibited excellent pseudocapacitive behavior, delivering a high specific capacitance of
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1409 F-g7t at 10 A-g7%, along with low charge-transfer resistance and efficient ion
diffusion as revealed by CV, GCD, and EIS measurements. These results highlight
FeCo-LDH as a promising electrode material with significant potential for high-
performance energy-storage applications.
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CHE TAO VAT LIEU HYDROXIT LOP KEP (FeCo-LDH)
UNG DUNG CHO LUU TRU NANG LUONG

Lé Xuan Duong?, Vii Binh Thao?, Tran Viét Thu!
1Khoa Héa — Ly kj thuat, Truong Pai hoc Ky thudt Lé Quy Poén

Tém tit: Viée phat trién cac vat liéu dién cuc hiéu suit cao dong vai tro quan trong ddi
v6i cac cong nghé luu trir nang lugng thé hé mai. Trong nghién ciru nay, vat lidu hydroxit 16p
kép FeCo (FeCo-LDH) di duoc tong hop thanh cong bang phuong phap dong két tia. Cac phép
do dic trung cau triic bang XRD va FT-IR x4c nhan sy hinh thanh pha LDH c6 trét tu, v6i cac
dinh nhiéu xa co ban, dao dong kim loai oxy va cac nhom hydroxyl giita cac 16p. Anh SEM cho
thdy cdu tric nano dang 16p xép chdng nhau, cung cap nhiéu vi tri bé mat dién hoa, trong khi
EDX xac nhn sy phin b6 dong déu cua Fe va Co, khong phat hién tap chit. Cac phép do dién
hoa cho théy vat liéu FeCo-LDH thé hién voi dung luong vuot troi. Vat ligu biéu hién hoat tinh
oxy héa - khir 1 rét trong phd CV, c6 cac thé dic trung trong duong GCD va dién trg chuyén
dién tich thap trong phd EIS. Vit liéu dat dung lwong riéng cao 1409 F-g! tai mat do6 dong
10 A-g, cho thiy kha ning chiu tdc tdt va sy khuéch tan ion hiéu qua. Nhimg két qua nay
kh.'fmg dinh FeCo-LDH la vt liéu dién cuc tiém nang cho siéu tu dién hi¢u sudt cao va cac ung
dung Iuu trir ning lugng tién tién khéc.

Tir khéa: Hydroxit 16p Kép; lueu triv nang heong; tinh chat dién hoa.
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