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This study examines the influence of different weight percentages of 
CuO coating (1, 2, and 3 wt.%) on the structural properties of LiMnPO4 
cathode materials synthesised by the polyvinyl alcohol (PVA)-assisted 
sol–gel method. PVA acted as a carbon source during synthesis, 
producing an in situ carbon layer that improves the conductivity of the 
composite. XRD analysis confirmed the formation of a pure olivine 
LiMnPO₄ phase without impurity peaks, indicating that the CuO coating 
did not alter the main structure. SEM and EDAX analyses verified the 
uniform distribution of the CuO layer and the presence of carbon. The 
2 wt.% CuO-coated sample showed the smallest crystallite size (33.8 
nm) and the lowest strain value (1.28 × 10-3), compared to the pristine 
LiMnPO₄ (86.6 nm, 2.43 × 10-3). These results suggest that the 
optimised CuO coating helps control particle growth and enhances 
structural uniformity, which could contribute to better electrochemical 
stability in future applications. 
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1. Introduction 
Lithium-ion batteries (LIBs) remain the dominant energy-storage technology for portable electronic devices and 
hybrid electric vehicles because of their high energy density, long cycle life, and efficiency [1]. Continuous 
improvements in LIB performance rely strongly on the development of advanced electrode materials that exhibit 
better structural stability, thermal safety, and electronic properties compared to conventional ones. Olivine 
phosphate cathodes are among the most studied polyanion materials because their strong P–O bonds provide 
excellent structural stability and safety during cycling [2, 3]. 

Within this class, LiMnPO4 has been identified as one of the most promising cathode materials because it offers 
a higher operating voltage (~4.1 V vs. Li⁺/Li) and greater theoretical energy density than LiFePO4 [4–6]. LiMnPO4 
crystallises in an orthorhombic olivine structure (space group Pnma), where Mn²⁺ ions occupy octahedral sites 
linked through PO4 tetrahedra, forming one-dimensional lithium diffusion channels along the b-axis. Despite these 
advantages, LiMnPO4 suffers from very low intrinsic electronic conductivity (~10⁻⁹ S cm⁻¹) and limited lithium-
ion mobility, both of which hinder its practical performance [7]. Furthermore, the Jahn–Teller distortion 
associated with high-spin Mn³⁺ ions can destabilise the lattice and degrade structural uniformity during synthesis 
or cycling [8, 9]. 
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Efforts to overcome these limitations have included cation substitution, particle downsizing, carbon coating, 
and surface modification with various metal oxides [8, 10–17]. Among these strategies, metal-oxide coating has 
proven particularly effective, as it can mitigate unwanted side reactions, reduce surface defects, and improve both 
structural and interfacial stability. Thin oxide layers such as Al2O3 and ZnO have been reported to act as protective 
barriers that preserve the olivine framework and inhibit Mn dissolution [18–20]. Nevertheless, there has been 
relatively little systematic investigation into the structural effects of CuO surface coatings on LiMnPO₄, especially 
regarding their influence on crystallite refinement, lattice strain, and microstructural evolution. Most prior studies 
emphasise electrochemical behaviour, providing only limited structural analysis. 

Polymer-assisted sol–gel synthesis has emerged as a versatile approach for producing fine, compositionally 
homogeneous powders with controlled morphology [21]. In this context, polyvinyl alcohol (PVA) serves as an 
efficient chelating and binding agent that promotes uniform metal-ion dispersion during the gelation process. 
Upon calcination, PVA decomposes to form residual carbon, which can enhance electrical connectivity and limit 
particle growth [22–26]. The incorporation of CuO coating into a PVA-assisted sol–gel process offers a dual 
advantage: (i) CuO can stabilise the LiMnPO₄ structure through surface modification, and (ii) the in situ carbon 
formation helps prevent agglomeration while slightly improving conductivity[27]. This combined approach 
provides a promising route to produce structurally robust and uniformly coated olivine-type LiMnPO₄ powders. 

The present study focuses on the synthesis and structural characterisation of CuO-coated LiMnPO4 olivines 
prepared by a PVA-assisted sol–gel method. The work aims to elucidate how varying CuO concentrations (1–3 
wt%) affect crystallite size, lattice strain, and phase stability. Structural parameters were determined from X-ray 
diffraction data using Williamson–Hall analysis, while surface morphology and elemental distribution were 
examined via field-emission scanning electron microscopy and energy-dispersive X-ray spectroscopy. Fourier-
transform infrared spectroscopy was used to confirm the preservation of the phosphate framework and bonding 
environment. By correlating CuO coating content with microstructural features, this study provides new insights 
into the structural evolution of LiMnPO4 olivines and clarifies how CuO surface engineering contributes to lattice 
stability. The findings are expected to assist in the rational design of structurally optimised olivine phosphates for 
advanced functional applications. 

2. Materials and Methods 

2.1 Synthesis of LiMnPO₄ 
LiMnPO₄ powder was synthesised via a PVA-assisted sol–gel method via similar sol-gel method described 
elsewhere [28]. Analytical grade reagents were used without further purification: lithium acetate dihydrate 
(LiC2H3O2) (Aldrich), manganese acetate tetrahydrate Mn(CH3COO)2·4H2O (Friendmann Schmidt), and 
ammonium dihydrogen phosphate (NH4)H2PO4 (Friendmann Schmidt). Stoichiometric amounts of 0.02 mol for 
each precursor were dissolved in 100 mL of distilled water under constant magnetic stirring at 80 °C. A few drops 
of nitric acid (10 mL, 1 M) were added to ensure complete dissolution of the salts. Subsequently, 2 wt.% of 
polyvinyl alcohol (PVA)(Sigma-Aldrich) with respect to the total solute mass was introduced as a polymeric binder 
and carbon precursor. The mixture was continuously stirred and heated until dry gelation occurred. The resulting 
xerogel was ground into fine powder and sintered at 700 °C for 3 h in an air atmosphere to obtain phase-pure 
LiMnPO4. During calcination, PVA decomposed to yield a thin carbon layer on the LiMnPO₄ particles, which 
enhances electrical connectivity and prevents excessive particle growth. 

2.2 CuO Coating Procedure 
To prepare CuO-coated samples, copper(II) acetate monohydrate (Cu(CH3COO)2·H2O)(Friendmann Schmidt)was 
dissolved in 50 mL of ethanol and magnetically stirred at 70 °C until a clear solution was obtained. The as-prepared 
LiMnPO4 powder was then added to this solution and stirred for 1 h to ensure uniform adsorption of Cu2+ ions on 
the particle surfaces. The solvent was slowly evaporated, yielding a homogeneous precursor powder. Samples 
containing 1 wt.%, 2 wt.%, and 3 wt.% CuO with respect to LiMnPO₄ were prepared and subsequently sintered at 
700 °C for 3 h. During heating, the copper precursor decomposed to CuO, forming a uniform surface coating on 
the LiMnPO₄ particles. This coating acts as a conductive interface that enhances electron transport and stabilises 
the surface against structural degradation. Fig. 1 illustrates the synthesis of LiMnPO4 and the CuO coating process. 
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Fig. 1 Schematic illustration of the PVA-assisted sol-gel synthesis and CuO coating process for LiMnPO4 olivines 

2.3 Characterisation 
The crystalline nature of the obtained sample was verified by X-ray diffraction (XRD, Panalytical X'pert Pro brand). 
The surface texture of the sample and composition mapping were analysed by scanning electron microscope (SEM, 
JEOL JSM-6010PLUS/LV). FTIR spectra were obtained using Jasco FT/IR-6100 equipment.  

3. Results and Discussion 
The XRD patterns of pristine and CuO-coated LiMnPO₄ powders are shown in Fig. 2. All diffraction peaks are 
indexed to the orthorhombic olivine structure (JCPDS 33-0804), confirming the successful synthesis of phase-pure 
LiMnPO₄ without detectable impurities [12, 29]. The most intense diffraction peak at ~35° corresponds to the 
(131) plane [30], while additional peaks at 20.4°, 25.1°, and 29.1° are assigned to the (011), (111/021), and 
(200/121) planes, respectively [12, 29]. The alignment of these peaks with standard 2θ values verifies the 
complete formation of LiMnPO4. 

 

The absence of additional CuO peaks even at 3 wt.% coating indicates that CuO did not alter the bulk structure 
but remained as a thin surface layer. This structural integrity demonstrates that the coating process preserves the 
original crystal framework while introducing surface modification. Compared with the pristine sample, a slight 
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Fig. 2 XRD of pristine and CuO coated samples 
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peak broadening in coated samples reflects the formation of smaller crystallites, consistent with the Williamson–
Hall analysis. However, the presence of a thin CuO layer on LiMnPO4 was validated by EDAX analysis, as in Fig. 3. 
FESEM images depict smaller particles that are clumped together like a cauliflower shape for a pristine LiMnPO4 

sample (Fig. 3a). After CuO coating, the particles appear more distinct and uniformly distributed. The 1 wt.% and 
2 wt.% CuO-coated samples show smoother surfaces and reduced agglomeration (Fig. 3b and 3c), while the 3 wt.% 
sample displays slight irregularity due to excessive coating (Fig. 3d). EDAX spectra confirm the presence of Cu and 
C elements, verifying successful CuO coating and carbon incorporation from PVA. The coexistence of CuO and 
carbon likely provides synergistic effects. CuO improves the electronic contact, while carbon minimises grain 
boundary resistance. This dual contribution is essential for enhancing the overall conductivity and 
electrochemical performance of the cathode material [31]. 

 The crystallites within the particles were analysed further with the aid of the Williamson-Hall method [32–
36]. Based on equation (1). 

 

B cos 𝜃𝜃 =
𝐾𝐾𝐾𝐾
𝑡𝑡

 + 4𝜀𝜀sin𝜃𝜃 (1) 

   
where B, θ, K, λ, t and ɛ are the full width half maximum (FWHM), Bragg angle, constant value (0.9), wavelength of 
the radiation (1.54056 Å), mean crystallite size and average strain, respectively. The graph was plotted β cos θ 
versus sin θ as displayed in Fig.  4. The micro-strain value was calculated based on the gradient and the crystallite 
size from the intercept value at the vertical axis.  

 
The crystallite sizes and strain values obtained from the graphs are listed in Table 1. It indicates that coated 

samples with smaller crystallites and strain values compared to the pristine sample. 2wt.% CuO coated sample 
reveals the smallest mean crystallite size among the samples, followed by 3wt.% CuO coated sample. Nevertheless, 
the range is between 33.8 nm – 35.5 nm. These results indicate that CuO coating effectively controls particle and 
crystallite growth. Smaller crystallite size improves Li⁺ diffusion by shortening the diffusion path and increasing 
the active surface area, while lower micro strain reflects improved lattice uniformity and fewer defect sites. These 
structural modifications are favourable for maintaining mechanical stability and minimising volume change 
during lithium intercalation and deintercalation processes [36].   

Table 1 Crystallite size and strain values of the samples 
Samples Crystallite Size (nm) Strain (×10-3) 
Pristine 86.6 2.43 

1wt.% CuO 53.3 2.05 
2wt.% CuO 33.8 1.28 
3wt.% CuO 35.5 1.18 

 
FTIR of LiMnPO4 and CuO coated LiMnPO4 samples is given in Fig. 5. FTIR provides information about cation 

arrangement within the samples. It can be described in terms of four significant modes of vibrations as follows. ν1 
is non-degenerate, ν2 is doubly degenerate, whereas ν3 and ν4 as triply degenerate and infrared active, 
respectively. ν1 positioned around 968 cm-1, ν2 located at 470 cm-1, ν3 between1000 cm-1 and 1150 cm-1 and  ν4 

around 530 cm-1 and 650 cm-1 [37]. The samples denote all these modes of vibrations. 
 
 
 
 
 
 
 
 
 
 
 
 



273 Int. Journal of Integrated Engineering Vol. 18 No. 2 (2026) p. 269-277 

 

 

 
(a) Pristine 

 
(b) 1 wt% 

 
(c) 2 wt% 

 
(d) 3 wt% 

Fig. 3 SEM and EDAX of pristine and coated samples 
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Fig. 4 W-H plots of the pristine and CuO coated samples 

(a) pristine 

(b) 1 wt% 

(c) 2 wt% 

(d) 3 wt% 
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4. Conclusion 
CuO-coated LiMnPO4 olivines were successfully synthesised via a polyvinyl-alcohol-assisted sol–gel method, and 
their structural features were systematically investigated as a function of coating content. X-ray diffraction 
confirmed the formation of single-phase orthorhombic olivine (Pnma) for all compositions, indicating that CuO 
addition up to 3 wt.% does not disrupt the parent lattice. Williamson–Hall analysis revealed a gradual reduction 
in crystallite size and micro strain with increasing CuO concentration, suggesting that the surface coating 
effectively suppresses grain growth and alleviates internal lattice distortions during calcination. Fourier-
transform infrared spectroscopy preserved the characteristic PO4 vibrational modes, verifying the integrity of the 
phosphate framework. Field-emission scanning electron microscopy combined with energy-dispersive X-ray 
mapping demonstrated a uniform distribution of Cu on particle surfaces, supporting the formation of a thin and 
homogeneous oxide layer. These combined results indicate that CuO acts as a structural stabiliser, promoting finer 
crystallites and enhanced lattice uniformity without generating secondary phases. Overall, this study provides 
clear experimental evidence that controlled CuO surface modification via PVA-assisted sol–gel synthesis can 
effectively tune the microstructure of LiMnPO4 olivines. The findings enhance understanding of oxide–phosphate 
interactions and highlight the significance of surface engineering in achieving phase-pure, structurally stable 
olivine-type materials. Such insights can guide the design of compositionally optimised phosphate compounds for 
advanced functional and energy-related applications. 
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