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Olivine type single phase LiNi(1-x)CuxPO4 (0 < x < 0.99) samples were successfully synthesized by non-aqueous sol-gel method 

followed by microwave (MW) annealing.. The phase purity, lattice parameters and morphology was confirmed by FTIR, XRD and 
SEM studies. X-Ray diffraction patterns of both the parent LiNiPO4 (LNP) and doped analogues were similar. Vegard law signifies 
a linear relation between lattice parameter and dopant concentration. Resultant change (either expansion or shrinkage) in lattice 

parameters as a result of doping means that effective doping is done showed effective doping by following the Vegard’s law. Both 
LNP and its doped analogues were found to be electrocatalysts towards oxygen reduction which is apparently due to nanosized 
particles as obtained via MW annealing. 
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1. Introduction 

Presently the energy economy is in constant threat 

due to a dependence on non-renewable fossil fuels. The 

cleaner and alternative energy resources include the use 

of fuel cells, where oxygen reduction at cathode is one 

of the major react ions playing role in the performance 

[1]. The cathode reaction within fuel cell is basically the 

oxygen reduction reaction that needs to be monitored 

with efficiency [2]. Electrocatalyst is needed to increase 

the reaction kinetics and avoid large over potentials . 

Most common electro-catalyst for such application is Pt 

where the cost is the main barrier for using Pt at 

commercial scale. Thus new materials need to be 

explored or exit ing ones need the tailoring of the 

properties. In this regard, lithium metal phosphates 

(LiMPO4, where M = Fe, Mn, Co and Ni) with an 

ordered olivine structure are attractive candidates to be 

used as potential electrocatalyst for the fuel cell [3-5]. 

The crystal structure of LiMPO4 is made up of two 

types of polyhedra, distorted MO6 octahedral units that 

are corner shared and cross linked with PO4 tetrahedral 

oxo-an ions, forming 3-D network with tunnels that are 

occupied by Li ions along the (010) and (001) 

directions. In this network nearly close packed oxygen 

atoms in hexagons can be found with Li and M ions that 

are located at the center of octahedral sites [6]. It is 

believed that the strong PO4 units tend to reduce the 

covalency of the M-O bond, modifying a useful 

potential for the M
2+

/M
3+

 couple and thus producing a 

useful potential for lithium extract ion and reinsertion 

[7]. The characteristics of this crystal lattice suggest that 

creation of vacancies (via doping) in the Li positions 

will generate potential sites for ionic jumping, with 

expected enhancement of Li mobility. It is established 

that low levels of dopants are indeed soluble in the 

olivine lattice up to the extent of 3 mol % in bulk 

materials [8]. In this paper, an attempt was made to 

substitute cations of different ionic radius i.e., Ni
2+

 with 

Cu
2+

. 

Current research focuses on the synthesis via non 

aqueous sol gel method and structural characterization 

of LiNiPO4 along with the low level Cu doped 

analogues by XRD, FTIR, and morphology of the 

samples was studied by SEM. This paper reports 

microwave assisted non-aqueous sol gel synthesis of 

LiNiPO4 where the high temperature sintering is 

surpassed by cost and time effect ive microwave 

treatment of the dried gel. Further the electrocatalytic 

activity of the synthesized compounds toward oxygen 

reduction was studied using cyclic voltammetry to 

access their potentiality. 

2 Experimental Details 

Metal nitrates i.e. LiNO3 (Sigma Aldrich), 

Ni(NO3)2.9H2O (Sigma Aldrich), Cu(NO3)2.6H2O 

(Sigma Aldrich), and H3P04(Riedel-de-Haën) were 

dissolved in (CH2)2(OH)2 (Riedel-de-Haën) at room 

temperature at 298 K. The mixture was homogenous 

due to continuous stirring result in sol consisting of all 

the precursors. The temperature of the sol was raised 

slowly to353 K. The evolution of brown fumes 

indicated the removal of nitrates with gel formation. 

The get was dense in the beginning later it was dried.  
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Figure 1. XRD patterns of LiNi1-xCuxPO4, a) x = 0.0, LNP b) x = 0.02, LNC2P and c) x = 0.09, LNC9P. 

After evaporating the organics at about 573K for 2-3 

hours the samples were exposed to the microwaves 

(model SGM  960, 2450 MHz, 220-240 V) for 20 

minutes using a microwave oven. The final powders 

were analysed and applied for oxygen electro-catalysis. 

2.  Physical Characterization 

X-ray diffraction technique on a Philips 1830 X-ray 

diffractometer (PW 3040/x0 X; Pert Pro) using Ni-

filtered CuKα radiat ion (Kα1= 1.5406Å) in the 2θ range 

10–90
o
 at a scan rate of 0.04

o
s

-1
 was used for the phase 

formation of LNP and copper doped analogues. FTIR 

(Fourier transform infrared model BIO-RAD Excalibur 

FTS 3000/010-0221-2) technique was used to identify 

the functional groups. The crystalline olivine powder 

was mixed with KBr to fo rm a pellet, and analysis was 

done in 400-2000 cm
-1

 region. The morphology of the 

samples was identified with SEM (Su 1500). 

3.  Electrochemical Studies 

Cyclic voltammetric (CV) investigation was done to 

check the electrocatalytic properties of LNP and its  Cu 

doped analogues for room temperature oxygen 

reduction. Three electrode assembly with glassy carbon 

electrode (GCE, 0.071 cm
2
 area) as working, SCE as 

reference and Pt as counter electrodes was used for 

electrochemical measurement. The scans were taken in 

50-900 mV s
-1 

range in 0.1 M KOH. To check the 

electrocatalytic effect of LNP, surface of glassy carbon 

was modified by dissolving 0.2 g powder in acetone and 

ethanol, sonicated for 5 min, and a small drop (4 µL) 

was casted onto the electrode, dried, and a drop of 

Nafion (4 µL) was added. The dried electrode is 

modified with all LNP materials  and would be ready 

for use in cyclic voltammetric measurements. 

3.1. Powder Diffraction Studies 

Figure 1 of the synthesized powders shows single 

phase crystalline attained via microwave heating of 

LiNiPO4 and doped analogues, LiNi(1-x)CuxPO4 (x = 

0.02 and 0.09) matching with reference code 00-032-

0578. The crystal structure was indexed and refined by 

WinXPOW software with orthorhombic Pnma 

symmetry and exh ibits well-formed crystallites with 

particle size in the range 35-62 nm. Figure 1 shows a 

well-resolved lattice indicating the crystallin ity of the 

samples. 

Normally the synthesis of LiNiPO4 requires strict 

controlling atmosphere, otherwise Ni3P exists [4] as an 

impurity. The impure structure is mainly segregated 

from the pristine compound by occurrence of a small 

impurity peak at 2θ value of 16.5˚ obtained in the 

reported solid state synthetic route for LNP [8]. This 

peak was not observed in the present synthesis showing 

pure phase format ion via microwave assisted sol gel 

method. In this work using non aqueous sol gel method 

along with microwave heat treatment, single phase 

LiNiPO4 is obtained in air instead of inert atmosphere 

[9]. No additional peak was found for doped 

compositions, LiNi(1-x)CuxPO4 (x = 0.02 and 0.09) 

thus are single phased, as well (Figure 1b and 1c). 

It is evident from figure 1 and cell parameters 

obtained by WinXPOW that Cu
2+

 doped powders 

crystallize in the Pnma crystal lattice. The LiNi1-

xCuxPO4 X-ray diffraction patterns show resemblance 

with parent LNP. There exist a significant ionic radii 

difference between Cu
2+

 (87 pm), Ni
2+

 (83 pm) and Li
+
 

(90 pm) [10]. As a result of the added copper the 

coulombic interaction between the cations increase 

therefore volume of the cell is varied as depicted in 

Figure 2. Interestingly, the substitution of Cu
2+ 

results 

an increase in cell parameters a and c while the lattice 

parameter b decreases with increase in dopant level. The 

linear relationship is in agreement with Vegard’s law 

[11]. 
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Figure 2. Dependence of cell parameters upon copper content in LiNi1-xCuxPO4 (x = 0.0, 0.02, and 0.09). 

The dependence of cell parameters on Cu dopant 

level is graphically represented in figure 2 which shows 

that as Cu content increases, the cell parameters a and c 

increase while b decreases. There is net expansion of 

unit cell volume with Cu doping. 

A small extent of f peak broadening is observed in 

X-ray patterns of the doped powders. The crystallite 

size was calculated using the peak broadening by Debye 

Scherrer equation, as under [11]: 

cos
av

k
D

      (1) 

Where k is the shape factor (0.9), λ is 0.154 nm, β is 

the FWHM and θ is the peak position [12-14]. The 

particle size is 35 nm for the pristine compound, 

whereas 59.97 nm and 62.03 nm, for LNC2P and 

LNC9P, respectively. 

 

3.2. FTIR Study of Synthesized Powders 

FTIR studies revealed the lattice dynamics and 

structural properties of the oliv ine samples in 4000-400 

cm
-1

 frequency range. All the compounds exhibited 

similar spectra in good agreement with the structural 

results. The IR features two fundamental vibrations 

above 400 cm
-1 

i.e. ν2 and ν4 of PO4
3-

group in an olivine 

structure. The spectrum involves mainly O-P-O 

symmetric and antisymmetric bending modes with a 

small contribution of P v ibration, such as ν2 and ν4 in the 

regions 400-470 cm
-1

 and 575- 665 cm
-1

, respectively 

[15-17]. In case of LNP the high frequency band of 

FTIR absorption spectra at 650 cm
-1

 and 663 cm
-1

 is 

attributed to the stretching mode of NiO6 distorted 

octahedral. NiO6 octahedra undergo a degree of 

distortion due to the new incoming cation. The 

structural distortion is mainly depicted by the 

appearance of new broad bands at 1510 cm
-1

 and 1263 

cm
-1

 [18,19]. The changes are due to the vibrational and 

stretching modes. Figure 3 is evidenced for this 

observation. 
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Figure 3. FTIR spectra of pure LiNiPO4 alongwith the doped analogues (LNC2P and LNC9P). 

  
 

 

Figure 4. (a) Scanning electron micrographs of LNP, (b) its Cu doped analogues LiNiC2P and (c) LiNiCu9P. 

3.3. Scanning Electron Studies 

The SEM images in Figure 4 (a, b and c) 

corresponded to homogeneously distributed particle 

size. Apparently, particles are quite similar and small in 

size for all the synthesized compounds. However, some 

are gathered to form protuberances as LNP shows 

aggregates of ~10μm. [X-ray diffraction patterns 

revealed the true variation in their sizes]. Present low 

temperature synthesis treatment helps to get smaller 

particles. In addit ion, homogeneous sizes result in 

enhanced electrocatalytic activity as later observed in 

electrochemical oxygen reduction process. The 

electrode modificat ion is required which needs 

homogeneity in particle size for favorable application of 

LiNiPO4 as cathode material for battery applications. 

The Cu doped analogues also showed the similar 

microscopic structures. 
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Figure 5. Cyclic voltammograms for uncoated glassy carbon in (a) absence of oxygen, (b) presence of oxygen and LNP, (c) LiNiCu9P coated 

glassy carbon electrode and (d) in presence of oxygen in alkaline medium. 
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Figure 6. Effect of scan rate on the peak current for LiNiCu9P coated glassy carbon electrode in presence of oxygen in alkaline medium. 

3.4. Electrocatalytic Testing 

To evaluate the electrocatalytic performance of LNP 

and its Cu doped analogues towards oxygen reduction, 

cyclic voltammetry was done on bare as well as coated 

glassy carbon electrode in an alkaline medium 

consisting of 0.1 M KOH. The resulting 

voltammograms are displayed in figure 5. It can be seen 

that in the peak current corresponding to oxygen 

reduction reaction increase considerably after coating 

glassy carbon electrode with LNP mentioned samples 

labels in each sentence. Even Cu doping further 

improves the current. It can be seen that in absence of 

oxygen, no or dimin ished peak was observed in each 

case of bare and modified GCE. Figure 5d gives the 

obvious electrocatalytic activity of LiNiCu9P coated 

GCE for oxygen reduction reaction. Thus it can be 

inferred that the pronounced peak in cathodic scan is 

due the oxygen reduction which is not very clear at bare 

GCE. Similarly, cyclic voltammograms were obtained 

after mult i scans which demonstrated good chemical 

and electrochemical stability of LNP and its Cu doped 

analogue towards oxygen reduction reaction at glassy 

carbon electrode. On scanning towards negative 

potential window, a single peak was observed which 

could be attributed to electrochemical reduction of 

oxygen (Figure 6). 
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Table 1.   Derived electrochemical parameters using electrochemical data 

Samples ip (µA) Ep (V) Ep/2 (V) (Ep-Ep/2) (V) αn 

LiNiCu9P 6.45 -0.461 -0.350 0.111 0.43 

LNP 2.78 -0.426 -0.341 0.085 0.56 
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Figure 7. Linear relationship between peak currents with the scan rate for LiNiCu9P coated glassy carbon electrode in presence of oxygen in 

alkaline medium. 

 
The value of αn was calcu lated using the equation [20]: 

2

47.7

p

n mV
Ep E

     (2) 

These values are tabulated in Table 1 and 

correspond to a one electron reduction of oxygen. 

Various possible electrochemical parameters as 

obtained from CV data depict that these materials 

facilitate the electron transfer process to electro reduce 

oxygen. Also, the quasi-reversible nature of 

electrochemical reduction of oxygen in basic media can 

be accessed from Ep-Ep/2 values [21, 22] (Table 1). 

These trends are supported by the linear relationship 

between peak currents with the scan rate as depicted by 

Figure 7. 

4. Conclusions 

Non aqueous sol gel method proved successful to 

synthesize LNP and copper doped analogues. 

Microwave annealing is energy, cost and time effect ive, 

compared to the conventional furnace heating process. 

The crystallite size calculated by using Scherrer’s eq. is 

in nm range. The X-ray studies confirm the phase pure 

crystalline compositions with nano sized part icles which 

are also in accordance with the SEM results. The FTIR 

studies show the particular vibrational and stretching 

modes for the crystal lattice of these materials. The 

synthesized compounds showed promising 

electrocatalytic activity towards oxygen reduction 

reaction making these as potential electrocatalysts. It is 

anticipated that adopted low-energy and low-cost 

synthetic route is suitable for viable synthesis of 

catalytic materials for such important reactions like 

oxygen reduction reaction. 
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