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Abstract: 

The pyrochlore oxides are of potential interest as ion conducting electrolyte for intermediate 

temperature solid oxide fuel cell (SOFC). Nanopowders of holmium zirconate have been 

synthesised through ion-exchange between sodium alginate gel and metal complex solution 

followed by its thermal decomposition. Nanoparticles of Ho2Zr2O7 were obtained by calcining 

the dried gel beads at 700˚C for 2h and 6h duration respectively. An insight into calcination 

has been obtained employing simultaneous thermogravimetric analysis and differential 

scanning calorimetry (TGA/DSC). Thermal decomposition was also followed using High 

Temperature X-ray Diffraction (HTXRD) in static ambient atmosphere. Results from 

TGA/DSC and HTXRD corroborate each other. Fine crystalline nanopowders of single phase 

Ho2Zr2O7 could be obtained after thermal decomposition at relatively low temperature (600-

700̊ C). Powder X-ray diffraction (XRD) revealed that the material has crystallized as single 

phase cubic Ho2Zr2O7 with defect fluorite structure. XRD and Raman spectroscopy were used 

to analyse the local structure of holmium zirconate. XRD scans of holmium zirconate and 

holmium hafnate prepared through identical method have been compared and effect of cationic 

radius of Zr4+ and Hf4+ on B-site was studied. The crystallographic data obtained from XRD 

and transmission electron microscopy (TEM) are in good agreement with each other. This sol 

gel method referred also as Leeds Alginate Process (LAP) is simple, cost effective, energy 

efficient and carbon neutral for the preparation of pyrochlore oxides (A2B2O7) solid electrolyte 

material for SOFC. 

Keywords: Sodium alginate, Holmium zirconate, Nanoparticles, DSC-TGA, Enthalpy, HT-XRD, TEM-

EDX 

1. Introduction 

Solid Oxide Fuel Cells (SOFCs) are capable of direct utilization of large variety of fuels such 

as hydrogen, natural gas, coal gas, reformed gasoline and diesel, and gasified carbonaceous 
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solids (biomass and municipal solid waste) [1-2]. Recently, SOFC technology development 

effort has focused on improving electrical performance and lowering of the cell operating 

temperature to 600-800 °C.  Formation of greenhouse gases produced in the high temperature 

combustion process could be eliminated in intermediate temperature solid oxide fuel cells [3]. 

Pyrochlore materials are used as oxygen electrodes and solid electrolytes in fuel cells [4]. 

Fundamentally, pyrochlore compounds are characteristic ionic conductors and their functional 

properties can be changed by varying the processing conditions as well as with the doping of 

different elements on cation sublattice. Altered materials can also be used in SOFCs as solid 

electrolytes [5]. An ideal oxide pyrochlore having the formula as A2B2O7 can be more accurately 

written as A2B2O(1)6O(2), where O(1) and O(2) correspond to crystallographically distinct 

sites of oxygen atoms. Pyrochlore stability can be predicted by tolerance factor which is cations 

ionic radius ratio (rA/rB). For lanthanide pyrochlores the disordered phase forms at equilibrium 

when rA/rB < 1.46 [6]. The disordered structure is therefore similar to the mineral fluorite, with 

a single cation and anion site [7]. Pyrochlores with heavy A-site cations, such as Ho, offer a 

unique opportunity to study this order/disorder transformation, as disorder can be induced 

through cation substitution on the B-site. 

Sodium alginate is a water soluble polysaccharide extracted from the brown algae. It has 

varying amounts of g-L-guluronic acid (G) and 1, 4 linked く-D-mannuronic acid (M) residues 

linked together covalently in different sequence such as -MM-, -GG- structures or -GM- block 

copolymers. In aqueous solution metal ions interact with alginate [8]. The “zig-zag’’ structure 

of poly-G explains the higher specificity for metal ions as it can accommodate the metal ions 

more easily [9]. 

Alginate based synthesis method provide good control over homogeneity and stoichiometry of 

multicomponent metal oxides nanoparticles [10]. Nanowires of complex metal oxides were 

synthesised using this method [11]. However, a systematic study to understand thermal 

decomposition of ion-exchanged alginate to yield complex oxide phases with simultaneous 

TGA-DSC and temperature programmed XRD has not been reported till todate by any other 

group of investigators.  

This study describes the synthesis of holmium zirconate (Ho2Zr2O7) through Leeds Alginate 

Process (LAP) recently developed and extensively researched by Kale et al [12-14]. Advantage 

is taken of cheaply available sodium alginate as a promoter for the synthesis of Ho2Zr2O7. 

Nanopowders of holmium zirconate were obtained after thermal decomposition of gelled 
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precursor. Thermal characterisation of product was carried out using simultaneous 

thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) and temperature 

programmed X-ray Diffraction (HT-XRD). Structural and morphological characterisation of 

the nanoparticles was carried out using X-ray diffraction (XRD), Raman spectroscopy and 

Transmission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray (EDX) 

spectroscopy. 

2. Materials and Experimental Procedure 

Nanopowders of Ho2Zr2O7 used to study the structural and morphological properties were 

obtained using Leeds Alginate Process developed by Kale and co-workers [12-14] is described 

below. 

2.1.Synthesis 

Holmium(III) nitrate pentahydrate, Ho(NO3)3*5H2O, (purity 99.9%) from Alfa Aesar 

(Heysham, UK) and Zirconium(IV) oxychloride octahydrate, ZrOCl2*8H2O, (purity 99.5%) 

from Sigma-Aldrich (Gillingham , UK) were used to prepare complex metal ions solution. 

Starting materials were weighed to obtain the molar ratio of Ho3+/Zr4+
 =1 with the concentration 

of 0.01mol/ml of each cation and dissolved in distilled water using magnetic stirrer. Sodium 

alginate (Na-ALG) was obtained from Sigma Aldrich Ltd (Birmingham, UK) and a 4 wt% 

solution was prepared by dissolving an appropriate quantity in distilled water using magnetic 

stirrer. Both Na-ALG and metal complex solutions were prepared in fume cupboard at ambient 

temperature and pressure. 200ml of Na-ALG solution was dripped in 200ml of metal complex 

solution using a burette. The formed beads of gel were allowed to stay in the complex metals 

solution to facilitate ion-exchange between Na+ from alginate with Ho3+ and Zr4+ from aqueous 

solution under gentle magnetic stirring for 24h. Subsequently, metal-alginate beads were 

separated from the ionic solution using a stainless steel sieve and extensively rinsed with the 

distilled water. The metal-alginate beads were eventually dried until constant weight in an oven 

at 90°C for 24h. 

2.2.Characterisation 

The dried beads were subjected to thermal analysis using Mettler Toledo STARe System 

(Leicester, UK) for Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

(DSC) investigations. TGA/DSC analysis was performed from room temperature to 1000°C at 

the heating rate of 10°Cmin-1 under the controlled air environment with steady flow rate of 

10mL/min. Mass of dried beads used for TGA/DSC analysis was approximately10mg. 
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Prior to HT-XRD analysis, a fully dried sample was milled using Retsch Shaker Mill at the 

frequency of 30Hz using steel ball to obtain fine powder. The milled powder was pressed into 

an g-Al 2O3 sample holder for HT-XRD analysis in static ambient atmosphere using CuKg 

radiation (そ= 1.5418A˚) (Anton Paar HTK-1200, Almelo, The Netherlands) at 40kV and 

40mA. The temperature program was set from room temperature to 1000°C with the interval 

of 25°C at the heating rate of 10°Cmin-1. To completely equilibrate the sample at each 

temperature a dwell time of 30mins was provided. This dwell time was necessary to allow the 

material to undergo any phase change at specified temperature. HT-XRD scan was performed 

over the range of 2し= 20-80° with the step size of 0.03°. Total scan time of 20 min was provided 

to obtain the information of phase transformation at each temperature. Programmable 

divergence and antiscatter slits were used for generating constant irradiation length on the 

sample to improve the data collection statistics at higher angle and reducing the effect of air 

scattering at low angles which is known to influence the diffraction background patterns. The 

data was converted from automatic to fixed slit to make it suitable for structural analysis. 

Resultant data was analysed using X’Pert High Score plus software package supplied by 

P’Analytical, The Netherland.  

Following the conclusions of TGA/DSC and HT-XRD metal-alginate dried beads were 

calcined at 700°C for 2h and 6h in stationary air. The rate of heating and cooling cycles was 

maintained at 10°Cmin-1 during calcination. After thermal decomposition of dried beads the 

nanoparticles of Ho2Zr2O7 were obtained. 

The Ho2Zr2O7 obtained after calcination was converted to fine particles using pestle and mortar 

to break down the agglomerates and analysed using powder X-ray diffraction (XRD Bruker 

D8) employing CuKg radiation (そ= 1.5418A˚) at ambient conditions. A Rietveld size/strain 

structural refinement was performed on the data obtained from XRD. X’Pert High Score plus 

software package by P’Analytical was used for Rietveld refinement. Data was comprised of 

Gaussian and Lorentzian components and a Pseudo-Voigt profile was used to refine the relative 

proportion of each component during refinement process. Detail of Rietveld procedure can be 

found elsewhere [15-18].  

Raman spectroscopy was used to study the local structure of synthesised nanoparticles of 

Ho2Zr2O7. Raman spectra was collected using a Renishaw Raman system with an excitation 

laser wavelength of 473nm, 514nm and 633nm, an excitation intensity of 25mW and data 

acquisition time of 10s. The Raman band of 99% silicon wafer at 520.5±0.5 cm-1 was used to 

calibrate the spectrometer. 
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Fine powder of holmium zirconate nanocrystal dispersed in acetone was placed on holey 

copper-carbon grid and analysed using Transmission Electron Microscopy (FEI Tecnai TF20 

FEG-TEM, Eindhoven, The Netherlands) to determine the interplananr spacing and 

morphological features.  ImageJ software was used to analyse TEM images. Energy dispersive 

X-ray (EDX) was used to confirm the elements present and their concentration in order to 

establish the stoichiometry of the material. Aztec software was used for EDX analysis. 

3. Results and Discussion 

Metal-alginate dried beads were thermally analysed using simultaneous TGA/DTG/DSC in 

flowing air and the result are shown in Fig. 1. Thermal decomposition of metal-alginate beads 

can be divided into seven steps as shown in Table 1. TGA and DSC profile are in good 

agreement with each other. In the first step, the mass loss is due to the removal of adsorbed 

water from beads. The twin exothermic peaks were observed in step 2 & 3 which are due to 

the first stage of partial combustion of organic matrix. More weight loss is involved with the 

main peak and less with the shouldered end as shown in the inset (a) of Fig. 1. First three steps 

accompanied with weight loss of 23%. Inset (b) of Fig. 1 shows the data from 150-1000°C to 

elaborate the DTG curve by reducing its scale. In step 4 and 5 total weight loss is around 25% 

which is due to the evolution of oxygen resulting from the cleavage of weaker linkage (G-G, 

G-M, and M-M) in the alginate structure. In steps 4 and 5 onsets of two minor exothermic 

peaks appears at 247°C and 350°C resulting from the second stage of combustion of organic 

matrix. The exothermic peak in step 6 is due to the final stage of oxidative decomposition of 

remainder organic and inorganic matrix resulting into approximately 11% weight loss. 

Pyrolysis of the organometallic precursor was complete with the endset of major exothermic 

peak at about 615°C. A small weight loss of about 0.9% can still be observed between 833-

900C which may be due to the loss of excess oxygen from the lattice of Ho2Zr2O7+ߜ that 

manifests a small endothermic peak in DSC trace. This allows us to estimate an excess oxygen 

of about ±0.025% in Ho2Zr2O7+ߜ. Based on these results, a calcination temperature of 700°C 

was selected for further processing of dried alginate beads. These results are in agreement with 

the Ho2Zr2O7 prepared by Polymerized-Complex Method (PCM) [19].    
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   Fig. 1. Thermal analysis of dried beads. Marked arrows show numbered steps. 

                                                   Table 1: TGA/DSC analysis 

% Weight Loss in TGA curve 

Steps Temp. Range,˚C Wt. loss, % 

1 RT- 127 7.5 

2 127-131 11.9 

3 134-137 3.5 

4 180-306 14.7 

5 327-440 10 

6 457-614 10.7 

7 833-900 0.9 

Peaks in DSC curve 

Peak 1 RT-116 ˚C Endothermic 

Peak 2 116-134̊ C Exothermic 

Peak 3 134-145̊ C Exothermic 

Peak 4 247-302̊ C Exothermic 
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Peak 5 350-380̊ C Exothermic 

Peak 6 437-616̊ C Exothermic 

Peak 7 815-865̊ C Endothermic 

  

Fig. 2 (a) shows the results of HT-XRD patterns of oven dried metal alginate beads from room 

temperature to 1000°C. No diffraction peaks are observed between 25°C to 300°C as the 

decomposition of metal-alginate beads has not yet commenced. At 400°C some minor 

undulation in the baseline were observed at the position close to the diffraction peaks of 

crystalline Ho2Zr2O7. At 600°C, thermal decomposition of beads has completed according to 

Fig. 1 and high purity single phase holmium zirconate peaks were observed. These results are 

in excellent agreement with TGA/DSC analysis. A few minor peaks from g-Al 2O3 sample 

holder were also noticed along with holmium zirconate peaks as shown in Fig. 2(a).  

Fig. 2 (b) shows the refined HT-XRD pattern from 400-1000°C. Here the data is refined to 

digitally eliminate g-Al 2O3 sample holder peaks. It is clearly evident that the decomposition 

started at 400 °C and ended at 600°C yielding a high purity nanoparticles of holmium zirconate. 

With further increase in temperature from 700-1000°C crystal size increased and sharpness of 

peaks also increased as a result of crystal growth [12]. 

Results of thermal decomposition of dried metal alginate beads using TGA/DSC and HT-XRD 

show high degree of internal consistency with respect to the decomposition temperature of 

metal alginate beads and also onset and endset of holmium zirconate formation.  

Results of TGA/DSC and HT-XRD are in good agreement with each other showing complete 

thermal decomposition of dried metal alginate beads at 600°C. Based on the results of 

TGA/DSC/DTG and HT-XRD it can be concluded that the enthalpy change for the 

decomposition of metal alginate (Ho3+/Zr4+-ALG) into Ho2Zr2O7, CO2 (g) and H2O (g) is -3826 

± 383 J/g based on the Hess’s law of heat summation. 

The net enthalpy change of the decomposition process is calculated from the algebraic sum of 

the area under each peak in the DSC trace divided by the change in weight of the corresponding 

peak in the TGA trace. The net enthalpy change of -3826 J/g (±10%) suggests that the over all 

decomposition process is exothermic in nature. It can be envisaged that the evolved heat can 

be utilized for the drying and calcination process of beads in a continuous manufacturing 

process or stored if it is produced in excess of the requirements.  
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Fig. 2: (a) HT-XRD patterns of dried metal alginate beads from 25-1000°C. The patterns are 

indexed by ICDD, 01-080-7723 with cubic Ho2Zr 2O7 shown at the top of the peaks. Tick marks 
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‘*’ for g-Al 2O3 peaks. (b) Refined HT-XRD patterns from 400-1000°C, sample holder (g-Al 2O3) 

peaks were digitally removed. 

Fig. 3 shows the XRD pattern of nanopowders obtained after calcination of dried beads at 

700°C for 2h and 6h. The observed data for different calcination durations yielded single phase 

Ho2Zr2O7 having cubic defect fluorite structure. XRD pattern of material calcined for 2h shows 

broader peaks compared with that of 6h. Broadening of peak is one of the indicator of presence 

of nano-sized crystallites.  

Effect of calcination duration on crystallite size is shown in Table 2. Crystallite size increased 

with the increase in annealing time. This phenomenon is known as Ostwald ripening in which 

inhomogeneous structure changes over time and larger crystals are formed at the expense of 

small ones to yield relatively more stable structure [20] also commonly observed during the 

powder sintering processes. 

 

Fig. 3: XRD patterns of Ho2Zr 2O7 nanoparticles obtained after calcination at 700°C for (a) 2h 

and (b) 6h. Patterns are indexed by ICDD, 01-080-7723 at the top of the peaks. 

The Rietveld refinement of XRD pattern of holmium zirconate (Ho2Zr2O7) calcined at 700̊C 

for 6h is shown in Fig. 4. The observed and calculated patterns matched with each other and 

peaks could also be indexed with the XRD reference pattern (ICDD, 01-080-7723).  The value 

of goodness of fit (GOF) is close to 5% as seen in Table 2.   
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Crystallite size was obtained from XRD pattern using Scherrer equation after eliminating 

instrument broadening and stress-strain broadening. The original data and refined model are in 

excellent agreement with each other and the value of weighted residual (Rwp) from refinement 

is 7%. With the increase in annealing time from 2h to 6h, particle coarsening occurred and 

correspondingly micro-strain decreased as anticipated. Coarsening resulted in crystal growth 

from approximately 6nm to 8nm. The unit cell parameters of the nanopowder of Ho2Zr2O7 

having defect fluorite structure (a = b = c = 5.148 A° and g = く = ＾ = 90°) prepared through 

ion-exchange based sol-gel method in this study is in excellent agreement with the data 

obtained through Polymerized-Complex Method (PCM) [19] and gel combustion technique 

followed by high temperature sintering [21].  

 

Fig. 4: Rietveld refinement of XRD patterns of Ho2Zr 2O7 nanoparticles obtained after calcination 

at 700 °C for 6h. Miller indices representing fluorite structure are shown on the top of the peaks. 

Table 2: Structural properties of Ho2Zr 2O7  

Sample 

 

Rietveld Refined Size Strain Analysis 

Avg. 

Crystallite 

Size (nm) 

Micro Strain 

(%) 

Rwp (%) Rexp (%) GOF 

=(Rwp)2/(Rexp)2 

Lattice 

Parameters 

(A˚) 

700̊ C-2h 6.27 2.478 5.843 5.276 1.226 5.149734 
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700̊ C-6h 7.85 2.042 6.971 3.037 5.266 5.147994 

Fig. 5 shows the comparison between the XRD patterns of holmium hafnate (Ho2Hf2O7) [22] 

and holmium zirconate (Ho2Zr2O7) synthesised through alginate based sol gel method. In many 

aspects Hf is considered chemically identical to Zr, since they belong to the same group of the 

periodic table. Hf+4 and Zr+4 have ionic radii of 0.71Å and 0.72Å for six fold coordination 

respectively [23]. Cation with larger ionic radius (Zr+4) shows that the fluorite peaks have shifted 

slightly to the lower angle as seen in the insets of Fig. 5 which is in agreement with the larger 

unit cell parameter of Ho2Zr2O7 compared with Ho2Hf2O7 
[22]

 by approximately 5%. 

 

Fig. 5: XRD patterns of homium hafnate (HH) and holmium zirconate (HZ) synthesised through 

alginate method. Insets show the shifting of peak positions.  

XRD technique is more restrained to disorder in cation sub-lattice rather than in anion sub-

lattice since the scattering power of X-rays for oxygen is much lower than rare-earth and 

transition metal cations. On the other hand, Raman spectroscopy is sensitive to metal-oxygen 

vibrations compared with metal-metal vibrations in oxides. Hence, Raman spectroscopy is an 

excellent technique to analyse the extent of disorder in pyrochlore oxides and differentiate 

between the pyrochlore and defect fluorite structures [24]. Factor group analysis predicted that 

there are a total of six Raman active modes in pyrochlore oxides [25]. 
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                                                 dRaman = A1g + Eg + 4F2g                                                       (1)   

Raman spectra of Ho2Zr2O7 nanopowder obtained after calcination at 700˚C for 6h is shown in 

Fig. 6. Individual modes are indistinguishable in fully disordered defect-fluorite [26-28] structure, 

the spectra here shows some initial pyrochlore type short range ordering of cation and oxygen 

vacancies [26-28] and appearance of weak bands is due to partial ordering of fluorite structure 
[21]. Bands around 270 and 590cm-1 correspond to the Zr−O vibrations. The band at 590 cm-1 

is assigned to F2g mode due to Zr−O stretch [21]. Bands around 665 and 883cm-1 correspond to 

the Ho−O vibrations. The vibrations corresponding to Ho−O and Zr−O appear in band 1060 

cm-1. Band around 491cm-1 clearly indicates the presence of disordered defect fluorite 

structure. The transformation from ordered pyrochlore structure to disordered defect fluorite 

structure shows the broad hump around 350-400 cm-1 [21] is not noticed since the compound is 

single phase fluorite. A band around 531cm-1 is also absent here which is strictly assigned to 

the A1g mode of pyrochlore phase [29].  

 

Fig. 6: Raman spectra of Ho2Zr 2O7 nanopowder obtained after calcination at 700̊C for 6h. 

Spectrum with laser wavelength of 473nm along with peaks fitting. Black curve is original Raman 

spectrum and red is fitted one.  Inset shows the luminescence spectra for three different lasers 

blue-473nm, green-514nm and red-633nm.  
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Inset in Fig. 6 shows the luminescence spectra of Ho2Zr2O7 nanopowders at different 

wavelengths. First luminescence spectra with excitation wavelength of 514nm appeared at the 

range of 520 to 560nm. Second luminescence spectra using excitation wavelength of 633nm 

appeared at wavelength from 635 to 680nm. Third one with 473nm blue laser was observed 

from 740 to 770nm.  

TEM images and SAED pattern of Ho2Zr2O7 nanopowder obtained after calcining at 700˚C for 

6h are shown in Fig. 7. Holmium zirconate nanoparticles were of uniform shape with narrow 

size distribution and crystalline in nature.  The interplanar spacing of nanocrystalline Ho2Zr2O7 

were calculated from the SAED pattern and were assigned unique Miller indices. The Miller 

indices (hkl) of all the crystal planes of Ho2Zr2O7 obtained from SAED pattern are in good 

agreement with XRD reference pattern (ICDD, 01-080-7723) and the XRD pattern shown in 

Fig. 3 & 4. Table 3 shows the d-spacing calculated from TEM and XRD data for different 

planes. Interplanar spacing (d-spacing) calculated from the XRD and TEM (SAED) are in 

excellent agreement with each other and reference pattern as shown in Table 3.  

TEM is one of the few techniques that allows real space visualisation of nanoparticles [30] 

Average particle size of Ho2Zr2O7 obtained from TEM image analysis is 9±1nm and average 

crystallite size from XRD is 8nm (Table 2). The particle size determined by TEM analysis and 

the crystallite size calculated from refinement of XRD data are in excellent agreement with 

each other in spite of the fact that the particle dimensions obtained from these two 

complimentary analytical techniques corresponds to the dissimilar orientation of the 

nanopowders [31].  

Table 3: Comparison of d-spacing of Holmium Zirconate from TEM, XRD Rietveld refinement 

and XRD reference pattern 

h k l Ref. (ICDD, 01-
080-7723) d, A˚ 

XRD d, A˚ TEM d, A˚ 
700̊ C-6h 700̊ C-6h 

1 1 1 3.01450 2.959 3.01 
2 0 0 2.61060 2.566 2.61 
2 2 2 1.84600 1.819 1.82 
3 1 1 1.57430 1.550 1.55 
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Fig. 7: TEM images with SAED pattern of Ho2Zr 2O7 calcined at 700̊C for 6h. SAED pattern 

indexed with XRD peaks 
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Fig. 8 shows the TEM-EDX spectrum of nanopowder of holmium zirconate. To further confirm the 

composition of the synthesised material EDX analysis was performed. Ho2Zr2O7 nanocrystals are 

composed of holmium, zirconium and oxygen with an atomic ratio of 2 : 2 : 7. The peaks due to Cu and 

C in the spectrum are attributed to the holey carbon mesh grid used for TEM analysis. The Inset in Fig. 

8 shows the atomic % of elements obtained from EDX and stoichiometry with error bars. This agrees 

well with the theoretical values of 18.2% for Ho, 18.2% for Zr and 63.6% for O indicating that 

compound exhibit negligible non-stoichiometry. The percentage error in the elemental analysis is less 

than 0.2%. 

    

Fig. 8: TEM-EDX spectrum of Ho2Zr 2O7 calcined at 700̊C for 6h. Inset compares the atomic % 

of elements with the stoichiometry. 

 

Fig. 9 shows the surface profile imaging of Ho2Zr2O7 nanopowder calcined at 700˚C for 6h 

using High Resolution TEM (HRTEM) which is capable of showing the unidirectional images 

of the top surface layer, i.e. a profile view [32]. The main advantage of HRTEM is to allow 

examination of crystal phases in an overlapping nanopowder sample [33]. 

Lattice planes can be easily seen and indexed as (111) and (222) in Fig. 9. Nanoparticles of 

Ho2Zr2O7 showed the crystalline phase formation with cubic structure and interplanar distance 

of 3.0 Å  and 1.82 Å for (111) and (222) planes, respectively. Using high purity feed material 

nanoparticles of Ho2Zr2O7 can be successfully prepared using Leeds Alginate Process (LAP). 
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Fig. 9: HR-TEM image of Ho2Zr 2O7 nanopowder with defect fluorite structure and interplanar 

spacing of 3.0 Å and 1.82 Å  along the (111) and (222) planes respectively. 

4. Conclusions 

An alginate based sol-gel technique was employed to prepare nanoparticles of holmium 

zirconate at 600 ˚C. Beads of precursor were obtained by carrying out ion-exchange between 

complex metal-ion solution and sodium alginate gel. Nanopowder of holmium zirconate were 

successfully obtained after calcination of precursor beads. TGA/DSC and HT-XRD analyses 

yield decomposition temperatures that are in good agreement with each other and an optimum 

calcination temperature of 700˚C was determined. XRD analysis confirmed that single phase 

cubic nanoparticles of Ho2Zr2O7 with defect fluorite structure and space group of Fm͵തm were 

successfully prepared. Analysis from Raman spectra shows bands related to the partial ordering 

of fluorite structure as reported in literature [21] along with some initial pyrochlore type short 

range ordering of cation and oxygen vacancies [26-28]. Calcination duration significantly affects 
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the crystallite size of nanoparticles as it changes from 6nm to 8nm with the change in annealing 

time from 2h to 6h at 700˚C. XRD patterns of holmium zirconate and holmium hafnate 

prepared using LAP has been compared and it shows that the difference in the cationic radius 

of Zr4+ and Hf4+ in octahedral site affects the XRD peak positions and hence the lattice 

parameters. Interplanar spacing calculated from XRD and TEM investigations is in excellent 

agreement with each other as well as with the standard reference data. HR-TEM image of 

synthesised nanopowder shows the profile view and distinct lattice planes which can be easily 

indexed to defect fluorite structure of Ho2Zr2O7. TEM-EDX analysis confirms that Ho2Zr2O7 

is stoichiometric. Ion-exchange based Leeds Alginate Process is therefore a highly versatile 

technique to produce pyrochlore oxide nanoparticles as solid electrolyte materials for solid 

oxide fuel cells in an environmentally friendly, cost effective and energy efficient manner. 
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