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Abstract 
Magnesium hafnium phosphate, MgHf4P6O24 solid electrolyte with an alkali 8.9 pH was produced using the 
sol-gel process. Electrical and electrochemical characterisation of the solid electrolyte were determined. 
TGA-DSC analysis indicated that the dried xerogel powder, when calcined at 900 oC for 3 h converts to single 
phase MgHf4P6O24 solid electrolyte nanopowders. Pellets of 13 mm diameter and 3.8 mm thickness made by 
uniaxial compression were sintered at 1300 oC for 24 h. The platinium-cured pellets exhibited ionic 
conductivity of 4.52 x 10-4 Scm-1 and activation energy of 0.74±0.02 eV at 747 oC. The electrical and 
electrochemical properties of this sol-gel prepared solid electrolyte together with the reference electrode, 
MgCr2O4+Cr2O3+O2 biphasic powder mixture, finds suitable applications in Mg-sensors and other 
electrochemical devices. 
Keywords: Solid Electrolyte, MgHf4P6O24, Reference Electrode, Mg-Sensor, Electrochemical Devices. 

 
1. Introduction  
Sol-gel process provides a unique approach to the preparation of ceramic materials (Livage et al., 1988) 
where the homogeneous materials can be easily obtained by mixing the molecular precursor solution 
(Dislich, 1971; Zelinski and Uhlmann, 1984). The sol-gel process is an attractive alternative to other methods 
available for the synthesis of ceramic materials (Brinker et al., 1991; Hu et al., 1992; Brinker and Scherer, 
2013). The sol-gel process is gaining rapid popularity for large-scale production of fine ceramics (Pathak and 
Pramanik, 2001). A feature of this study, particularly for solid electrolytes, is the interdisciplinary nature and 
important contribution chemistry is making to the development and manufacture of solid electrolyte 
nanopowders (Segal, 1996; Segal, 1997). In a recent study, experimental data on the structural and thermal 
properties of sol-gel prepared MgHf4P6O24 solid electrolyte have been published (Adamu and Kale, 2025). 
However, data on the electrical and electrochemical properties of the solid electrolyte and other phosphate-
based solid electrolytes are scarcely reported.  
 
Sol-gel process was adopted for use in this study due to its potential advantage of yielding ceramic materials 
with homogeneous phase and high-density compacts at a noticeably low temperature (Mackenzie, 1985; 
Adamu and Kale, 2016; Mustaffa and Mohamed, 2016; Joost and Krajewski, 2017; Judez et al., 2018; Adamu 
et al., 2020; Adamu and Kale, 2025) when compared with conventional solid-state reactions between oxide 
powders (Tamura et al., 2004; Tamura et al., 2016). Sol-gel process have shown enormous impact on the 
electrical behaviour of bulk MgZr4P6O24 solid electrolyte (Adamu and Kale, 2016; Mustaffa and Mohamed, 
2016; Adamu et al., 2020) with suitable applications in Mg-sensors and other electrochemical devices, and 
thermodynamic analysis at high temperatures in aggressive environment (Mudenda and Kale, 2017; 
Sivasankaran and Kumar, 2019).  
 
Producing the next-generation of electrochemical devices, for instance, univalent and divalent batteries, fuel 
cells and chemical sensors that are superior to the lithium-ion powered devices, in terms of cost, safety and 
energy storage capacity, has become a crucial task and at the heart is the solid electrolytes representing the 
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key components for creating electrochemical devices with these desirable properties (Mustaffa and 
Mohamed, 2016). Among the class of solid electrolytes, ceramic electrolytes form a significant class because 
they possess wide electrochemical stability window, absence of leakage compared to liquid electrolytes and 
can be fabricated into a variety of sizes and shapes (Knauth, 2009; Fergus, 2012). 
 
In furtherance of our research interests on phosphate-based solid electrolytes, we are reporting for the first 
time, the electrical and electrochemical properties of MgHf4P6O24 solid electrolyte and its applications in Mg-
sensors, incorporating the reference electrode, MgCr2O4+Cr2O3+O2 biphasic powder mixture for in-line 
monitoring of dissolved Mg in a primary or secondary molten non-ferrous alloys at 700±5 oC. 
 
2. Experimental Method 
2.1. Materials Synthesis 
Analytical grade precursor Mg(NO3)2 chemical powders from Sigma-Aldrich Chemical Co Ltd (Gillingham, 
Dorset, UK), HfCl4 and NH4H2PO4 from Alfa Aesar Fine Chemicals and Metals (Heysham, Lancashire, UK) 
were used as received to produce MgHf4P6O24 nanopowders, akin to the process used in an earlier study 
(Adamu and Kale, 2025). Appropriate stoichiometric amounts of analytical grade of the precursor materials 
used were weighed and dissolved in separate beakers of distilled water labelled A, B, C as presented in 
Figure 1. Beaker A contains Mg(NO3)2 aqueous solution, Beaker B contains NH4H2PO4 aqueous solution while 
Beaker C contains HfCl4 aqueous solution. To produce the sol, Mg(NO3)2 and NH4H2PO4 aqueous solutions 
were mixed together while stirring in beaker D with a magnetic stirrer at room temperature. Appropriate 
amount of HfCl4 aqueous solution was prepared separately and then added dropwise to the prepared 
homogeneous sol using a burette to produce white wet gel. To neutralise the mixture, concentrated NH4OH 
was gradually added dropwise to the white wet gel to adjust the initial acidic 0.2 pH to a final alkali 8.9 pH. 
The final white wet gel was stirred for 0.5 h and dehydrated at 100 oC for 24 h on a hot plate to achieve dried 
xerogel powders. After the dehydration process, the xerogel powders were mechanically ground with an 
agate mortar and pestle into fine xerogel powders. 
 

 
Figure 1. Sol-gel process of prepared MgHf4P6O24 solid electrolyte (Adamu and Kale, 2025). 

 
The ground fine xerogel powders was then analysed for its weight loss and heat flow as a function of 
temperature. After the TGA-DSC analysis, the dried xerogel powder was calcined at 900 oC for 3 h in a top 
loading muffle furnace using data from the TGA-DSC analysis. The calcined nanopowders mixed with 1 wt.% 
binder, Ciba Glascol HA4, was subsequently dried at 100 oC for 0.5 h and pressed into pellets of 13 mm 
diameter and 3.8 mm thickness using uniaxial compression, akin to the pellet-making procedure adopted in 
an earlier study (Adamu and Kale, 2025). The resultant green pellets were initially heated between 400-450 
oC for the purpose of burning out the binder prior to sintering at 1300 oC for 24 h at a heating rate of 10 oC 
min-1. During sintering, the pellets were embedded in a calcined nanopowder of the same composition in a 
closed alumina crucible in order to protect the loss of volatile oxides, like P2O5 at high-temperatures (Collin 
and Boilot, 1989). This procedure will also prevent any potential reaction between the alumina crucible and 
the solid electrolyte pellets by enabling the calcined nanopowders as a sacrificial material. This may also 
limit the loss of possible volatiles during sintering. 
 
2.2. Materials Characterisation  
The prepared xerogel powders was subjected to thermal analysis; thermogravimetric analysis and 
differential scanning calorimetry (TGA-DSC) using STA 8000 (PerkinElmer, Seer Green, UK) for thermal 
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oxidation behaviour and weight loss of the dried xerogel powders. The analysis ensured effective 
optimisation of calcination conditions of the xerogel powders in a controlled atmosphere at a flow rate of 50 
mL min-1 using a constant heating-cooling rate at 10 oC min-1 between 30 to 1000 oC, akin to that described in 
our previous papers (Adamu and Kale, 2016; Adamu et al., 2020; Adamu and Kale, 2025). The resultant dried 
xerogel powders were calcined at 900 oC for 3 h, and then pressed into pellets of 13 mm diameter and 3.8 
mm thickness using uniaxial compression. The pressed pellets were then sintered at 1300 oC for 24 h at a 10 
oC min-1 heating-cooling rate in a closed alumina crucible immersed in powders of the calcined sample 
composition. Phase analysis for both the calcined nanopowders and sintered pellets of MgHf4P6O24 solid 
electrolyte were examined using powder x-ray diffractometer, XRD (Bruker D8 Advance, Karlsruhe, GmbH) 
equipped with CuKα1 (with λ = 1.5406 Å) radiation source operating at 30 kV and 45 mA, and calibrated 
against Si standard, and the XRD data was collected over 10° ⩽ 2θ ⩽ 80° scan range.  
 
For electrical and electrochemical characterisation, the platinum-cured pellets for impedance analysis were 
prepared by lightly grinding the two flat surfaces of the pellets sequentially on dried surfaces of silicon 
carbide (SiC) papers with grit size P2500. Afterwards, geometric measurements on the ground pellets to 
determine the thickness and diameter of the solid electrolyte was achieved. Thereafter, the pellets were 
platinised by applying platinum paste and cured at 800 oC for 0.5 h to provide good adhesion between 
platinum paste and the solid electrolyte pellets thereby forming contact electrode. The platinium-cured 
pellet was spring loaded in a quartz assembly rig placed inside a Faraday cage within horizontal Lenton 
LTF1200 tube furnace (Lenton Thermal Designs Ltd., Market Harborough, UK). A type-K thermocouple was 
inserted close to the spring-loaded pellet to monitor the actual impedance temperature. Actual impedance 
temperatures of 25 oC ⩽ T ⩽ 800 oC were monitored and recorded through a plug and play temperature 
input device, the NI USB-TC01 connected to a LabVIEW interface (Business Park, Newbury, UK). The 
platinum wire clips were then connected to the Solartron SI1260 FRA impedance analyser which interfaced 
with a computer controlled by the software ZPlot (Scribner Associates, Inc. USA).  
 
The electrochemical Mg-sensor characterised in this study was prepared using high conducting MgHf4P6O24 

solid electrolyte, a non-reactive annealed Fe-Cr alloy wire, Mo-rod counter electrode and reference 
electrode, MgCr2O4+Cr2O3+O2 biphasic powder mixture. Dense MgHf4P6O24 solid electrolyte pellets were 
respectively attached to open end 50.8 mm long alumina tubes using pure alumina refractory cement 
(Parkinson-Spencer Refractories Ltd., Halifax, UK) to form exclusive alumina probes. A 0.25 mm thick 
annealed Fe-Cr alloy wire (Goodfellow, Cambridge) was coiled, inserted and rammed into bottom of the 
alumina probes along with MgCr2O4+Cr2O3+O2 biphasic powder mixture. The prepared Mg-sensors were 
respectively inserted into 120 mm shock resistant SiAlON ceramic tubes and held firmly with alumina 
refractory cement, as presented in Figure 2. 
 

 
Figure 2. Bulk electrochemical Mg-sensors showing the Mg-sensor before insertion in SiAlON ceramic tube. 

 
3. Results and Discussions   
3.1. Thermal Analysis (TGA-DSC)    
Phase formation and possible transformation temperatures of MgHf4P6O24 solid electrolyte was determined 
using TGA-DSC. The main decomposition changes on the TGA profiles in Figure 3 shows that dehydration of 
lattice H2O occurred within 30-100 oC, while from 150 oC to 500 oC, the weight loss observed may result from 
decomposition or oxidation of the inorganic precursors; Mg(NO3)2, HfCl4 and NH4H2PO4. Similarly, DSC 
profiles of the dried xerogel powders identified two endothermic decomposition peaks at 150 oC and 350 oC, 
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and exothermic peak at 900 oC. Decomposition of NH4H2PO4 into (NH4)3H2P3O10 and H2O molecules within 
140-170 oC could be responsible for the endothermic peak observed at 150 oC. Also, the decomposition of 
Mg(NO3)2 into MgO, NO2 and O2 at a temperature above 300 oC, could be responsible for the endothermic 
peak at 350 oC. The reactive oxide HfO2 formed by the oxidation of HfCl4 at 432 oC produced the solid 
electrolyte after stoichiometric reaction with MgO and P2O5 reactive oxides at 900 oC (Adamu et al., 2020; 
Adamu and Kale, 2025). Therefore, the exothermic peak observed at 900 oC depicts the formation of 
MgHf4P6O24 solid electrolyte. However, TGA profile shows the initial formation stage and stability 
temperature of the solid electrolyte at 780 oC. 
 

 
Figure 3. TGA-DSC profiles of MgHf4P6O24 xerogel powders at scan rate of 10 oC min-1 in the air (Adamu and 

Kale, 2025). 
 

3.2. X-Ray Diffraction (XRD)  
The XRD patterns of MgHf4P6O24 solid electrolyte nanopowders calcined at 900 oC for 3 h and the pellets 
sintered at 1300 oC for 24 h is presented in Figure 4 with all the peaks fully matched and indexed to ICDD-
04-016-0487 and ICDD-04-011-6948. 
 

 
Figure 4. Combined XRD peaks of pure MgHf4P6O24 nanopowders calcined at 900 oC for 3 h and pellets 

sintered at 1300 oC for 24 h. All peaks indexed to ICDD-04-016-0487 and ICDD-04-011-6948 (Adamu and 
Kale, 2025). 

 
3.3. Electrochemical Impedance Analysis (EIA) 
Electrochemical impedance analysis of the platinium-cured MgHf4P6O24 solid electrolyte pellet is presented 
as Nyquist plots in Figure 5. The analysis demonstrates the electrical properties of Mg2+-ion conducting 
specie in MgHf4P6O24 solid electrolyte. It further identifies the contribution from the grain interior, grain 
boundary and electrode-electrolyte interface in the high, intermediate and low frequency regions of the 
Nyquist plots (Bauerle, 1969). The impedance spectra measured in this study falls within the 182–747 oC 
temperature and 100 mHz-32 MHz frequency range.  
 
The impedance spectra in Figure 5(a) shows a single slightly depressed semicircle at higher-frequency 
followed by the low-frequency spike inclined at angle 45o. The appearance of such inclined spike at low-
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frequency demonstrates MgHf4P6O24 solid electrolyte as an ionic conductor (Irvine et al., 1990; Huggins, 
2002). The slightly depressed semicircle is attributed to the CPE parameter which suggests non-Debye type 
relaxation behaviour (MacDonald, 1987) since the centre of the depressed semicircle is located below the 
axis, this electrochemical impedance behaviour is similar to those observed in other solid electrolytes 
(Chowdari and Gopalakrishnan, 1986).  
 
The slightly depressed semicircle could have resulted from ionic migration in the bulk solid electrolyte 
which is indicative that the solid electrolyte pellet is dense and well sintered, and it confirms the absence of 
grain boundary effects. Furthermore, inclined spike observed in the low-frequency region may be attributed 
to the polarisation effect at the electrode-electrolyte interface (Ferloni and Magistris, 1994). The border 
frequency, fb in Figure 5 corresponds to 6.38 kHz, 1.60 kHz and 2.02 kHz for MgHf4P6O24 solid electrolyte at 
273 oC, 690 oC and 747 oC, respectively.  
 
As impedance temperature increases from 273 oC in Figure 5(a) to 690 oC and then 747 oC in Figure 5(b), the 
depressed bulk semicircle gradually becomes smaller and the inclined spike on the electrode-electrolyte 
interface gradually bent downward to become a depressed semicircle. This implies that as the bulk 
resistance, Rb is decreasing, the reversibility of charge migration at electrode-electrolyte interface is 
increasing (Bo et al., 2006). Furthermore, the semicircles seen in Figure 5(b) are not starting from the origin, 
implying there is a finite resistance, Rs representing a lumped electrode-electrolyte interfacial resistance in 
series with a parallel combination of Rb and CPEb representing constant phase element, CPE.  
 
Electric modulus in Figure 5(a) and Figure 5(b) illustrates relaxation dynamics of the ionic species. 
Variations of imaginary component (M”/Co) as a function of frequency (ω) at different temperatures show 
the resolved peaks at unique peak frequencies, with the peaks displaying a tendency to shift towards a 
higher frequency region with increase in temperature. This behaviour suggests a thermally activated 
conduction mechanism with correlated hopping of Mg2+-ions.  
 

 
 

 
Figure 5. Nyquist plots and electric modulus of MgHf4P6O24 solid electrolyte at (a) 275 oC (b) 690 oC and    

747 oC temperatures in 100 mHz-32 MHz frequency range.  
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Using the relationship, C = (2πfR)-1 where f and R are considered the frequency and resistance of the solid 
electrolyte circuit; the capacitance of the Nyquist plots at different temperatures using frequency at the 
maximum point of both semicircles in Figure 5(a) and Figure 5(b) is illustrated on Table 1. 
 

Table 1. Capacitance values and their possible interpretation. 
Solid electrolyte Frequency 

(Hz) 
Resistance 

(Ω) 
Capacitance 

(F) 
Phenomenon responsible 

(Irvine et al., 1990) 
MgHf4P6O24 (273 oC) 6.38x103 3.85x105 0.65x10-12 Bulk 
45o electrode spike 2.54x102 3.17x105 197.6x10-7 Sample-electrode interface 
MgHf4P6O24 (690 oC) 40.3x103 9.18x102 4300x10-12 Bulk 
45o electrode spike 0.101x101 2.54x103 6.2x10-5 Sample-electrode interface 
MgHf4P6O24 (747 oC) 2.02x105 3.03x102 2600x10-12 Bulk 
45o electrode spike 2.02x10-1 11.47x102 0.7x10-5 Sample-electrode interface 

 
3.3.1. Temperature Dependence of Ionic Conductivity 
In Figure 6, the ionic conductivity of MgHf4P6O24 solid electrolyte as a function of temperature and activation 
energy, Ea deduced from the slope of lnσdcT-1000T-1 plots are 4.52x10-4 Scm-1 and 0.74±0.02 eV at 747 oC, 
respectively. In this study, the activation energy, Ea signifies enhanced mobility of Mg2+-ions at 747 oC 
comparable with that earlier published (Adamu et al., 2020). 
 

 
Figure 6. Ionic conductivity of MgHf4P6O24 solid electrolyte as a function of temperature. 

 
4. Conclusion 
Pure homogeneous single phase MgHf4P6O24 solid electrolyte was successfully prepared using the sol-gel 
process at a noticeably low temperature. The thermal analysis, TGA-DSC indicated that the solid electrolyte 
was formed at 900 oC and remained stable at 1300 oC. The ionic conductivity, σ = 4.52 x 10-4 Scm-1 and 
activation energy, Ea = 0.74±0.02 eV were achieved at 747 oC. The electrical and electrochemical properties 
of this solid electrolyte finds potential application in Mg-sensors and other electrochemical devices. 
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