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ABSTRACT

In this paper, the sol-gel synthesis of CoFe,04/ZrO, nanoparticles via sol-gel method for the production of
solar fuels via thermochemical H,O/CO, splitting cycles is reported. Sol-gel synthesis of CoFe,04/ZrO;
nanoparticles includes dissolution of metal precursors in ethanol, addition of propylene oxide as a proton
scavenger to achieve gel formation, aging of the gel, gel drying, and subsequent calcination in presence of
air. The effect of addition of propylene oxide as a proton scavenger and gel aging time on physico-
chemical properties of sol-gel derived CoFe,0,/ZrO, was investigated in detail. Various characterization
techniques such as powder X-ray diffraction (XRD), BET surface area analyzer (BET), and scanning
electron microscope (SEM) were utilized in this study. The end results indicate significant increase in
specific surface area (SSA) and pore volume (Py) of the sol-gel derived CoFe,0,/ZrO, because of the
increase in the amount of proton scavenger used during synthesis. In contrast, the phase composition and
crystallite size (Cs) of CoFe,0,/ZrO, was observed to be unaffected due to the change in the amount of
proton scavenger used and gel aging time.
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INTRODUCTION

Production of solar fuels such as solar H, or solar syngas (a mixture of H, and CO) via a two-step metal
oxide based thermochemical H,O and CO, splitting cycle is one of the most promising new technologies
for the storage of solar energy in terms of chemical fuels [1-6]. Among the various materials investigated
in past solar thermochemical H,O and CO, splitting cycles, in recent years, research has been focused
towards mixed ferrite materials. Different ferrite materials have been investigated which includes: Ni-
ferrite, Zn-ferrite, Co-ferrite, Mn-ferrite, Sn-ferrite, Ni-Zn-ferrite, Ni-Mn-ferrite, Ni-Sn-ferrite, and others
[7-33]. Although these materials showed promising results in terms of solar fuel production, material
stability (grain growth due to sintering) due to thermal cycling is an issue which poses limitation for the
ferrite based thermochemical cycles to be a commercial process.
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In past, several researchers have used various grain growth inhibitors such as ZrO,, Y,0s3, YSZ, MgO as
additives to the ferrite materials to reduce the sintering effect during multiple thermochemical cycles. In
most of the cases, these grain growth inhibitors were mechanically added to the ferrite materials
(mechanical mixing). Due to this mechanical addition, a non-homogenous mixture of these grain growth
inhibitors and the ferrite particles were observed. Therefore, in this study, we have attempted to synthesize
ferrite/grain growth inhibitor mixture via chemical approach. As an example, the mixture of CoFe,04/ZrO,
nanoparticles was synthesized via sol-gel method. The effect of two synthesis parameters i.e. amounts of
proton scavenger added and gel aging time on physico-chemical properties of the sol-gel derived
CoFe,04/ZrO, nanoparticles was investigated in detail.

MATERIALS AND METHODS

Materials: The precursors and chemicals required for the synthesis of CoFe,04/ZrO, nanoparticles i.e.
cobalt (II) nitrate hexahydrate (ACS reagent, > 98%), iron (II) nitrate nonahydrate (ACS reagent, > 98%)),
ethanol, and propylene oxide (gelation agent) were purchased from Alfa Aesar and Sigma Aldrich and
used without any pre-treatment.

Synthesis of CoFe,0,/ZrO, nanoparticles: The CoFe,0,/ZrO, nanoparticles were derived via sol-gel
method. At first, cobalt (I1) nitrate hexahydrate and iron (111) nitrate nonahydrate were dissolved in ethanol
(in respective weight ratio) by using a sonic bath. After the dissolution, different amounts of propylene
oxide (as a proton scavenger) were added drop-wise and the gel formation was achieved. The
CoFe,04/Zr0O, gel was aged for multiple hours at atmospheric conditions. After aging, the gel was dried at
100°C for 2 h using a temperature—controlled hot plate. The dried powder obtained was further calcined at
1000°C. The obtained calcined powder was stored in a dry atmosphere and then further characterized to
determine the phase composition, crystallite size (Cs), specific surface area (SSA), pore volume (Py), and
particle morphology.

Characterization of sol-gel derived CoFe,0,/ZrO, nanoparticles: The physico-chemical characteri
zation of the sol-gel derived CoFe,04/ZrO, was carried out by using different characterization techniques.
The phase composition and Cs of CoFe,04/ZrO, was determined by using powder X-ray diffractometer. Cs
was calculated by using the Scherrer's equation. The SSA and Py, of the sol-gel derived CoFe,04/ZrO, was
estimated using the BET surface area analyzer via the adsorption/desorption isotherms obtained after
degassing the calcined powder at 200°C for 12 h. The particle morphology was determined using scanning
electron microscope (SEM).

RESULTS AND DISCUSSION

The effect of addition of propylene oxide as a proton scavenger on the gel time, phase composition, Cs,
SSA and Py, of the sol-gel derived CoFe,0,/ZrO, was studied in detail. At first, the variation in the gel time
with respect to the amounts of propylene oxide added was examined and the obtained results are presented
in fig. 1 (10 g of metal precursors + 20 ml of ethanol). As shown in fig. 1, as the amounts of propylene
oxide added increases the time required for gel formation decreases. By adding 5 ml of propylene oxide,
the CoFe,0,/ZrO, gel formation can be achieved in 450 sec. As the amount increase upto 10 mL, the gel
time decreases to 380 sec. Furthermore increase in the amount of propylene oxide added induces a quick
CoFe,04/Zr0O, gel formation. For instance, when 15 and 20 mL of propylene oxide was added the gel was
formed in 300 and 200 sec, respectively. Addition of propylene oxide as a proton scavenger helps in
freezing the molecular chains and reducing the time required for gel formation.
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Fig. 1: Effect of amount of propylene oxide added as a proton scavenger on time required for
CoFe,04/Zr0O, gel formation.

In addition to the gel time, the phase composition and the Cs of the CoFe,04/ZrO, gel prepared by adding
different amount of propylene oxide and aged for 24 h was also determined. The aged gel was dried at
100°C and further calcined at 1000°C in presence of air. The calcined powder was further characterized
using a powder X-ray diffractometer. The XRD patterns obtained are reported in fig. 2. These XRD
patterns indicate that due to the addition of different amounts of proton scavenger the phase composition of
the CoFe,04/ZrO, does not altered.

Furthermore, by utilizing results obtained via X-ray diffraction, the Cs of the CoFe,0,/ZrO, was calculated
by using Scherrer's equation. The variation in the Cs of the CoFe,04/ZrO, as a function of propylene oxide
added as a proton scavenger is shown in fig. 3. The reported results indicate that the Cs of the
CoFe,04/Zr0, also remains unaffected due to the increase in the amount of propylene oxide added during
sol-gel synthesis. The Cs of the CoFe,04/ZrO, calcined at 1000°C was observed to be in the range of 53.56
to 53.95 nm. These results further indicate that the CoFe,0,/ZrO, nanoparticles are formed.
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Fig. 2: Effect of amount of propylene oxide added as a proton scavenger on phase composition of
COF6204/ZI‘02.
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Fig. 3: Effect of amount of propylene oxide added as a proton scavenger on Cs of the CoFe,04/ZrO.,.

After analysing the effect of amount of propylene oxide added as a proton scavenger on gel time, phase
composition and Cs, the variation in the SSA and P\, was also explored. As shown in fig. 4, the SSA of the
sol-gel derived CoFe,0,/ZrO, was observed to be increased with the increase in the amount of propylene
oxide used. Initially, when 5 mL of propylene oxide was added, the SSA of the derived CoFe,0,/ZrO, was
observed to be equal to 2.45m? g™. As the amount of propylene oxide added increases to 10, 15, and 20
mL, the SSA was also increased by a factor of 2.27, 3.55, and 4.18, respectively.

Similar to the SSA, the Py, was also observed to be boosted as the amount of propylene oxide used was
increased (Fig. 5). At propylene oxide amount equal to 5 mL, the Py of the sol-gel derived CoFe,0,/ZrO,
was observed to be 4.6 x 10 cm® g*. As the amount of propylene oxide increases to 10 mL, the P, was
also increased to 8.5 x 10 cm® g™*. With further increase in the amount of propylene oxide used (15 and
20 mL), the Py of the sol-gel derived CoFe,0,/ZrO, was observed to be enhanced to 13.8 x 10* and 15.0 x
10 cm?® g, respectively.
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Fig. 4: Effect of amount of propylene oxide added as a proton scavenger on SSA of the CoFe,0,/ZrO,.
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Fig. 5: Effect of amount of propylene oxide added as a proton scavenger on Py, of the CoFe,04/ZrO..

The particle morphology of the sol-gel derived CoFe,0,/ZrO, was also analyzed via SEM analysis. The
SEM picture is reported in fig. 6 and it indicates formation of CoFe,04/ZrO, nanoparticles in the range of

50 t0100 nm.

Fig. 6: SEM image of sol-gel derived CoFe,0,/ZrO,.

After investigating the effect of addition of proton scavenger on physico-chemical properties of
CoFe,04/Zr0,, the effect of aging time was also examined. Aging of the gels provides them the required
mechanical strength and improves the molecular network connectivity which results into significant
homogeneity of the synthesized material. To study the effect of aging on physico-chemical properties of
sol-gel derived CoFe,04/ZrO,, the gels prepared with 20 mL of propylene oxide were used. These gels
were aged for different time intervals (24 to 120 h) at atmospheric conditions. After aging, the gels were
dried and further calcined at 1000°C in air. The calcined powder was further characterized using powder
X-ray diffraction and BET surface area analyzer. The characterization results indicate no change in the
phase composition, Cs, SSA, and Py of the sol-gel derived CoFe,0,/ZrO,. This observation indicate that
although aging helps to achieve the desired chemical homogeneity, other physico-chemical properties such
as phase composition, SSA, porosity, and crystallite size stays intact.
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APPLICATIONS

The sol-gel derived CoFe,0,/ZrO, will be examined towards their redox reactivity and thermal stability by
performing multiple solar thermochemical H,O and CO; splitting cycles by using a Thermogravimetric
analyzer (TGA). The CoFe,04/ZrO, synthesized in this paper shows promising physico-chemical
properties such as phase pure composition, no impurities, high SSA and porosity, and also nanoparticle
morphology. Therefore, it is expected that this material will perform better during thermochemical cycles
as compared to previously investigated ferrite/grain growth inhibitor mixtures.

CONCLUSIONS

The synthesis of CoFe,04/ZrO, nanoparticles was successfully achieved via propylene oxide assisted sol-
gel method. Effect of propylene oxide as a proton scavenger and aging time on physico-chemical
properties of sol-gel derived CoFe,0,/ZrO, was investigated in detail. It was observed that with the
increase in the amount of propylene oxide used during the sol-gel synthesis of CoFe,04,/ZrO,, the time
required for gel formation decreases. For instance, as the amount of propylene oxide used increase from 5
to 20 ml, the gel time decreases by 250 sec. The phase composition and crystallite size of the sol-gel
derived CoFe,0,/ZrO, was observed to be unaffected due to the increase in the amount of propylene oxide
used using synthesis. However, the SSA and pore volume was observed to be increased significantly. For
instance, as the usage of propylene oxide increase from 5 to 20 mL, the SSA was increased by a factor of
4.18 and the pore volume was enhanced by a factor of 3.26, respectively. The study of effect of gel aging
shows that, although the chemical homogeneity can be increased via aging, the physico-chemical
properties of CoFe,0,/ZrO, remained unaltered.
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