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Abstract  This paper reports sonication derived powdered mixtures of NiFe2O4 and ceramic nanoparticles such as 
ZrO2/Y2O3/YSZ for H2 generation from thermochemical water-splitting process. To prepare powdered mixtures, 
NiFe2O4 (75 wt%) and ceramic nanoparticles (25 wt%) were placed in ethanol, sonicated for 120 min, and the slurry 
obtained was dried at 50o-100oC. Using these powdered mixtures, ten consecutive thermochemical cycles were 
performed at 900o-1100°C for H2 generation. Among different powdered mixtures, NiFe2O4/ZrO2 produced a 
maximum H2 of 30.6 mL/g/cycle at NTP conditions. Powdered mixtures prepared with different sonication times 
(30-120 min) and ZrO2 nanoparticles loadings (10-35 wt%) were also investigated for H2 generation via 
thermochemical water-splitting process. Sonication derived NiFe2O4/ZrO2 powdered mixture prepared at optimized 
conditions has produced average H2 volume of 38.8 mL/g/cycle during five consecutive thermochemical cycles, 
which was found to be higher than the H2 volume generated by NiFe2O4/Y2O3 and NiFe2O4/YSZ powdered mixtures. 
In addition, these powdered mixtures were characterized for powdered x-ray diffraction (XRD), Brunauer-Emmett-
Teller (BET) specific surface area, and scanning and transmission electron microscopy (SEM and TEM). 
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1. Introduction 
Solar thermal reactors utilizing SiC honeycomb support 

coated with the redox materials are being used for H2 
production from thermochemical water-splitting reaction 
[1]. This process involves two-steps where in step-1 
(regeneration), ferrite (e.g. NiFe2O4) is partially reduced at 
elevated temperature of ~1100°C under constant N2 flow 
conditions producing O2. 
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In step-2 (water-splitting), partially reduced ferrite 
scavenges oxygen typically at lower temperatures (~900oC) 
generating H2 as per the following reaction, 

 2
2 4 2 2 4 2δ O δNNiFe O H NiFe O Hδ−   +→+  (2) 

Together regeneration and water-spitting steps constitute 
one thermochemical cycle. As these steps are performed at 
different temperatures, the redox materials develop 
thermal stresses that lead to sintering or grain growth, 
which eventually cause spalling of redox materials in solar 
thermal reactors. This spalling can lead to significant 
pressure drop especially during the water-splitting step. 
Therefore, it is highly desirable to address the spalling 
issues in these reactors which can be achieved by 
employing thermally stable redox materials. 

Thermally stable redox materials can be obtained by 
combining redox materials with refractory ceramics (e.g. 
ZrO2, Y2O3, and YSZ) via powder mixing and core-shell 
synthesis routes. Vortex mixing [2] and sonication [3] 
techniques can be used to achieve powdered mixtures of 
redox and ceramic nanoparticles. It is anticipated that the 
higher thermal stability of ceramic particles can prevent 
the grain growth of the nanosized redox material in a 
powdered mixture. Such powdered mixtures can possibly 
be utilized in a thermal reactor to prevent spalling of redox 
material. A reduction in thermally induced spalling was 
observed by the addition of ZrO2 in alumina bricks for the 
carbon black reactor [4]. Agrafiotis et al. [1] reported improved 
thermal and chemical stability of coating/support assembly in 
SiC monolith by the inclusion of YSZ (8 mol% Y2O3 in 
ZrO2) intermediate layer. It is believed that this intermediate 
coating layer would mitigate grain boundary migration at 
the interface of redox material and the support. However, 
potential sintering or grain growth among the particles of 
redox material can still persist as YSZ layer is not 
segregating the individual particles of the redox materials.  

Bhosale et al. [5,6,7] performed thermochemical water-
splitting reaction for the H2 generation using sol-gel 
derived NiFe2O4 [5], MnFe2O4 [6], and SnFe2O4 [7] 
nanoparticles with specific surface area (SSA) of 34-36.5 
m2/g. These materials have shown significant grain growth 
and sintering after performing multiple thermochemical 
cycles in the temperature range of 900o-1100oC. For the 
NiFe2O4 material calcined at 600oC, the crystallite size 
was about 37 nm. After performing multiple thermochemical 
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cycles, the grain size was increased to few ‘µm’. This 
observation thus confirms the grain growth of redox 
nanoparticles. Furthermore the H2 volume generated was 
found to decrease gradually with increase in thermochemical 
cycles [5]. Cheuh et al. [8] reported 500 thermochemical 
cycles using non-stoichiometric ceria where a similar 
trend of the reduction in H2 volume with increase in 
number of thermochemical cycles can be observed. Thus, 
stable H2 volume generation is difficult to achieve because 
of grain growth and sintering of redox nanoparticles 
during thermochemical water-splitting. Islam et al. [9] 
reported effects of sintering temperature on grain-growth 
and porosity of a ferrite material.  

To address the grain growth issue, our research group 
has recently reported the powdered mixtures of sol-gel 
derived NiFe2O4 nanoparticles with thermally stable, ZrO2 
nanoparticles preparedvia vortex mixing [2] and sonication 
[3] for H2 generation from thermochemical water-splitting 
reaction. Bhosale et al. [2] performed thermochemical 
water splitting using a powdered mixture of NiFe2O4/ZrO2 
nanoparticles prepared via vortex mixing and reported 
116.22, 35.63, 22.44 and 16.46 mL of H2/g during 1st, 2nd, 
3rd and 4th water-splitting step, respectively. At these 
reaction conditions, 100.04, 22.35, 13.65, and 9.63 mL of 
H2/g was generated by NiFe2O4 nanoparticles over four 
consecutive thermochemical cycles performed at 900o-
1100°C. These results indicate that the average volume of 
H2 generated is higher for NiFe2O4/ZrO2 powdered 
mixture. Furthermore, the SEM images of NiFe2O4/ZrO2 
powdered mixture indicated heterogeneous grain growth 
with fewer grains of 1-3 µm and many grains in the range 
of 200-500 nm, whereas the SEM images of NiFe2O4 
showed increase in the grain size to 2-5 µm. Thus, the 
powdered mixture prepared by vortex mixing has mitigated 
the grain growth. However, as the heterogeneous grain 
growth was observed with the powdered mixture prepared 
via vortex mixing, Pasala et al. [3] recently reported H2 
generation from thethermochemical water-splitting reaction 
using NiFe2O4/ZrO2 powdered mixture prepared via 
sonication. For this material, 124.32, 55.03, 50.36 and 
30.69 mL of H2/g was observed during 1st, 2nd, 3rd, and 4th 
cycle, respectively at the same water-splitting and 
regeneration temperatures of 900o-1100oC. The average H2 
volume generated during four consecutive thermochemical 
cycles was 64.6 mL of H2/g/cycle for the powdered 
mixture prepared using sonication, whereas 47.69 mL 
H2/g/cycle was observed with the powdered mixture 
prepared viavortex mixing. These results suggest that the 
sonication mixing has some advantages over vortex 
mixing in terms of mitigation of heterogeneous grain 
growth. Although the study reported by Pasala et al. [3] 
has shown higher H2 generation presumably due to better 
dispersion of ferrite and ceramic nanoparticles in a 
powdered mixture, it does not include the effects of 
sonication time on the dispersioncharacteristics and the 
loading of ceramic nanoparticles in powdered mixtures on 
grain growth mitigation.  

Thermal stabilization of the redox materials can be 
achieved by core-shell morphology where the redox 
material is enclosed in a porous shell of refractory 
ceramics such as ZrO2 [10] and Y2O3 [11]. However 
achieving such morphology with ferrites can be often 
challenging [12] as they tend to form agglomerates due to 
their magnetic nature thereby resulting in incomplete 

coverage of ceramic shell, and entrapment of impurities 
between the agglomerates and shell interface. Additionally, 
the presence of external ceramic layer on ferrites create an 
additional diffusion barrier [13,14] limiting the rate of 
water-splitting reaction.  

In this study, NiFe2O4 nanoparticles were synthesized 
using the previously reported sol-gel method [5,10] and 
mixed with ceramic nanoparticles such as ZrO2, Y2O3 and 
YSZ via sonication performed in an ultrasonic bath. The 
sonication time was varied between 30-120 min and the 
optimum sonication time was deduced from settling 
experiments. Powdered mixtures were prepared with 
different ZrO2 loading. Finally, H2 generation ability of 
different powdered mixtures was investigated and 
compared with NiFe2O4 nanoparticles by performing 
multiple thermochemical cycles at 900°–1100°C. 

2. Experimental 

2.1. Materials 
Nickel chloride hexahydrate (NiCl2·6H2O), iron 

chloride tetrahydrate (FeCl2·4H2O), and propylene oxide 
(C3H6O, 99%) were purchased from Alfa Aesar. Yttrium 
oxide (yttria, 30 – 50 nm, SSA: 27.5 m2/g), zirconium 
oxide (zirconia, 20 – 50 nm, SSA: 40 m2/g), and 8 mol% 
yttria stabilized zirconia (YSZ, 30 – 60 nm, SSA: 27.5 
m2/g) were purchased from Inframat Advanced Materials, 
USA. Quartz wool as a support for packing the powdered 
material in the reactor was purchased from Wale 
Apparatus Co. Inc., USA. Ceramic Raschig rings as a 
support material was purchased from Brewhaus, USA. N2 
from a gas cylinder with a minimum stated purity of 
99.99% was purchased from Linweld Inc., USA. De-
ionized water was used for steam generation.  

2.2.1. Synthesis of Ni-ferrite nanoparticles: Ni-ferrite 
nanoparticles were synthesized using the previously 
reported sol-gel method [5,10].  

2.2.2. Preparation of Ni-ferrite based powdered 
mixtures: Sol-gel derived Ni-ferrite was mixed with 
ZrO2/Y2O3/YSZ nanoparticles via sonication that was 
carried out inBranson 2510 ultrasonic bath (80 W, 40 
kHz). Ferrite (5g) and ceramic nanoparticles (10-35wt%) 
were taken in a borosilicate glass vial containing ethanol 
(50 mL) and sonicated for 30 to 120 min. While 
sonication was in progress, the temperature of ultrasonic 
bath was maintained at 30°C. The resultant powdered 
slurry was initially dried overnight at 50°C and later at 
100°C for 1 hour. The synthesis method used for Ni-
ferrite and preparation of powdered mixtures are outlined 
in Figure 1.  

2.3. Characterization of Powdered Mixtures 
The specific surface area of the powdered mixtures was 

determined using BET (Brunauer-Emmett-Teller) surface 
area analyzer (Gemini II-2375 from Micromeritics). The 
sample was degassed in order to remove any contaminants 
prior to BET surface area analysis. The phase composition 
of powdered mixtures containing ferrite and ceramic 
nanoparticles was analyzed using Rigaku Ultima-Plus X-
ray diffractometer (CuKα radiation, λ=1.5406 Å, 40 kV, 
40 mA). The parameters such as 2θ,scanning speed and 
width of 10o ≤ 2θ ≤ 70o, 2o per minute and 0.020o, 
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respectively, were used for the X-ray diffraction 
measurements. MDI Jade software was used forthe 
analysis of diffraction patterns. Scanning electron 
microscopy/energy dispersive X-ray (EDX) spectroscopy 

was performed using the Zeiss Supra 40 VP field emission 
SEM. The morphology and size of the nanoparticles in the 
powdered mixture was investigated by transmission 
electron microscopy (TEM) using JEOL 2100 HRTEM. 

 

Figure 1. a) Preparation of NiFe2O4 nanoparticles and powdered mixtures, and b) schematic of sonication derived powdered mixture and its loading in 
an Inconel tubular reactor as a packed bed for thermochemical water-splitting 

2.4. H2 Generation Set-up and Thermochemical 
Water-Splitting Procedure 

The hydrogen generation ability of the powdered 
mixture was examined using a high temperature 
thermochemical water-splitting reactor set-up reported 
elsewhere [11]. 5 g of powdered mixture was loaded 
inside  the Inconel tubular reactor (from California Metal 
Inc.) supported by raschig rings forming a packed bedas 
shown in Figure 1. A vertical split furnace (from Carbolite, 
USA) was used around the Inconel reactor to achieve 
higher temperatures. A horizontal tube furnace (from 
Carbolite, USA) provided with a stainless steel tube was 

used to vaporize the water. Deionized water from the 
reservoir was vaporized at 500°C through horizontal 
furnace and fed to reactor at constant flow rate of 1 
mL/min. N2 at the flow rate of 35 SCCM was used as a 
carrier gas. The exit gas stream from reactor was 
continuously monitored using an online H2 sensor 
(H2scan) and the data acquisition was performed using a 
computer interfaced with the sensor. Further details can be 
found elsewhere [11]. 

Multiple thermochemical water-splitting cycles were 
performed at regeneration temperature of 1100°C and 
water-splitting temperature of 900°C. During the regeneration 
step at 1100°C, the powdered mixturespacked in the 
Inconel tubular reactor were partially reduced for an 
arbitrary time of 2 hours. Subsequently the water-splitting 
step was performed at 900°C for H2 generation.  

3. Results and Discussion 

3.1. X-ray Diffraction of Ni-ferrite and 
Powdered Mixtures 

Sol-gel derived Ni-ferrite and its powdered mixtures 
with ZrO2/Y2O3/YSZ ceramic nanoparticles was characterized 
using XRD and their profiles obtained are shown in Figure 2. 
The 2θ peak positions of 18.52, 30.44, 35.8, 37.5, 43.4, 
53.84, 57.44, and 63.12 suggest nominally phase pure 
composition of NiFe2O4 and found consistent with those 
reported elsewhere [5,15,16,17]. These 2θ reflections are 
denoted by ‘●’ in a powdered mixture. For a powdered 
mixture, 2θ reflections corresponding to 24.08, 28.2, 
31.48, 40.8, 41.2, 49.32, 50.14, 50.58, 54.08, 59.82, 62.07, 
64 (as shown by ‘♦’) reveals monoclinic phase for ZrO2. 
The 2θ reflections of 23.71, 31.54, 33.78, 35.90, 39.84, 
41.69, 48.53, 50.12, 54.7, 59.03, 60.43, 64.52 as denoted 
by ‘■’ suggests cubic Y2O3. For powdered mixture of 
NiFe2O4/YSZ, the major 2θ reflections (30.08, 34.94, 
50.16, 59.62, 62.42) corresponding to tetragonal phase of 
YSZareshown by‘▲’.All the 2θ reflections corresponding 
to ZrO2/Y2O3/YSZ are consistent with the standard ICDD 
patterns as reported in the standard literature [18,19,20]. 

 

Figure 2. XRD patterns of powdered mixtures containing NiFe2O4(75 
wt%) and ZrO2/Y2O3/YSZ (25 wt%) 
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3.2. BET Analysis of NiFe2O4 Powdered 
Mixtures 

The BET specific surface area (SSA) of sol-gel derived 
NiFe2O4 powder was 35.55 m2/g. NiFe2O4 powder was 
mixed with ceramic nanoparticles (25wt% loading) as per 
the procedure described earlier in section 2.3 and the SSA 
of the powdered mixtures are presented in Table 1.  

Table 1. BET SSA of the NiFe2O4 and powdered mixtures 
Redox Material Specific Surface Area (SSA) m2/g 

NiFe2O4 35.55 

NiFe2O4/ZrO2 33.70 

NiFe2O4/YSZ 28.69 

NiFe2O4/Y2O3 31.00 

3.3. Microstructural Characterization of 
NiFe2O4 mixed with ZrO2, Y2O3 and YSZ 

The SEM and EDX images of NiFe2O4/ZrO2, 
NiFe2O4/Y2O3, and NiFe2O4/YSZ powdered mixtures are 
shown in Figure 3a-b, 3c-d and 3e-f, respectively. The 
SEM images show amorphous morphology whereas EDX 
mapping exhibit the distribution of ZrO2, Y2O3 and YSZ 
nanoparticles in powdered mixtures. The nanoparticle 
morphology in the powdered mixtures was further studied 
using TEM as shown in Figure 4. From the particle size 
distribution as presented in Figure 4d, the average particle 
size was found to be in the range of 20-32 nm. 

 

Figure 3. SEM and EDX mapping of powdered mixtures of NiFe2O4 
with ZrO2 (a, b), Y2O3 (c, d) and YSZ (e, f) and SEM of optimized 
NiFe2O4/ZrO2 powdered mixture before reaction (g), and after reaction (h) 

 

Figure 4. TEM images of sonication derived a) NiFe2O4/ZrO2, b) NiFe2O4/YSZ c) NiFe2O4/Y2O3 powdered mixtures and d) particle size distribution 
inferred from all TEM images (a-c) 
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3.4. H2 Generation Ability of Powdered 
Mixtures 

NiFe2O4 and its powdered mixtures were individually 
loaded in Inconel tubular reactor. Their H2 generation 
ability was investigated by performing ten consecutive 
thermochemical cycles, where water-splitting step was 
performed at 900°C and the regeneration step was carried 
out at 1100°C for 2 hours. The H2 volumes produced at 
NTP conditions during ten consecutive thermochemical 
cycles are summarized in Table 2. The results indicate 
higher H2 volume generation using NiFe2O4/ZrO2 as 
compared to other powdered mixtures prepared with 
Y2O3and YSZ. Therefore, NiFe2O4/ZrO2 was further 
considered to investigate the effects of sonication time and 
ZrO2 loading in a powder mixture on H2 production via 
thermochemical water-splitting reaction. 

Table 2. H2 volume (mL/g) generated by NiFe2O4 and Ni-ferrite 
powdered mixtures during ten consecutive thermochemical cycles 

Cycle NiFe2O4 

H2 mL/g at NTP 

NiFe2O4 mixed with 

ZrO2 YSZ Y2O3 

1 100.04 124.32 18.74 15.47 

2 22.35 53.46 14.41 4.32 

3 13.64 50.36 6.35 3.33 

4 9.63 30.69 4.41 3.37 

5 4.98 7.83 8.09 2.78 

6 6.39 7.84 3.70 3.11 

7 7.64 10.23 3.35 2.65 

8 3.81 7.34 6.55 1.89 

9 2.94 9.21 2.19 1.30 

10 2.79 4.97 2.49 0.94 

Avg. H2 17.42 30.58 7.02 3.91 

3.4.1. Effect of Ultrasonication Time on Dispersion 
Settling Characteristics and H2 Generation 

The effect of ultrasonication time on the dispersion 
settling characteristics was studied using NiFe2O4 
(75wt%)/ZrO2 (25wt%) powdered mixture. 1.0 g of the 
powdered mixture was placed in 40 mL ethanol and 
sonicated at three different sonication times of 30 min, 60 
min and 120 min.The resultant dispersion was taken in a 
measuring cylinder and left for 12 hours to observe settling. 
Throughout the settling study, the measuring cylinder was 
covered with Parafilm to prevent the evaporation of 
ethanol (vapor pressure at 25°C is 0.07922 bar [21]) and 
to prevent contamination of the dispersion with airborne 
dust/impurities. After 12 hours, the dispersion prepared 
with 60 min sonication time was found to have lowest 
settling velocity of 0.009 cm/min as compared to the other 
dispersions prepared with sonication times of 30 min and 
120 min (Figure 5). Higher settling velocity for a dispersion 
prepared with 120 min could be due to sintering of 
nanoparticles. As the sonication time increases, the intensity 
of hotspots increases that can raise the temperature and 
lead to sintering [22].  

In general, ultrasonic irradiation into suspension of 
submicron or nanoparticles is effective in eliminating the 
agglomeration. Ultrasonic irradiation into a suspension or 

a liquid result in alternating high-pressure and low 
pressure cycles that apply mechanical stresses to 
overcome the weak attractive forces exist between the 
particles leading to better dispersion characteristics [23]. 
In addition, the ultrasonic cavitation in liquid causes high 
speed liquid jets that are responsible for effective means 
of dispersion and deagglomeration of the particles [24,25]. 
If particles are not agglomerated their settling velocity can 
be easily determined using Stokes law [26]. However, due 
to the magnetic nature of ferrites, agglomeration of the 
particles is difficult to avoid. Therefore, settling velocity 
of the dispersions was determined and presented in Figure 5. 

 

Figure 5. Power consumed and observed settling velocity for the 
dispersions as function of ultrasonication time 

 

Figure 6. Transient hydrogen profiles obtained during five 
thermochemical cycles where water-splitting and regeneration steps were 
performed at 900°C and 1100°C, respectively using NiFe2O4 
nanoparticles and NiFe2O4/ZrO2 powdered mixtures prepared at different 
sonication times 
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Powdered mixtures of NiFe2O4(75wt%)/ZrO2 (25wt%) 
were prepared at different sonication times of 30-120 min 
and loaded inside the Inconel reactor. Five consecutive 
thermochemical cycles were performed at water-splitting 
and regeneration temperatures of 900°C and 1100°C, 
respectively. The transient H2 profiles obtained are shown 
in Figure 6 whereas the integrated H2 volumes are 
presented in Figure 7. Maximum H2 volume generation 
was observed with NiFe2O4/ZrO2 powdered mixture 
prepared at the sonication time of 60 min, which was also 
found to be higher than NiFe2O4 nanoparticles. 

 

Figure 7. Integrated H2volume generated by NiFe2O4 and NiFe2O4/ZrO2 
powdered mixture prepared at different sonication times at water-splitting 
and regeneration temperatures of 900°C and 1100°C, respectively 

These results suggest inhibition of the grain growth of 
NiFe2O4 nanoparticles in the presence of refractory ZrO2 
nanoparticles that presumably reflected into higher H2 
volume generation. 

 

Figure 8. Transient hydrogen profiles obtained during five 
thermochemical cycles where water-splitting and regeneration steps were 
performed at 900°C and 1100°C, respectively using NiFe2O4/ZrO2 
powdered mixtures prepared using optimized sonication time of 60 min 

3.4.2. Effect of ZrO2 Loading in a Powdered Mixture 
on Hydrogen Generation 

At optimum sonication time of 60 min, powdered 
mixtures of NiFe2O4/ZrO2 were prepared using different 
ZrO2 loadings of 10-35 wt%. Using these powdered 
mixtures, five consecutive thermochemical cycles were 
performed at water-splitting and regeneration temperatures of 
900°C and 1100°C, respectively and the transient H2 
profiles obtained are shown in Figure 8, whereas the 
integrated H2 volumes are presented in Figure 9, Maximum 
H2 volume was observed for NiFe2O4(75wt%)/ZrO2(25wt%) 
powdered mixture as compared with the powdered 
mixtures prepared with ZrO2 loadings of 10 wt%, 15 wt% 
and 35 wt%. Higher H2 volume observed with the 
powdered mixture suggest grain growth mitigation of 
NiFe2O4 nanoparticles in the presence of ZrO2 
nanoparticles. The SEM images presented in Figure 4g-h, 
provide evidence of grain growth mitigation orthermal 
stabilization of NiFe2O4 nanoparticles by the addition of 
refractory ceramic nanoparticles. Further grain growth 
mitigation or thermal stabilization of redox material may 
be possible by the immobilization of ferrite nanoparticles 
on the ceramic monolithic structures. Currently, we are 
investigating the effect of immobilization on H2 generation.  

 

Figure 9. Integrated H2 volume generated by the powdered mixtures 
preparedat different ZrO2 loadings and optimized sonication time of 60 
min at water-splitting and regeneration temperature of 900°C and 
1100°C 

4. Conclusions 
Powdered mixtures of NiFe2O4and ceramic (ZrO2, Y2O3 

and YSZ) nanoparticles were prepared by ultrasonication 
and their ability towards H2 generation via thermochemical 
water-splitting process was investigated. Average H2 
volume of 30.6 mL/g/cycle, 3.9 mL/g/cycle and 7 mL/g/cycle 
generated by NiFe2O4/ZrO2, NiFe2O4/Y2O3 and NiFe2O4/YSZ, 
respectively at 900°C and 1100°C during ten consecutive 
thermochemical cycles. As maximum H2 volume generation 
was observed with NiFe2O4/ZrO2, this powdered mixture 
was optimized with respect to theultrasonication time and 
ZrO2 loadings. At optimized ultrasonication time of 60 
min and ZrO2 loading of 25 wt%, average H2 volume of 
38.8 mL/cycle/g was observed during five consecutive 
thermochemical cycles at water-splitting and regeneration 
temperature of 900°C and 1100°C, respectively, which 
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was found to be higher than the H2 volume generated by 
the other powdered mixtures as well as NiFe2O4 nanoparticles. 
These results suggest that the grain growth of NiFe2O4 
nanoparticles has been mitigated in the presence of 
ceramic nanoparticles, which was evident in the SEM 
images. Thus, thermal stabilization of ferrite nanoparticles 
could be achieved by the addition of refractory ceramic 
nanoparticles.  
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