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Case Report
A 6-month-old girl was admitted to the intensive care unit of a tertiary pediatric hospital for shortness of breath and respiratory distress for three 

days following one month of cough. A�er �ve days antibiotics therapy (amoxicillin sulbactam for three days followed by meropenem for two days), 
chest CT scan showed severe pneumonia with local consolidation. A�er �beroptic bronchoscopy and alveolar lavage, she was intubated for ventilation 
and transported by ambulance to our hospital because of persistent cyanosis. �e girl was gravida 2 para 2 and vaginal delivered spontaneously at full 
gestation age to a gravida 2 para 2 mother with Apgar score of 10 at �rst minute and birth weight 4000 g. Her non-consanguineous parents and elder 
brother were healthy. �ere was no family history of tuberculosis. She was vaccinated at birth for BCG and hepatitis B and no other vaccinations 
were given because of recurrent infections with oral herpes, bronchitis and pneumonia a�er one month old.

Physical examination revealed le� sub-axillary lymphadenitis (Figure 1) and bilateral pulmonary rales, no rash and no hepatosplenomegaly 
were observed and failure to thrive (6000g at admission). Peripheral blood routine test showed: white blood cell counts 9.7 × 109/L, lymphocytes 
di�erential 8%, hemoglobin and platelet were normal. C-reactive protein, procalcitonin, serum electrolytes, biochemical enzymes of organs, liver 
and renal function and coagulation function were normal. Chest radiographs showed bilateral in�ltration pneumonia. Abdominal sonography was 
normal. Super�cial sonography showed le� sub-axillary lymph node enlargement and liquefaction. High-throughput sequencing on Bronchoalveolar 
Lavage Fluid (BALF) identi�ed 697 sequences of Mycobacteruim tuberculosis complex and 95146 sequences of Pneumocystis jiroveci, respectively. 
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Introduction
Core-shell nanoparticles (CSNs) have attracted the scientific community with their diverse applications [1] in the areas of catalysis [2], energy 

generation/storage [3], drug delivery [4], optoelectronics [5], biosensors/bioimaging [4,6], electromagnetic waveguides [7], fuel cells [8], dye-
sensitized solar cells [9] etc. Often, the synthesis of CSNs involves complex chemical reactions and selection of specific materials to overcome 
challenges [1,10] associated with compatibility, multi-functionality, surface characteristics and interfacial properties. Although a variety of 
CSNs such as TiO2(B)/CoP [11], CdS/BN [12], Fe2O3/ZnS/CdS [13] and Znln2S4/CulnS2 [14] have been reported for photocatalytic hydrogen 
generation, the information on the synthesis of CSNs [15] of the redox materials and their use for thermochemical water-splitting for hydrogen 
production is extremely meagre. Many studies report synthesis of different iron based redox materials [16-22] and their performance evaluation 
for thermochemical water-splitting or water/CO2-splitting for H2 or syngas production. As temperature of thermochemical water-splitting process 
is typically higher (≥ 1000°C) [23,24], nanoparticles of redox materials undergo sintering and lose reactivity [15]. It may be possible to mitigate 
sintering/grain-growth [16, 25-27] using nanoparticles with a core-shell morphology where a redox material can be placed at the core and enclosed 
within a thermally stable ceramic porous shell. With the use of such CSNs for thermochemical water-splitting process, stable hydrogen volume 
generation could be achieved at higher temperatures during multiple thermochemical cycles [28] because of the mitigation of possible sintering. 
From application viewpoint, it can be further stored as a compressed fluid [29], physical and chemical carriers such as metal organic frameworks 
(MOFs), carbon nanotubes, graphene, metal hydrides, alanates, and ammonia borane [30] or utilized directly in a hydrogen fuel cell (HFC) system 
for electrical energy production [31].

Over the past decade, significant progress has been made in using metal oxides as efficient redox materials [24,32-38] for a two-step 
thermochemical water-splitting process where in step-1, redox material is partially reduced at temperatures of < 1500°C leading to oxygen release 
from crystal lattice and during step-2, oxygen from steam is scavenged by the partially reduced material leading to hydrogen generation at lower or 
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similar temperatures. It is believed that these reactions are limited by the oxygen diffusion through a crystal lattice. Ni-ferrite in its spinel form has a 
stable crystal structure with high level of stability and recyclability. Due to these unique properties, several researchers have investigated NiFe2O4 in 
addition to other classes of redox materials for hydrogen generation [32,39-46]. Bhosale et al. [47] have performed 125 thermochemical cycles using 
NiFe2O4 and observed average hydrogen generation volume of 2.22 mL/g/cycle, which was higher as compared to other ferrites of Mn, Zn, Co and 
Mg. Due to high temperature multiple thermochemical cycling [42,48,49], redox materials undergo thermal fatigue and morphological changes 
leading to grain growth and sintering.  To address these issues, approaches such as incorporation of chemically different moieties in a crystal lattice, 
admixing with ceramic nanoparticles [50], CSNs of redox and ceramic materials [15] and atomic layer deposition could be noticed in the published 
literature [43,51,52]. In one of our studies, we reported synthesis of NiFe2O4/Y2O3 core-shell nanoparticles via sol-gel technique [53] and observed 
similar H2 volume generation during 5 thermochemical cycles performed at 900-1100°C. However, achieving the mono-particulate dispersion and 
controlling the shell thickness were challenging to accomplish synthesis of CSNs.

Several researchers have attempted to synthesize the CSNs via solvothermal reaction [54], one step alkoxide hydrolysis method [55], sol-gel 
synthesis [15,53,56], polymeric precursor method [57] and colloidal route [58]. While synthesizing NiFe2O4/Y2O3 CSNs, we observed some merits 
with the sol-gel technique, which allowed better flexibility in terms of the shell thickness and porosity. Analysis of ceramic interface with redox 
material suggest that the bonding strength of the ceramics and metal oxide interface at microstructural level is higher for cubic ZrO2 [59,60]. The 
phase transformations [61] of ZrO2 in its monoclinic, tetragonal, and cubic forms are found to be thermally stable upto 1170°C, 2370°C and 2706°C, 
respectively.  Thus, NiFe2O4 nanoparticles encapsulated inside a porous shell of ZrO2 can possibly prevent grain-growth or sintering and generate 
stable H2 volume generation during multiple thermochemical cycling.

In this study, we used pluronic P123 assisted sol-gel technique to synthesize NiFe2O4/ZrO2 CSNs, which were characterized by powdered X-ray 
diffraction, BET surface area analysis and transmission electron microscopy (TEM). CSNs were loaded as packed-bed in Inconel tubular reactor 
and their hydrogen generation capability was determined at 900°-1100 °C during 5 consecutive thermochemical cycles.

Experimental
Materials

Nickel chloride (NiCl2.6H2O, 98%), iron chloride (FeCl2.4H2O, 99%), ethanol (C2H5OH, 95%) and propylene oxide (C3H6O, 99%) were 
purchased from Alfa Aesar, MA, USA. Zirconium (IV) isopropoxide solution (70 wt.% in 1-propanol) and pluronic P123 were purchased from 
Sigma Aldrich, MO, USA. All chemicals were used as received. Quartz wool was used as a supporting material for the packed-bed of CSNs and it 
was purchased from Wale Apparatus Co. Inc., PA, USA. High temperature raschig rings (6 mm I.D.) from Brewhaus Corporation, TX, USA were 
used for supporting the packed-bed of CSNs. Ultra-high purity (99.99 %) N2 was purchased from Matheson Linweld, SD, USA. Thermochemical 
water-splitting step was carried out using deionized water.

Synthesis of Ni-ferrite/ ZrO2 core-shell nanoparticles (CSNs)

NiCl2.6H2O and FeCl2.4H2O precursors in the wt. ratio of 1:2 was added in ethanol and sonicated for 90 min, until a visually clear dispersion 
was obtained. Upon propylene oxide addition, the gel was obtained, which was calcined as per the procedure reported elsewhere [62]. Sol-gel 
derived Ni-ferrite powder was placed in isopropanol and sonicated for 2 hours. To this dispersion, 10 wt.% pluronic P123 surfactant was added and 
the dispersion was further sonicated for 2 hours. Next, zirconium (IV) isopropoxide (70% dispersion in IPA) was added drop wise to the previously 
made dispersion of Ni-ferrite nanoparticles in isopropanol. Addition of Zr-precursor was performed at 3 concentration levels with expected yields 
of ZrO2 in Ni-ferrite/ZrO2 powder as 5, 10 and 25 wt%. Followed by Zr-precursor addition, the resultant dispersion was further sonicated for 2 
hours to achieve surface coating of precursor molecules on N-ferrite nanoparticles. Addition of de-ionized water resulted in a gel, which was aged 
for 48 hours and dried overnight at 50°C. Dried gel was calcined at 600°C to obtain powdered material. The entire synthesis route for Ni-ferrite/ 
ZrO2 CSNs is shown in figure 1, which also provides specific information about the calcination conditions.

Figure 1: Sol-gel synthesis route for the NiFe2O4/ZrO2 core-shell nanoparticles.
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Characterization of Ni-ferrite/ ZrO2 core-shell nanoparticles (CSNs)

Powdered x-ray diffraction (XRD)

Ni-ferrite/ ZrO2 CSNs were analyzed for phase composition and crystallographic properties using Rigaku Ultima-Plus X-ray diffractometer 
provided with CuKα radiation (λ = 1.5406 Å, 40 kV, 40 mA). The phase composition was analysed in the range of 10° ≤ 2θ ≤ 70° at scanning speed 
of 1° per minute using reference intensity ratio (RIR) method.

BET specific surface area analysis

As prepared Ni-ferrite/ ZrO2 powdered material of CSNs was degassed at 200°C for 1 hour and analyzed for specific surface area and pore 
volume using the micromeritics Gemini II-2375 BET (Brunauer-Emmett-Teller) surface area analyzer.

Transmission electron microscopy (TEM)

As-calcined powdered material was sonicated in ethanol for 2 hours and this dispersion was added onto the carbon coated copper grids, which 
were further plasma cleaned to remove the impurities. Powdered sample loaded onto a carbon coated copper grid was analyzed by the Hitachi 
H-7000 FA transmission electron microscope to analyze the morphology of the CSNs.

Packed-bed reactor set-up and procedure for thermochemical cycling

Packed-bed tubular reactor set-up for the thermochemical water-splitting process is schematically shown in figure 2. The main parts of the 
reactor set-up includes: high temperature vertical split furnace (Verder Scientific, Inc., Carbolite Gero USA Inc., PA, USA) provided with k-type 
thermocouple and PID controller, Inconel 718 tubular reactor (I.D. 0.86 inch and length 26 inch), water vaporizing set-up consisted of a peristaltic 
pump (Fluid Metering Inc.,) and low-temperature horizontal tube furnace (Carbolite Inc., USA), mass flow meter (AALBORG Inc., USA) mounted 
on the reactor feed line, UHP grade (99.99% purity) N2 cylinder to supply a carrier fluid, pre-calibrated hydrogen sensor (HY-OPTIMA 700 series, 
H2SCAN, CA, USA) and oxygen sensor (Advanced Instruments Inc., CA, USA) installed on reactor outlet lines and computer interface for the data 
acquisition. Ni-ferrite/ZrO2 CSNs as powder was packed in the middle section of the Inconel tubular reactor with high temperature raschig rings 
(Brewhaus America, Inc., TX, USA) and glass wool (McMaster-Carr, IL, USA) as support materials. Two moisture adsorption columns loaded with 
drierite, anhydrous calcium sulfate (W.A.Hammond Drierite Company Inc., OH, USA) and a tubular condenser was installed on the exit line of 
the reactor outlet to remove moisture and lower down the temperature of the product gas stream. Additional details of the thermochemical reactor 
set-up can be found elsewhere [27,38,63-65].

To perform a regeneration step, the packed-bed of CSNs was heated to 1100°C and maintained for arbitrary time of 2 hours. During this 
step, N2 carrier gas flow rate was maintained at the rate of 35 SCCM. The oxygen sensor installed on the reactor outlet lines provided the oxygen 
concentration in the product stream. For the water-splitting step, the temperature of the reactor was lowered down to 900°C and de-ionized 
water was pumped through water-vaporizing set-up, which supplied the steam to the packed-bed tubular reactor at 500°C. The product gas was 
monitored via hydrogen sensor mounted on the reactor exit lines. As soon as hydrogen concentration reaches 0.5% in the product gas, steam was 
stopped and the packed-bed was regenerated again at 1100°C for 2 hours for next water-splitting step. During the water splitting step, the product 
gas stream from the sensor outlet was directed to the flare as a safety precaution. Five consecutive thermochemical cycles were performed and 
transient profiles were recorded. Numerical integration of the data obtained from the transient profiles provided the hydrogen volume. Hydrogen 

 

Figure 2: Schematic of thermochemical water-splitting set-up utilizing a packed-bed of NiFe2O4/ZrO2 core-shell nanoparticles (CSNs) for hydrogen generation.
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sensor (HY-OPTIMA 700 series, H2SCAN, CA, USA) output of hydrogen volume was validated with Agilent 7890 gas-chromatography (GC). The 
parameters used for GC analysis of hydrogen in product gas were: column- chrompak capillary column (25 m × 0.53 mm), detector- TCD, oven 
temperature- 105 °C detector temperature- 250°C, and carrier gas- UHP N2 with the flow rate of 5 ml/min.

Results and Discussion
X-Ray diffraction of Ni-ferrite/ ZrO2 CSNs

The XRD patterns of as-calcined NiFe2O4/ ZrO2 CSNs prepared with different NiFe2O4: Zr-precursor weight ratios are shown in figure 3. 
The 2θ reflections corresponding to 32.32°, 35.70°, 37.32°, 43.38°, 53.92°, 57.36° and 63° indicate NiFe2O4 spinel phase, which is consistent with the 
published literature [66-68] and ICDD (International Center for Diffraction Data) pattern. Three characteristic peaks observed at 2θ reflections of 
30.22°, 50.39° and 60.06°, which correspond to miller indices of (111), (220) and (311), respectively, were observed to be for tetragonal ZrO2. These 
2θ reflections agree to those reported by other investigators [69, 70] and also, found to be consistent with the ICDD pattern (JCPDS, No 17-0923) 
[71]. XRD patterns of the powdered materials prepared with NiFe2O4 to Zr-precursor weight ratios of 1:5, 1:10 and 1:25 indicated nominal phase 
composition (Table 1) of NiFe2O4 (95.7 wt.%)/ ZrO2 (4.3 wt.%), NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%), and NiFe2O4 (73.8 wt.%)/ ZrO2 (26.2 wt.%), 
respectively.

BET specific surface area analysis of CSNs

Specific surface area (SSA) results of CSNs are also presented in table 1. SSA of Ni-ferrite/ ZrO2 CSNs prepared with different Ni-ferrite: Zr-
precursor weight ratios was found to be in the range of 28 to 34 m2/g whereas pore volume was observed as 0.08 to 0.227 cm3/g. It is believed that 
the use of pluronic P123 during sol-gel synthesis has induced the porosity [72, 73], which is desired for efficient mass transfer of the steam and yield 
of the product gas.

TEM analysis of CSNs

The morphology of the NiFe2O4/ZrO2 CSNs was investigated using JEOL Hitachi H-700 FA transmission electron microscope as per the 
procedure described in section 2.3.3. TEM images of NiFe2O4 (91.2 wt.%)/ZrO2 (8.8 wt.%), NiFe2O4 (73.8 wt.%)/ ZrO2 (26.2 wt.%) CSNs and atomic 
fringes with FFT (Fast Fourier Transform) analysis are presented in figure 4. The d-spacing of the core nanoparticle of 0.48 nm evidently confirmed 
NiFe2O4 oriented along <111> plane, which is consistent with the d-spacing reported in the literature for NiFe2O4. TEM imaging revealed ZrO2 
shell thickness of 3.24 nm and 6.12 nm for NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%) and NiFe2O4 (73.8 wt.%)/ZrO2 (26.2 wt.%) CSNs, respectively. This 
indicates larger shell thickness for the CSNs prepared with the NiFe2O4: Zr-precursor weight ratio of 1:25. At higher weight ratio of 1:25, several 
agglomerated particles can be seen in figure 4c; HRTEM image shown here is from our previous work [50]. It is to be noted that addressing the 
issue of deagglomeration of nanoparticles could be critical in achieving core-shell morphology [53,74,75]. It is speculated that at this higher weight 
ratio of 1:25, undesirable ZrO2 nanoparticles could be formed separately in addition to NiFe2O4/ZrO2 CSNs. The possible route for the formation 

 

Figure 3: Powdered x-ray diffraction patterns of NiFe2O4/ZrO2 (CSNs) prepared with different weight ratios of NiFe2O4 to Zr-isopropoxide precursor.

NiFe2O4 : Zr-precursor weight 
ratio 

Phase composition by XRD BET SSA, m2/g ZrO2 shell thickness from 
TEM, nm 

Avg. H2 volume generated, mL.g-1.cycle-1 (2-5 
thermochemical cycles) 

1:05 NiFe2O4(95.7%), ZrO2(4.3%) 28.35 __ 7.27
1:10 NiFe2O4(91.2%), ZrO2(8.8%) 34.32 3.24 7.28
1:25 NiFe2O4(73.8%), ZrO2(26.2%) 32.75 6.12 2.67

Table 1: Nominal phase composition by XRD, specific surface area by BET analysis, and average shell thickness by TEM of the NiFe2O4/ZrO2 CSNs synthesized using different NiFe2O4:Zr-
precursor weight ratios and corresponding average H2 volume generated.
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of core-shell morphology using pluronic P123 and Zr-isopropoxide precursor is schematically shown in figure 5. The surfactant, pluronic P123 
has hydrophobic poly (propylene oxide) (PPO) chain and hydrophilic poly (ethylene glycol) (PEG) chains forming poly (ethylene oxide) (PEO) 
linkage. When NiFe2O4 powder is placed in ethanol containing pluronic P123, the surfactant is expected to interact with hydrophobic ferrite surface 
via week van der Waal forces [76,77]. Upon addition of Zr-isopropoxide and water, hydrolysis and condensation reactions occur as shown in figure 
5 leading to a macromolecular Zr-oxyhydroxide structured gel. Calcination of aged and dried gel at 600°C should decompose the pluronic P123 
PPO and PEO chains and dehydrate Zr-oxyhydroxide leading to the formation of a porous ZrO2 shell over the NiFe2O4 nanoparticle at the core 
resulting in core-shell morphology.

Figure 5: Schematic represents formation of NiFe2O4/ZrO2 CSNs with hydrolysis and condensation reactions.

 

Figure 4: HRTEM images showing a) d-spacing corresponding to NiFe2O4, b) particle size and shell thickness of NiFe2O4/ZrO2 CSNs prepared with 10 wt.% Zr-isopropoxide and c) multiple 
particles within the shell of NiFe2O4/ZrO2 CSNs prepared with 25 wt.% Zr-isopropoxide.
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Hydrogen and oxygen generation using NiFe2O4/ ZrO2 CSNs

Powdered material of NiFe2O4/ ZrO2 CSNs prepared with different weight ratios of NiFe2O4: Zr-precursor was individually loaded in Inconel 
tubular reactor and regeneration step was performed for 2 hours at 1100 °C as per the procedure outlined in section 2.4. During the regeneration 
step, oxygen concentration in the product gas was monitored using the oxygen sensor installed in the thermochemical water-splitting set-up as 
shown in figure 2. Followed by the regeneration step, temperature of the reactor was lowered to 900 °C and water-splitting step was performed. 
Hydrogen generated during the water-splitting step was continuously monitored and data was acquired using online hydrogen sensor as per the 
procedure outlined in section 2.4. Transient profiles obtained with different NiFe2O4/ ZrO2 CSNs are shown in figure 6. At first glance, stable 
hydrogen volume generation could be observed with NiFe2O4 (73.8 wt.%)/ ZrO2 (26.2 wt.%) CSNs; however, the volume generated with this 
material is lower as compared with the other CSNs investigated in this study. For NiFe2O4 (95.7 wt.%)/ ZrO2 (4.3 wt.%) CSNs, transient profiles 
show continuous decrease in hydrogen volume generation with increase in number of thermochemical cycles. For the CSNs prepared with NiFe2O4: 
Zr-precursor weight ratios of 1:5, we can expect very thin 1-2 nm ZrO2 shell thickness as compared to 3.2 nm and 6.1 nm observed for the CSNs 
prepared with higher weight ratios of 1:10 and 1:25 (Table 1). Such a thin shell thickness may not be able to withstand thermal stresses caused by 
higher temperatures of thermochemical reaction. Consequently, shell can rupture leading to sintering/grain growth.

The data obtained from the transient profiles was numerically integrated using Simpson’s rule to determine the hydrogen volume generated 
and the results obtained are shown in figure 7. It can be observed that as number of thermochemical cycles increase, hydrogen volume generation 
decrease with the core NiFe2O4 nanoparticles. Possible phase transformation that can occur during the regeneration and water-splitting steps 

 

Figure 6: Transient hydrogen profiles obtained during five thermochemical cycles where water-splitting step was performed at 900oC using a packed-bed of NiFe2O4/ZrO2 CSNs.

 

Figure 7: Hydrogen volume generated by a packed-bed of NiFe2O4/ZrO2 CSNs during thermochemical cycles where water-splitting and regeneration steps were performed at 900oC and 
1100oC, respectively; inset shows regeneration and water-splitting steps involving possible crystalline phase transformations.
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for the CSNs is schematically shown as an inset in figure 7. In the CSNs, the crystalline phase of NiFe2O4 and ZrO2 is spinel (S) and cubic (C), 
respectively. During the regeneration step, the S phase is partially reduced leading to the formation of some fraction of a wustite (W) phase (Ni rich 
phase, NixFe1-xO). The resultant crystalline phase mixture of S and W is reverted to S phase during the water-splitting step [25], wherein oxygen 
is scavenged from the steam producing hydrogen.

Several investigators demonstrated hydrogen generation using NiFe2O4 and other ferrites at ≥ 700 °C [78] although stable hydrogen volume 
generation was observed at 1400°C [42]. Han et al [79] prepared several ferrites such as NiFe2O4, CuFe2O4, Ni 0.5 Mn 0.5 Fe2O4 and Cu 0.5 Mn 
0.5 Fe2O4 via solid state synthesis route and performed 5 thermochemical cycles at 800-1200°C and reported hydrogen volume generation using 
thermo-gravimetric analysis (TGA)/differential thermal analysis (DTA) set-up. Among these materials, NiFe2O4 showed a maximum average 
hydrogen volume generation. Furthermore, these investigators report that NiFe2O4 showed the oxygen generation from 610 °C; however, rapid 
oxygen evolution was observed at 1150°C [76]. Tamaura et al [78] reports hydrogen volume generation of 5.5 ml/g from thermochemical water-
splitting reaction with Ni 0.5 Mn 0.5 Fe2O4 at 700°-1000°C, where hydrogen yield was determined using the mass spectroscopy. No appreciable 
hydrogen volume generation was noticed after 15 minutes of reaction time. It is believed that still higher temperatures may be required to achieve 
higher hydrogen yields. Zhai et al. [24] discovered a new class of polycation oxide (PCO), (FeMgCoNi) Ox and compared its H2 evolution capability 
with CoFe2O4, NiFe2O4, and CeO2 at regeneration temperatures of 1100°C and 1300°C, and water-splitting temperature of 800°C. H2 yield, which 
was measured using inline TGA/GC, was found to be higher for PCO material as compared with ferrites and ceria. Saavedra et al [80] investigated 
commercial NiFe2O4 powdered material and performed 8 thermochemical cycles at regeneration and water-splitting temperatures of 1450°C and 
950°C, respectively and observed an average hydrogen volume of 11.46 ml/g using micro-gas chromatography (GC) technique. For the NiFe2O4 
nanoparticles, we have validated our hydrogen volume generation results from H2Scan sensor output with the GC as per the details provided in 
section 2.4; product gas sampling was performed periodically after every 15 min during the course of water-splitting reaction. Similar hydrogen 
volume generation was observed using the hydrogen sensor as well as GC. Among CSNs, NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%) CSNs show stable 
hydrogen volume generation of 7.3 ml/g, 7.24 ml/g, 7.28 ml/g, and 7.3 ml/g during 2nd, 3rd, 4th and 5th thermochemical cycles, respectively with an 
average value of 7.3 ml/g/cycle at thermochemical cycling temperatures of 900°-1100°C. An average oxygen volume generated observed for these 
CSNs was 3.75 ml/g/cycle. At the temperatures of 900°-1100°C, NiFe2O4/ Y2O3 core-shell nanoparticles generated average hydrogen and oxygen 
volumes of 7.48 ml/g and 4.08 ml/g, respectively [53] over 8 thermochemical cycles.

By considering the hydrogen volume generated over a period of certain time corresponding to each water-splitting step, rate of evolution was 
determined. In addition, the oxygen volume generated during each regeneration step of 2 hours was acquired using the oxygen sensor output. Both 
hydrogen and oxygen volume generation rates for NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%) CSNs are shown in figure 8, which shows similar volume 

generation rates for thermochemical cycles 2-5. Average hydrogen and oxygen volume generation rate of 0.087 ml/min/g/cycle and 0.038 ml/
min/g/cycle, respectively, were observed during 5 consecutive thermochemical cycles. Lower rates could be attributed to the porous shell that could 
act as a barrier for number of diffusional processes such as steam carried by N2 carrier gas (gas-film diffusion), gas-solid (ZrO2 shell) interfacial 
diffusion, diffusion through porous shell layer reaching ZrO2/ NiFe2O4 interface and diffusion through NiFe2O4. Diffusional limitations are also 
expected to exist during the regeneration step. If porous shell is sufficiently thick enough, thermal stabilization could be achieved to some extent by 
minimizing sintering of the CSNs. As thermal energy drives the grain boundaries, generally, the pore volume reduces and particles densify, which 
results in sintering of nanoparticles [81,82]. In the case of powdered mixtures of ferrite and ceramic nanoparticles, heterogeneous grain growth 
or sintering was observed [50], which was found to be mitigated by encapsulating ferrite nanoparticles within a porous thin shell of thermally 

 

Figure 8: Rate of hydrogen (H2) and oxygen (O2) generation by a packed-bed of NiFe2O4(91.2 wt.%)/ZrO2(8.8 wt.%) CSNs during 5 consecutive thermochemical cycles where water-
splitting and regeneration steps were performed at 900oC and 1100oC, respectively.
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stable yttria [15]. In the case of NiFe2O4/ ZrO2 CSNs, it is believed that a porous shell of ZrO2 acted as a physical barrier preventing grain growth of 
NiFe2O4 nanoparticles leading to thermal stabilization.

Conclusion
Ni-ferrite/ ZrO2 powdered material prepared by pluronic P123 templating assisted sol-gel method showed core-shell morphology in TEM 

imaging. From lattice fringes, d-spacing of 0.48 nm oriented along the <111> plane for the particle present within the shell confirmed the presence 
of NiFe2O4. Using NiFe2O4 to Zr-precursor weight ratio of 1:10, monoparticulate core-shell morphology is evident with average shell thickness of 
3.2 nm; however, at higher weight ratio of 1:25, multiple particles were observed inside a thicker shell of 6.1 nm. XRD of the CSNs prepared with 
NiFe2O4 to Zr-precursor weight ratios of 1:5, 1:10 and 1:25 indicated nominal phase composition of NiFe2O4 (95.7 wt.%)/ ZrO2 (4.3 wt.%), NiFe2O4 
(91.2 wt.%)/ ZrO2 (8.8 wt.%) and NiFe2O4 (73.8 wt.%)/ ZrO2 (26.2 wt.%), respectively. Among these materials, NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%) 
CSNs show stable average hydrogen and oxygen volume generation of 7.28 ml/g/cycle and 3.75 ml/g/cycle, respectively, at thermochemical reaction 
temperatures of 900°-1100 °C. Transient hydrogen profiles obtained for the NiFe2O4 (91.2 wt.%)/ ZrO2 (8.8 wt.%) CSNs at water splitting temperature 
of 900 °C show relatively stable hydrogen generation of 7.3 ml/g, 7.24 ml/g, 7.28 ml/g, and 7.3 ml/g during 2nd, 3rd, 4th and 5th thermochemical cycles, 
respectively. For these CSNs, average hydrogen volume generation rate of 0.087 ml/min/g/cycle was observed with oxygen volume generation rate 
of 0.038 ml/min/g/cycle during 5 consecutive thermochemical cycles.
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