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ABSTRACT 

Chemical looping process (CL) have recently been used for various purposes, one of which is the 
hydrogen storage using metal oxides (MeO) as the only source of oxygen (oxygen carriers) to 
produce water (MeO + H2 = Me + H2O) and regenerating the metal oxide with a steam oxidizing 
atmosphere for the hydrogen release (Me + H2O = MeO + H2). It is important that these oxygen 
carriers have certain characteristics to be used for this purpose, such as thermal stability and the 
ability to store and release the lattice oxygen to the cyclic reaction conditions. In order to evaluate 
the nickel tungstate (NiWO4) for this purpose, it was thermogravimetrically tested (TGA) in three 
accelerated redox cycles using a mixture of 5 v% of H2/Ar as a reducing atmosphere and a mixture 
of 5 v% H2O/Ar gas stream as the oxidizing atmosphere. Characterization made to the material 
before and after the redox cycles were performed by XRD, BET surface area, and SEM and have 
shown its favorable potential as an oxygen carrier when testing its thermal and reactive stability 
after three consecutive redox cycles. TGA tests revealed an oxidation mechanism of the reduced 
metals (Ni + W) that follows a reaction path, which consists in the formation of WO3 by the 
oxidation of W with steam, followed by the formation of NiWO4. This reaction path was confirmed 
by thermodynamic calculations that indicate that the oxidation of Ni, WO3 and steam is presumably 
the rate-determining step. 
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1. Introduction 

 Although it is difficult to determine energy consumption in a precise way in the future, it is a 
fact that it will increase significantly in the coming decades. This is mainly due to the constant 
growth of the human population, which in turn demands the consumption of diverse natural 
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resources to satisfy basic needs. Such is the case of the use of fossil fuels, mainly used to obtain 
electricity, transport and for artificial air conditioning of buildings. It is due to the decrease of these 
fuels and the environmental impacts that they generate that a large number of researchers around 
the world find themselves searching for alternative energy sources and sustainable raw materials 
[1]. 
 In recent times, hydrogen (H2) has been of great interest, since it is considered as raw material 
for a wide variety of processes. For example, with nitrogen in the synthesis of ammonia, with CO 
and CO2 to produce methanol, in the manufacture of medicines, production of hydrogen peroxide, 
in the electronics and petrochemical industries and to produce numerous chemical products in 
various syntheses [1-3]. Moreover, hydrogen is considered a clean source of energy because it 
has been reported to be a key element in the generation of clean and sustainable energy systems. 
Virtually any source of fuel, whether renewable or non-renewable, containing in its molecular 
structure hydrogen atoms (H) can be used for the generation of hydrogen as a gas (H2). Due to 
its high energy efficiency (122 kJ/g), hydrogen has great potential to reduce dependence on oil 
and reduce GHG emissions, with an energy yield 2.75 times higher than that of hydrocarbons. 
Currently, hydrogen production accounts for around 2% of primary energy demand [4]. 
 Nowadays, various physical and chemical methods for hydrogen storage have been proposed. 
Such as high-pressure and cryogenic-liquid storage, adsorptive storage on high-surface-area 
adsorbents, chemical storage in metal hydrides and complex hydrides, storage in boranes, carbon 
materials, and metal organic frameworks [5, 6]. However, each storage method has its advantages 
and difficulties due to safety, size, weight, cost and efficiency requirements [7]. 
 To overcome the difficulties presented by many methods of hydrogen storage, recently, the 
use of redox reactions with metal oxides (MeO) under a chemical looping (CL) reaction scheme 
has been proposed. This principle of hydrogen storage is based on reactions (1) and (2) [5]. 

→    (1) 
→    (2) 

 In order to be used in CL process, MeO species must be thermally stable to withstand the 
temperature gradients which are subjected during the process, to be able to store and release 
lattice oxygen at reaction conditions, and have good availability and affordable costs [8]. The most 
common MeO reported is iron oxide in its different oxidation states (Fe3O4, Fe2O3) and this process 
is commonly known as the steam-iron process. This process consists in the reduction of the iron 
oxide with H2 for the H2 storage, and the subsequent liberation of the H2 when oxidizing the Fe 
with steam [9-11]. The theoretical maximum storage capacity of H2 in this process is 4.8 wt% of 
Fe [5], i.e., based on the Fe as the only reactive solid. However, most of the processes suggested 
in various research works propose the impregnation and/or support on different materials of the 
iron oxide to improve the storage capacity and to avoid the material sintering [5, 9, 11-14], which 
causes generation of an additional inert load to the reactors, which in turn causes the reduction of 
up to 3 times the storage capacity of H2 based on the total solids in the reactive species (including 
Fe). 
 In other studies related to the chemical looping partial oxidation of methane (CLPO), it has 
been reported that some mixed metal oxides used as oxygen carriers (OC), such as perovskites 
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and ilmenites (ABO3), are resistant to high temperatures [15, 16]. These investigations attribute 
the thermal resistance of the material to the cation A, while high valence B cations would contribute 
to the catalytic action. An example of these materials is ilmenite (FeTiO3) that is reported by 
Schwebel et al. [17] as an OC for H2, CO and CH4 as reducing gases, finding kinetics similar to 
previously reported, with the exception of the reaction with CH4, which was lower due to limitations 
in the surface area. These materials are reported without the addition of inert solid species for 
their operation, a feature that may be of advantage in CL storage of H2. 
 The cobalt tungstate (CoWO4) proposed by De Los Ríos et al. [8, 18], doped with nickel (Ni) 
as a catalyst, reported that is highly stable before cyclic redox tests. In subsequent work, it is 
reported that this same material is capable of carrying out redox cycles at temperatures below 
800°C and thermal efficiencies comparable to the literature [19]. This type of materials present a 
high thermal resistance, are stable to cyclic redox conditions due to the phenomenon of the solid 
diffusional reactive barrier [20] and theoretically, are capable of requiring lower temperatures 
compared to other mixed metal oxides. 
 Based on the principles and features of mixed metal oxides in CLPO processes, the nickel 
tungstate (NiWO4) was selected in the present work to evaluate its thermal stability and its ability 
to store and release lattice oxygen through redox cycles using H2 as the reductive and steam as 
oxidative atmospheres to study its performance as a H2 storage material. The involved CL redox 
reactions of NiWO4 with H2 and H2O are the following:  

4 → 4    (3) 
4 → 4    (4) 

  

2. Materials and Methods 

 2.1 Synthesis 
 The NiWO4 was synthesized by the precipitation method at room temperature with constant 
stirring, as reported by Song et al. [21]. Solutions of 100 mL 0.7 M of Na2WO4ꞏ2H2O and 
Ni(NO3)2ꞏ6H2O were mixed. Once the precipitate was obtained, it was filtered and washed 
repeatedly with deionized water and then dried at 100°C for 2 hours. After dried, it was calcined 
at 600°C for 5 hours and allowed to cool at room temperature. 

 2.2 Characterization 
 Characterization of the calcined sample was examined to study its crystalline structure, 
surface area,  morphology and micoanalysis composition by  X-ray diffraction analysis (XRD), BET 
surface area, scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy 
(EDS), respectively.  
 The XRD, SEM and EDS analyzes were performed on the sample before and after three redox 
cycles, in order to establish the stability of the material. 

 2.3 TGA Evaluation of Redox Cycles 
 The redox behavior of the NiWO4 powder was followed by a conventional 
thermogravimetric analysis (TGA) system. All redox experiments were carried out at atmospheric 
pressure, the total reactive gas flowrate was 100 mL/min and the amount of NiWO4 sample was 
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26 mg. Prior to the reaction, the sample was heated up in an inert atmosphere (Ar) to the desired 
temperature (700°C) and then isothermally treated under reducing/oxidizing flow. Before switching 
from reduction to oxidation atmosphere and vice versa, the reactive gases that remained were 
removed by an argon flow for approximately 5 min. 
 For the reduction process, a flow composed of 5 v% of H2 and 95 v% Ar was used. The 
duration of this step was determined in order to achieve complete reduction of NiWO4 to Ni and 
W, i.e., approximately 20.9% of weight loss. 
 For the reoxidation of the reduced sample, a mixture of water vapor and argon was 
supplied by water saturation of an argon flow of 60 mL/min at room temperature. The duration of 
this step was determined in order to complete de reoxidation of Ni and W to NiWO4 (until no mass 
change could be detected). 
 
3. Results and Discussion 
 
 Figure 1a shows the XRD pattern of the synthesized material. The obtained 
crystallographic phase was indexed with the Match! Software, which is in agreement with the 
nickel tungstate diffractogram ICSD collection code 015852 [22]. 

 
Fig. 1. X-Ray diffraction pattern of the fresh sample (a) and after the three redox cycles (b). 

 Figure 1b shows the XRD pattern from the sample after being exposed to three redox cycles 
in a TGA. The obtained crystallographic phase was indexed (as in Figure 1a) with the nickel 
tungstate diffractogram ICSD collection code 015852, i.e., the same crystallographic phase was 
present at the beginning and at the end of the redox cycles. This thermal stability can be explained 
based on what was reported by De Los Ríos et al. [23] that established that when the CoTiO3 is 
exposed to H2/Air redox cycles, during the reoxidation process, the cobalt returns to form the 
perovskite phase of titanate and cobalt, which inhibits the nucleation and migration of Co particles, 
thus considerably reducing the sintering process. 
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 Table 1 shows results of BET surface area analysis and crystallite sizes of the NiWO4 before 
and after of being exposed to three redox cycles. The crystallite size was determined through the 
characteristic signal from the samples crystalline structures and the Scherrer equation [24]: 

       β=
0.95λ

LCosθ
 

 Where, β is the width of the peak at half maximum intensity of a specific phase (hkl) in radians, 
K is a constant (0.95), λ is the wavelength of incident x-rays (0.1541 nm), θ is the center angle of 
the peak and finally L is the crystallite length (nm).  

Table 1. BET surface area and crystallite size of the sample.  

Sample BET (m2/g) 
Fresh crystallite size 

(nm) 
Crystallite Size – Three 

redox cycles (nm) 
NiWO4 4.25 47.2 56.6 

 According to Table 1, BET analysis results indicate a surface area within the range of other 
mixed metal oxides. As the mixed Fe-CeZr oxides doped with Ni reported by Sosa et al. [25] that 
report surface areas between 1.8 and 8.2 m2/g. 
 The fresh crystallite size matches the size reported by De Los Rios et al. [20] for the CoWO4 
doped with Ni of 47.6 nm. This change in the size of the sample was expected, due to its exposure 
to the redox cycles at high temperatures as also reported by De Los Rios et al. [8] for the CoWO4 
after four redox cycles. 
 Figure 2 presents the SEM images and the EDS analysis results of the sample before and after 
the redox cycles. In these images, it can be observed that the fresh NiWO4 sample is composed 
of sphere like particles whose sizes vary between 0.1 and 0.4 µm and forming agglomerates. In 
the sample after the redox cycles, it can be observed sphere like polygonal particles with an 
increase in particle size that ranges between 0.2 and 0.6 µm and also forming agglomerates with 
slight signs of sintering. 

 
Fig. 2. SEM micrographs and EDS analysis of the fresh NiWO4 (left) and after the redox cycles (right). 
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 This change in morphology is due to the exposure of the material to the constant temperature 
of 700°C during the redox cycles. However, the signs of sintering of the material agree well with 
those reported by De Los Rios et al. [8], where these changes are reported to be considered not 
significant compared to other processes where the particle size can exceed up to one thousand 
times the original size after redox cycles [26]. In addition, this can be confirmed by observing that 
the cyclic behavior (Figure 4) and the weight composition (EDS results in Figure 3) of the material 
are not importantly affected within the performed cycles. 
 Evaluation of the storage and release of H2 performance by TGA during three redox cycles 
can be observed in Figure 3. This test provides the behavior of the NiWO4 during reduction using 
5 v% H2/Ar and reoxidation with ca. 5 v% H2O/Ar at a constant temperature of 700°C. In this figure 
the weight change percentage is plotted as a function of time. The corresponding theoretical 
weight changes (%) from NiWO4 (100%), the reduced metals W and Ni (79.1%), and the possible 
intermediate species NiO*WO2 and Ni*WO3 (94.8%) are represented by horizontal dotted lines. In 
this figure it can be observed that the material presents a high thermal stability during the redox 
cycles. It is also possible to observe that NiWO4 is progessively adapting to each cycle since the 
reduction and oxidation times are decreasing as the number of cycles is increased. For example, 
in the case of the first cycle compared to the third, there is a time decrease during reduction from 
85 to 60 minutes; and a decrease time during oxidation from 132 to 123 minutes. Moreover, there 
is a close agreement of the sample weight loss of 20.7% with respect to the theoretical value of 
20.9% corresponding to the reduction of NiWO4 to Ni and W according to reaction (3). Whereas, 
the experimental weight gain by oxidation was of approximately 20.7% compared to the theoretical 
20.9%, corresponding to the reoxidation of Ni and W to NiWO4 in agreement with reaction (4). 
 These results obtained also revealed a presumable oxidation mechanism of the reduced 
metals (Ni + W) that follows two oxidation stages, first W is either oxidized to WO3 or WO2 and 
secondly, Ni is oxidized by any of the previous tungsten oxide forms. The latter is because it is 
thermodynamically impossible to oxidize Ni with steam (see reaction 5, Gibbs free energy). 
Therefore, the only source of oxygen capable of regenerating the oxide must be through two 
reaction paths that involved the formation of WO2 or WO3 as intermediate species. The first path 
deals with the formation of WO2 by the oxidation of W with steam and followed by the reaction of 
WO2 with Ni and H2O to form NiWO4 according to reactions (6) and (7), respectively.  

	 	 → NiO 2    ∆ ° 43.3	 /  (5) 
	 2 	 → 2    ∆ ° 23.93	 /  (6) 

	 2 	 → 2   ∆ ° 6.92	 /   (7) 
	 	 → 2    ∆ ° 14.25	 /mol (8) 

	 3 	 → 3    ∆ ° 9.68	 /  (9) 
	 	 →   	∆ ° 7.33	 /  (10) 

 It is clear that this reaction path is not feasible, due to the fact that the reaction (7) will not 
thermodynamically occur because its ΔG is positive at reaction conditions (700°C). Furthermore, 
the formation of WO3 from WO2 and H2O through reaction (8) is also not feasible (∆G700°C = 
14.25kJ/mol). Therefore, the second reaction path, which consists in the formation of WO3 by the 
reaction (9) followed by the formation of NiWO4 through reaction (10) is presumably the most likely 
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reaction path to obtain the desired original oxide. Therefore, according to the kinetics behavior of 
the oxidation step it can be presumably inferred that reaction (10) should be the rate-determining 
step. 
 Furthermore, a thermodynamic equilibrium diagram shown in Figure 4 confirms that initial 
conditions of 1 kmol of Ni, 1 kmol of W and an excess of steam as the oxidizing atmosphere will 
insure the formation of NiWO4 at equilibrium conditions.  

 
Fig. 3. TGA monitoring results of redox cycles for the sample of NiWO4 at 700°C. 

 
Fig. 4. Thermodynamic analysis of equilibrium composition between Ni, W, and H2O. 

 A comparative H2 storage capacity based on the total reduced solids between different 
previous research works can be observed in Table 2. The theoretical maximum H2 storage 
capacity of NiWO4 is 3.3 W% corresponding to a Ni/W stoichiometric ratio, which is a low capacity 
compared to iron oxides (4.8 W% maximum theoretical). However, it is worth to notice that this 
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proposed material is not mixed with any inert materials such as supports or dopants to improve 
the redox reactions and/or to prevent sintering, which makes the net loading of solids to the reactor 
totally reactive and the storage capacity of H2 with respect to total solids is higher than several 
other Fe-based materials reported in the literature, where their capacity is reduced up to 1.4 W%.  

Table 2. Comparative H2 storage capacity of various metal oxydes.  

Sample 

H2 storage 
capacity based 
on Total solids 

(W%) 

Reference 

NiWO4 3.3 - 
Fe2O3/Al2O3/SiO2 3.4 [5] 

Cu-Fe/Ce/Zr 1.8 [11] 
Cu/Fe/YSZ 1.8 [12] 

Fe2O3/YSZ-GDC-Zr-Ce 1.4 [27] 
Fe2O3/Mo/Al 4.6 [28] 

 
 
4. Conclusion 
 
 Hydrogen storage and release characteristics of pure NiWO4 using TGA redox cycles were 
studied. Characterization of the material (XRD, BET surface area and SEM) before and after the 
redox cycles shown slight signs of sintering. However, TGA evaluation indicates that these 
changes do not significantly affect the performance of NiWO4 as a hydrogen storage material. The 
isothermal redox test yielded a hydrogen storage capacity of 3.3 wt% based on Ni/W reduced 
metals, which competitive with current materials reporter in the literature. Furthermore, TGA tests 
revealed an oxidation mechanism of the reduced metals (Ni + W) that follows a reaction path, 
which consists in the formation of WO3 by the oxidation of W with steam, followed by the formation 
of NiWO4. This reaction path was confirmed by thermodynamic calculations that indicate that the 
oxidation of Ni, WO3 and steam is presumably the rate-determining step. 
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