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A B S T R A C T   

A major action to reduce CO2 emissions is replacing fossil fuels by renewable energy sources. Matching the 
energy supply and demand by the mostly intermittent renewable resources (wind, solar, wave) is hence a hot 
topic, and energy storage has become crucial. Thermo-chemical energy storage (TCES) has a higher energy 
density than sensible and latent heat storage, and allows energy to be stored in the reaction products for multiple 
reuse and even off-site application. Design parameters are the equilibrium temperature, the reaction heat and the 
reaction rate, as obtained from both thermodynamic and kinetic assessments. Equilibrium temperatures of the 
selected metal oxides, Mn2O3/Mn3O4 and Co3O4/CoO are between 1115 K and 1179 K. The present research 
studies both redox reactions as examples. Commercial Mn2O3 and Co3O4 were previously investigated in detail, 
and suffer from incomplete reversibility. The present study investigates the use of self-made Mn2O3 and Co3O4 
mesoporous particles, of micrometer or nanometer scale, respectively. The average particle size of self-made 
Mn2O3 particles is < 5 μm, with a BET surface area of 239.7 m2/g, and Teq of 1177 K at ambient pressure. 
Self-made Co3O4 was of nano size, with average size of about 100 nm, a BET surface area of 54.2 m2/g, and Teq of 
1109 K at ambient pressure. The redox reactions of these ultrafine particles are fast and nearly fully reversible. 
The effect of adding inert Al2O3 or Fe2O3 was also studied, but proven to offer no kinetic benefit, while reducing 
the reaction heat due to their inert additive character. The findings were used in the design of a 10 kW TCES pilot 
plant that is currently being tested in a concentrated solar furnace.   

1. Introduction 

1.1. Thermal energy storage 

The required reduction of CO2 emissions will enhance the applica
tion of renewable energy sources in the fuel substitution and power 
generation. Since these renewable resources are mostly of intermittent 
nature (wind, solar, waves), matching energy supply and demand be
comes a major concern. Especially in future power generation systems 
powered primarily by such renewable energy sources, it will be difficult 
to meet the stability requirements of the power network unless intro
ducing energy capture and storage facilities, that will enhance the use of 
intermittent renewable energy and offer an economic alternative to grid 
expansion and load shedding. 

Thermal energy storage (TES) systems can be screened by comparing 
the overall thermodynamic performance and chemical engineering 
properties including kinetics, design factors and thermal cycling. These 
factors ultimately determine their practicality, investment and oper
ating costs. Latent heat storage (LHS) and thermo-chemical energy 
storage (TCES) broaden the development direction for TES. LHS uses 
phase change materials and has been widely studied in the range of 
200–900 �C for latent heats between ~200 and 400 kJ/kg (Fernandes 
et al., 2012; Li et al., 2020; Naish et al., 2008; Zhang et al., 2017, 2016a). 
Chemical reaction enthalpy storage is applied in a TCES system, where 
the reaction enthalpy of the reversible thermo-chemical reactions 
(~200 kJ/kg to>1000 kJ/kg) adds up with the sensible heat (Angerer 
et al., 2018; Farcot et al., 2018; Hawwash et al., 2017; Liu et al., 2020, 
2019; Tescari et al., 2014). If a compound with a specific heat capacity 
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of ~1 kJ/(kg⋅K) is used for heat storage at temperatures between 300 �C 
and 700 �C, the capacity of sensible heat storage (SHS) is 400 kJ/kg; 
between 500 and 800 kJ/kg in LHS due to the contribution of the heat of 
phase transition; and largely in excess of 1000 kJ/kg for TCES. The 
operating temperatures should be as high as possible in order to make 
better use of high energy storage densities. The thermo-chemical energy 
storage systems require the development and application of existing 
and/or new materials. The growing interest in TCES is demonstrated by 
the increasing number of publications, as illustrated in Fig. 1 showing 
that publications related to TCES research have more than tripled over 
the past 8 years. Within these publications, the use of ultrafine particles 
(micro- or nanoscale) was not reported before towards TCES applica
tions, and is therefore a novel contribution of the present research. Ul
trafine particles, mostly nanoparticles, were however reported for 
applications in SHS (to enhance the thermal conductivity and specific 
heat of the SHS carrier), or in LHS to improve the LHS material thermal 
conductivity and reduce the superheeating or cooling at the phase 
change temperature. 

1.2. Principles of a TCES system 

Thermo-chemical energy storage (TCES) utilizes a reversible chem
ical reaction to absorb and release heat. The amount of stored heat is 
proportional to the amount of storage material (m), the endothermic 
heat of the reaction (ΔHr) and the conversion (α � 1), given as: 

Q¼mαΔHr (1) 

The total heat to be applied will exceed ΔHr since the sensible heat of 
the reactants needs to be supplied between their initial (ambient) tem
perature and the reaction temperature. Different reversible chemical 
reactions can be applied, each reaction with its specific equilibrium 
temperature and reaction heat. Reaction pairs within the temperature 
range of 250–~900 �C (530–1180 K) are listed in Table 1, with ther
modynamic data retrieved from NIST (Chase, 1988). It is clear that for 
high temperature TCES, only redox pairs with Teq exceeding 1100 K can 
be considered. 

The equilibrium temperature, Teq, is an important thermodynamic 
parameter for the preliminary evaluation and screening of reversible 
reaction systems, and can be obtained by applying the Gibbs free energy. 

ΔG
�
Teq;P

�
¼ 0 (2)  

with ΔG as the Gibbs free energy change of the reaction, i.e. ΔG ¼ ΔH- 
TΔS. Teq is hence defined by: 

Teq ¼
ΔH
�
Teq;P

�

ΔS
�
Teq;P

� (3)  

with the reaction enthalpy ΔH and reaction entropy ΔS at pressure P and 
temperature Teq. The reaction entropy of the decomposition reaction is 
positive, and the reaction entropy of the reverse (recomposition) reac
tion is negative, but the absolute values of both are the same. 

Fig. 2 illustrates calculated Teq results for the reaction pairs of 
Table 1. According to the partial pressure level, the figure can be divided 
into two regions. When the partial pressures of the gaseous or vapor 
reactants, P, are low, as is the case of applying TCES in an open system, 
the effect of the pressure P on the equilibrium temperature Teq is very 
significant. The equilibrium temperature Teq is almost constant only 
when the partial pressure P is high, except for Mn2O3 where a significant 
increase of equilibrium temperature Teq is calculated in a wide pressure 
range. 

The reverse reactions with O2/air are preferred since (i) the reverse 
reactions involving steam require the evaporation of H2O, thus reducing 
the energy efficiency of the system; while (ii) the reactions involving 
CO2 are the less obvious choice because the CO2 produced by the 
decomposition reaction needs to be stored for later multiple use. Despite 
these inherent drawbacks, the focus of previous research was mostly on 
systems involving carbonate/oxide, and oxide/hydroxide systems. 
Contrary to carbonate/oxide and oxide/hydroxide systems, metal oxides 
do not call upon steam or CO2. The reduction releases O2, and the 
reversible re-oxidation can use air as driving reactant. Relevant previous 
publications for different metal oxide pairs were summarized in Sup
plementary Information, Tables SI–1, however with a main focus on 
Co3O4/CoO and Mn2O3/Mn3O4 systems. The Co3O4/CoO transition can 
be nearly complete (Agrafiotis et al., 2015a, 2015b; Alonso et al., 2016; 
Block and Schmücker, 2016) with a potential application for TCES 

Fig. 1. The growing research interest in TCES: number of publications/year 
(till March 01, 2020). From Scopus with keywords thermo-chemical, energy, 
storage. (28.3% conference papers; 62.0% articles; 6.5% reviews; 3.2% 
book chapters). 

Table 1 
Possible reversible reaction pairs (in decreasing order of Teq).  

Reaction A ↔ B þ C (þD) Cp (of A) kJ/ 
(kg⋅K), at Teq 

Teq at P ¼ 1 
atm, in K 

ΔHr at Teq [kJ/ 
kg of A] 

6Mn2O3 ↔4Mn3O4þO2 0.986 1177 185 
2Co3O4↔6CoO þ O2 0.231 1109 844 
CaCO3↔CaO þ CO2 1.052 1106 1703 
CaMg(CO3)2↔MgO þ

CaOþ2CO2 

0.910 761 868 

Ca(OH)2↔CaO þ H2O 1.209 750 1288 
MgCO3↔MgO þ CO2 0.839 576 1126 
Mg(OH)2 ↔MgO þ H2O 1.306 532 1396  

Fig. 2. Equilibrium temperature versus pressure for selected reaction pairs 
(Zhang et al., 2016d, 2016a). 
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around 900 �C (Silakhori et al., 2019; Zhang et al., 2016a, 2016b, 2016c, 
2016d). Denser Co3O4-pellets could not maintain their structural 
integrity, showing cracks after only two cycles. Foams were tested for 15 
redox cycles, maintaining their structural integrity and stoichiometric 
redox performance (Agrafiotis et al., 2015b). Honeycombs from pure 
cobalt oxide and cobalt oxide-coated cordierites exhibited a similar 
redox performance. The addition of alumina has a negative effect on the 
redox performance but significantly increases the honeycombs struc
tural stability (Pagkoura et al., 2015). Iron-doped cobalt-oxides trans
form at a similar temperature as pure cobalt-oxide (915 �C). The 
reaction enthalpy gradually decreases with increasing iron content. 
Compositions of 10% iron-oxide exhibit the most outstanding proper
ties, and the reversibility of the reduction reaction and re-oxidation is 
superior than in pure Co3O4 (Block et al., 2014). 

Mn2O3/Mn3O4 has also been studied as commercial compounds 
(Bielsa et al., 2019), but mostly when mixed with other metal oxides to 
improve the recyclability e.g. (Agrafiotis et al., 2017; Al-Shankiti et al., 
2019; Andr�e et al., 2017; Andr�e and Abanades, 2017; Gokon et al., 
2019). In general, both Co3O4 and Mn2O3 suffer from consolidation of 
the reduced CoO and Mn3O4 respectively, thus hampering the reverse 
reactions, while doping narrows the thermal hysteresis loop, thus 
improving energy storage efficiency and cycle stability (Carrillo et al., 
2016, 2015), the number of achievable redox cycles remains low, with a 
maximum of 100 cycles reported (Wokon et al., 2017a, 2017b). 

In view of the unsatisfactory results previously reported towards the 
use of commercial Mn2O3 and Co3O4, the present study focuses upon the 
application of self-made ultrafine Mn2O3 and Co3O4, however in com
parison with their commercially available equivalents, to investigate 
and explain previously mentioned shortcomings of incomplete 
reversibility. 

The paper therefore.  

(i) experimentally investigates the target metal oxide TCES mate
rials. Both the reference commercial and self-made oxides will be 
tested and compared. The possible role of inert additives (Al2O3 
and Fe2O3) was also investigated to determine their possible role 
in enhancing the reactions;  

(ii) transform the experimental TGA results into reaction kinetics;  
(iii) apply the thermodynamic and kinetic data, by way of example, in 

the design of pilot 10 kW TCES storage module, currently further 
evaluated in a concentrated solar heat storage module. 

2. Experimental methods and materials 

2.1. Generalities 

The redox pairs Mn2O3/Mn3O4 and Co3O4/CoO were selected for in- 
depth analysis. Not only the data at thermodynamic equilibrium are 
important, but both the kinetics, i.e. the rates of progress of the forward 
and backward reaction, and the cycling performance need to be 
considered since they must be compatible with the required TCES 
charging/discharging duties. 

With thermo-gravimetric analysis, the extent of the reduction and 
oxidation can be determined, even in cycling experiments. The rates of 
reduction/oxidation moreover determine the kinetic constants of the 
different reactions. A Thermo-gravimetric Analyser of Mettler Toledo 
STARe system TGA/DSC3þ was used at atmospheric pressure with a 
nitrogen flow of 50 mL/min for the reduction reactions. For the selected 
reaction pairs, the reverse oxidation reactions were studied in air (50 
mL/min). As recommended by several previous studies (Brems et al., 
2011; Pan and Zhao, 2017; Van de Velden et al., 2010), and considering 
the required degree of conversion (�98%), the reaction heat, and the 
specific heat capacity, a temperature ramp (heating ramp, β, in K/min) 
of 20 K/min was used for the experiments and all experiments were 
repeated three times. The average results are reported with a standard 
deviation between individual results and the averages of maximum 5%. 

The TGA reduction experiments result in a plot of the weight loss in 
function of the temperature, and hence time, in view of the fixed tem
perature ramp (β, in K/min). For the reverse oxidation reaction 
involving O2 (air), a similar procedure was used, although in this case, a 
weight gain is recorded with time progressing. The DSC part of the 
Mettler Toledo STARe system TGA/DSC3þ was not further reported, 
since results confirmed the literature reaction heats within � 2%. Also, 
the reaction heat when adding inert substance was reduced in propor
tion to the real amount of redox reactant present. 

2.2. Commercial, self-made and Al-doped Mn2O3 

Both commercial Mn2O3 (Aladdin Industrial Corporation, China) and 
self-prepared Mn2O3 were used. Self-made Mn2O3 was prepared by 
precipitation of Mn2þ from MnSO4⋅H2O (Sinopharm Chemical Reagent 
Co., Ltd., China) by oxalic acid (Shanghai Yuanye Biotechnology Co., 
Ltd., China). NH4OH (Beijing Chemical Factory, China) was added to 
adjust the pH of the reaction solution into a weakly acidic range. The 
MnC2O4 was thereafter calcined in a furnace at 400 �C for 3 h according 
to the methods of Zhou et al. (2013), and black Mn2O3 was obtained. 

4MnC2O4⋅2H2Oþ 3O2 ��!
400∘C 2Mn2O3 þ 8CO2 þ 8H2O (4) 

For the synthesis of mixed Mn–Al-oxides, a similar process was 
repeated with MnSO4⋅H2O and Al2(SO4)3⋅18H2O (Sinopharm Chemical 
Reagent Co., Ltd., China) in the appropriate weight ratio: Al2(SO4)3 was 
added to the MnSO4 solution in such a weight ratio as to obtain the 
mixed precipitate of Mn–Al-oxalate at the desired wt%. The mixed 
precipitate of Mn–Al-oxalate was calcined at 400 �C of 3 h to obtain the 
mixed oxide at the selected 9.5 or 18.2% wt% of Al2O3 in the mixed 
Mn–Al-oxide. It was experimentally confirmed that the production of a 
fully intercrystalline mixed oxide required a slow calcination rate (�2 
K/min). The surface morphology of the samples was characterized by 
JEOL JSM-7800 F field emission scanning electron microscope (FESEM). 
Commercial Mn2O3, self-made Mn2O3 and Al-doped Mn2O3 (9.5 and 
18.2% Al) have completely different particulate morphology, as illus
trated in SEM-imaging of Fig. 3-a/b/c/d. 

It can be seen from Fig. 3-a that the commercial Mn2O3 particles are 
mostly irregular particles. The self-made Mn2O3, Al-doped Mn2O3 (9.5% 
Al) and Al-doped Mn2O3 (18.2% Al) are all layered particles, and the 
surface of the particles becomes increasingly dense as the doping 
amount of Al increases. Self-made Mn2O3 particles have an average 
particle size <5 μm. Commercial Mn2O3 particles are of a broader par
ticle size, but on average ≪ 3 μm, as determined by Malvern laser 
diffraction. This particle morphology will also affect the BET-results as 
shown hereafter. 

The exclusive presence of Mn2O3 was determined by XRD measure
ment, as illustrated in Fig. 4. During the preparation of Mn2O3, 
MnC2O4⋅2H2O and MnC2O4 completely decomposed completely at 
temperatures below the calcination temperature of 400 �C. Only the 
characteristic peaks of Mn2O3 are shown in the XRD of the self-made 
Mn2O3, hence MnO2 and oxalates did not occur. 

2.3. Commercial Co3O4 and self-made Co3O4 

According to the methods of Wei et al. (2015), Co3O4 nanoparticles 
were synthesized by dropwise adding 500 mL of aqueous solution con
taining 0.934 g of Co(CH3COO)2⸱4H2O (J&K Scientific) to 500 mL of 
aqueous solution containing 0.830 g of K3 [Co(CN)6] (J&K Scientific) 
and 15 g of polyvinylpyrrolidone K30 (Tokyo Chemical Industry Com
pany) by utilizing a syringe pump. The reaction solution was left to 
stand. It was aged for 24 h after being stirred for 30 min at room tem
perature. The sediment Co3 [Co(CN)6]2⋅nH2O was collected by centri
fugation and washed with high purity water for three times and then 
dried in the oven at 65 �C for 12 h. Finally, the particulate Co3 [Co 
(CN)6]2⋅nH2O was calcined in air at 450 �C for 2 h with the heating rate 
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of 1 �C/min to obtain Co3O4 nanoparticles. 

3CoðCH3COOÞ2⋅4H2Oþ 2K3
�
CoðCNÞ6

�
→

Co3
�
CoðCNÞ6

�

2⋅nH2Oþ 6CH3COOK þ ð12 � nÞH2O  

3Co3
�
CoðCNÞ6

�

2⋅nH2Oþ 82O2 ��!
450∘C 5Co3O4 þ 36CO2 þ 36NO2 þ 3nH2O 

Both commercial Co3O4 (Aladdin Industrial Corporation, China) and 
self-made Co3O4 have a completely different particulate structure, as 
illustrated in SEM-imaging of Fig. 5-a/b. 

Fig. 3. SEM-imaging of (a) commercial Mn2O3, (b) self-made Mn2O3, (c) Al- 
doped Mn2O3 (9.5% Al) and (d) Al-doped Mn2O3 (18.2% Al). 

Fig. 4. XRD data of (a) commercial Mn2O3 and (b) self-made Mn2O3.  

Fig. 5. SEM-imaging of (a) commercial Co3O4 and (b) self-made Co3O4.  
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The morphology of self-made Co3O4 nanoparticles is cubical, while 
the morphology of commercial Co3O4 particles is irregular. The self- 
made Co3O4 nanoparticles are uniform in size and have a particle size 
of about 100 nm. The size of the commercial Co3O4 particles has a size 
distribution from about 50 nm to 150 nm. 

3. Results and discussion 

3.1. Commercial and self-made Mn2O3 

3.1.1. TGA-results and discussion of the Mn2O3/Mn3O4 pair 
The different samples were subjected to TGA experiments. The 

Mn2O3–Mn3O4 conversion is fast, and weight loss versus time is almost 
linear. The reverse Mn3O4– Mn2O3 is slower and occurs at lower tem
peratures (�650 �C). Results are illustrated in Fig. 6-a/b. Teq is around 
820–840 �C, slightly lower that the value indicated by the thermody
namic calculations of Table 1. The theoretical weight loss of Mn2O3 to 
Mn3O4 is 3.38%. The figure shows that this theoretical value is on 
average achieved. The figure also illustrates that a cyclic operation for 5 
redox-cycles achieves a high efficiency with the initial weight of Mn2O3 
nearly re-established for the ultrafine Mn2O3 (Fig. 6-b), but with a lesser 
degree of weight restitution for the commercial product. 

The effect of Al-doping is limited, although its inclusion in the Mn2O3 
crystal reduces the endothermic heat per gram unit weight. Illustration 
of the limited effect is given in Fig. 7, limited to 2 cycles. The weight 
recovery after re-oxidation is lower than in the pure Mn2O3 systems of 
Fig. 6-a/b. 

Similar results were obtained when adding Fe2O3 into self-made 
Mn2O3, prepared according to the equivalent method of co- 
precipitation but with FeSO4, followed by mild calcination. Adding 
5–10 wt% Fe2O3 appears to facilitate the a fair degree of Mn2O3 recovery 
after re-oxidation. 

3.1.2. BET-results and discussion 
Nitrogen adsorption–desorption isotherms were measured using a 

Micromeritics ASAP 2020. The BET analysis was performed for all 
Mn2O3 samples, as summarized in Table 2, together with the results of 
Al-doped Mn2O3. The BET specific surface area decreases during the 
forward reaction due to the consolidated structure of Mn3O4 with lower 
porosity. The pore volume of Mn2O3 and Al-doped Mn2O3 (9.5% Al and 
18.2% Al) decrease after the reduction process, but increase after re- 
oxidation reaction, which demonstrates their good cyclic performance. 
Pores remain of mesoporous nature. Only for the self-made ultrafine 
particles, BET-values decrease in the reduction stage, but progressively 
increase again in the subsequent re-oxidation stages. These ultrafine 
particles hence offer a better potential for the reverse reaction than their 
commercial equivalent. This was already demonstrated from TGA re
sults in Fig. 6. The addition (doping) by inert oxides does not signifi
cantly improve the results, despite the larger pore sizes obtained and 
hence contradicts earlier experiments where Al-doping was proposed to 
enhance the re-oxidation step (Tescari et al., 2014). 

3.2. Commercial and NP Co3O4 

3.2.1. TGA-results and discussion of the Co3O4/CoO pair 
TGA testing was performed on the commercial Co3O4 particles and 

the self-made Co3O4 nanoparticles. The reaction of Co3O4 to CoO has a 
relatively fast conversion rate and its weight loss with respect to time is 
almost linear. The conversion rate of the reverse reaction of CoO–Co3O4 
is slower. The results are shown in Fig. 8-a/b. The initial weight loss of 
the self-made Co3O4 nanoparticles during the heating period is due to 
the presence of a small amount of impurities in the product. Teq is 
approximately 900 �C and is consistent with the thermodynamic cal
culations. The theoretical weight loss of Co3O4 to CoO is 6.65 wt%. The 

Fig. 6. TGA results at β ¼ 20 �C/min of (a) commercial Mn2O3 and (b) self- 
made Mn2O3, for 5 cycles within 200 min. The temperature was first 
increased to 840 �C in N2, then the gas was switched to air, and the temperature 
was maintained at 650 �C for 20 min. 

Fig. 7. TGA results at β ¼ 20 �C/min of Al-doped Mn2O3 (9.5% Al), for 2 cycles 
within 160 min. The temperature was first increased to 840 �C in N2, then the 
gas was switched to air, and the temperature was maintained at 650 �C for 60 
min in air. 
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actual weight loss of the commercial and self-made Co3O4 is close to the 
theoretical value (~6.5 wt%). Both the commercial and self-made Co3O4 
particles can complete a redox cycle with an efficiency of nearly 100% 
after a fairly long re-oxidation period. 

3.2.2. BET-results and discussion 
The BET analysis of the commercial Co3O4 particles and self-made 

Co3O4 nanoparticles are shown in Table 3. The BET specific surface 
area and pore volume of the commercial Co3O4 particles and self-made 
Co3O4 nanoparticles decrease during the reduction reaction, and the 
structure of commercial and self-made Co3O4 has a pronounced 
collapse. The very low BET-values confirm a crystal structure consoli
dation (also called sintering), and this phenomenon explains the long 
contact time required for the re-oxidation stage (Fig. 8). The pore vol
ume and pore size of Co3O4 significantly decrease after the reduction 
reaction, hence reduce the reaction rate of the re-oxidation reaction with 
air to a certain extent, but it does not have a significant impact on the 
cycle performance, as shown in Fig. 8. 

3.3. Kinetic parameters 

For the reduction reaction, the value of α is derived from the corre
sponding weight loss curve by equation (5): 

α¼ðm0 � mÞ
� �

m0 � mf
�

(5)  

with m0, m and mf are the initial mass of the sample, the mass at a given 
time t, and the final sample mass, respectively. 

The Arrhenius expression can be used to relate the kinetic reaction 
constant, k with kinetic parameters E (activation energy) and A (pre- 
exponential constant): 

k¼A expð� E =RTÞ (6) 

To determine reaction kinetics from the TGA experiments, literature 
presented several methods (Brems et al., 2011; Fernandez et al., 2019; 
Mahmoudi et al., 2012; Van de Velden et al., 2010): 

dα = dt ¼ kðTÞf ðαÞ (7)  

where α is the degree of conversion, and f(α) is a function describing the 
reaction rate resistances. 

Several expressions for g(α) are proposed in literature to account for 
the concepts of diffusion, nucleation and the order of the reaction, and 
applicable to different reactions: coarse biomass (diffusion), plastic solid 
waste (reaction order), lignin (mostly nucleation). For chemical 

Table 2 
History of BET and pore properties through the reaction cycles.  

Component Property 

Pore volume 
(cm3/g) 

BET surface area 
(m2/g) 

Type of porosity & Pore 
width 

Commercial Mn2O3 

initial 0.169 195.7 Mesoporous (4.0 nm) 
after reduction 0.009 9.1 Mesoporous (3.1 nm) 
after re- 

oxidation 
0.017 16.4 Mesoporous (3.4 nm) 

after 2 cycles 0.011 11.0 Mesoporous (3.4 nm) 
Self-made Mn2O3 

initial 0.284 239.7 Mesoporous (2.7 nm) 
after reduction 0.054 34.3 Mesoporous (5.4 nm) 
after re- 

oxidation 
0.081 86.5 Mesoporous (3.4 nm) 

Al-doped Mn2O3 (9.5% Al) 
initial 0.274 83.6 Mesoporous (21.7 nm) 
after reduction 0.064 27.6 Mesoporous (9.3 nm) 
after re- 

oxidation 
0.182 86.4 Mesoporous (10.9 nm) 

after 2 cycles 0.129 50.8 Mesoporous (7.4 nm) 
Al-doped Mn2O3 (18.2% Al) 
initial 0.261 101.6 Mesoporous (9.3 nm) 
after reduction 0.043 24.2 Mesoporous (8.6 nm) 
after re- 

oxidation 
0.060 57.3 Mesoporous (3.4 nm)  

Fig. 8. TGA results at β ¼ 20 �C/min of (a) commercial Co3O4 and (b) self- 
made Co3O4, for 1 cycle within 90 min. The temperature was first increased 
to 950 �C in N2. the re-oxidation was maintained at 875 �C for nearly 50 min in 
air. Re-oxidation is hence a slow process. 

Table 3 
History of BET and pore properties through reaction cycle.  

Component Property 

Pore volume 
(cm3/g) 

BET surface area 
(m2/g) 

Type of porosity & 
Pore width 

Commercial 
Co3O4  

Initial 0.152 14.5 Mesoporous (31.9 nm) 
after reduction 0.002 0.9 Mesoporous (3.4 nm) 
after re- 

oxidation 
0.003 1.1 Mesoporous (3.4 nm) 

Self-made 
Co3O4  

initial 0.245 54.2 Mesoporous (25.7 nm) 
after reduction 0.001 0.2 Mesoporous (4.2 nm) 
after re- 

oxidation 
0.003 0.3 Mesoporous (5.7 nm)  

J. Liu et al.                                                                                                                                                                                                                                       



Journal of Environmental Management 267 (2020) 110582

7

reactions, and certainly when using a small particle size of the solid raw 
material, as is the case in the present research, the reaction mechanism is 
generally first order reaction rate controlled, thus eliminating diffusion 
and nucleation models for further consideration as was demonstrated by 
Van de Velden et al. (Van de Velden et al., 2010) and Brems et al. (2011). 
The resulting first order conversion is simplified to: 

lnð1 � αÞ¼ � kt¼ � A exp
�

E
RT

�

t (8) 

The redox reactions can indeed be fitted by a first order reaction rate 
between the temperature limits of the application, i.e. 1010–1129 K for 
Mn2O3 reduction, and 850–950 K for the Mn3O4 re-oxidation, where lnk 
is a linear function of 1/T. 

The respective values of the Arrhenius equation are E ¼ 265,200 J/ 
mol and A ¼ 6.58 � 109 s� 1 for Mn2O3 reduction, and E ¼ 279,000 J/ 
mol and A ¼ 7.08 � 109 s� 1 for Mn3O4 re-oxidation in air. Applied to 
1150 K for Mn2O3, these Arrhenius parameters imply a reaction rate 
constant, k, of 1.672 � 10� 3 s� 1, meaning that a reduction of 98% will 
require a reaction time of 2344 s. Applied at 1100 K for Mn3O4 re- 
oxidation, this provides a k value of 4.02 � 10� 4 s� 1. Re-oxidation at 
98% will hence require a time of 9731 s: the re-oxidation is about 3 times 
slower than the reduction, as can also be seen in the TGA results. 

For Co3O4, the respective values of the Arrhenius equation are E ¼
518,200 J/mol and A ¼ 1.41 � 1021 s� 1 for Co3O4 reduction, and E ¼
526,300 J/mol and A ¼ 2.46 � 1021 s� 1 for CoO re-oxidation in air. 
Applied to 1160 K for Co3O4, these Arrhenius parameters imply a re
action rate constant, k, of 6.53 � 10� 3 s� 1, meaning that a reduction of 
98% will require a reaction time of 599 s. Applied at 1160 K for CoO re- 
oxidation, this provides a k value of 4.92 � 10� 3 s� 1. Re-oxidation at 
98% will hence require a time of 795 s. Of course, a longer contact time 
will be required for a higher degree of conversion. 

3.4. Final recommendations 

TCES is of growing research and practical importance. Thermody
namic principles determine the equilibrium temperature and the heat of 
reaction. From the assessment, it is clear that the reaction pair Co3O4/ 
CoO has major advantages in comparison with the Mn2O3/Mn3O4 re
action pair: its equilibrium temperature is 1109 K (against 1177 K for 
Mn2O3), its heat of reaction is 844 kJ/kg Co3O4 (against 185 kJ/kg 
Mn2O3 only). For a required TCES capacity, the amount of Mn2O3 will 
hence be about 4.6 times higher due to the lower heat of reaction. 

Since both manganese and cobalt oxide can be produced as ultrafine 
particles (micro- or nanometer scale, respectively, high rates of reaction 
are obtained. The ultrafine particle size however requires specific gas/ 
solid contacting modes i.e. using fixed or moving bed reactors, either at 
low gas velocities to avoid particle entrainment (Ranjha et al., 2017; 
Schmidt et al., 2016; Wokon et al., 2017b) and/or gas-channeling, or at 
higher velocities if the metal oxides are compressed to form porous 
pellets, or are deposited on inert carriers such as honeycombs (Fopah-
Lele et al., 2016; Pagkoura et al., 2015) or coated ceramic structures 
(Agrafiotis et al., 2017, 2015a; 2015b). Alternatively, fluidized bed re
actors can be used, although special designs are required to deal with the 
cohesive nature of the powders (Criado et al., 2017; Li et al., 2019; 
Roug�e et al., 2017; Sabatier et al., 2020; Tregambi et al., 2017; Zhang 
et al., 2019). In our research, two methods were applied to ensure the 
particle fluidization, including vibrating the reactor containing the ul
trafine particles (50 Hz with amplitude of 4 mm), and adding Degussa 
Aerosil® powder to reduce the cohesive Van der Waals forces between 
adjacent particles. 

Due to the high reaction enthalpy and an equilibrium temperature of 
around 840 �C at atmospheric pressure, the Co3O4/CoO system is most 
suitable for high temperature thermal energy storage, as experienced in 
concentrated solar tower (SPT) applications (AuYeung and Kreider, 
2017; Lei et al., 2017; Peng et al., 2017; Zhang et al., 2017, 2016c). 

Moreover, the storage material can be prepared in nanoparticle size at a 
fair cost (in fact low considering the multiple cycles of reuse). It can be 
processed with appropriate technologies with only minor safety hazards. 

Taking the operating temperature into account, and to avoid exces
sive sensible heat losses by using gaseous heat transfer fluids in an open 
system, the concept of indirect solar heat capture by reduction and 
separate but subsequent heat recovery through oxidation can be 
adopted. 

The tentative layout of this a system is represented in Fig. 9, and is 
currently tested in the 20 kW concentrated solar furnace operated by our 
research group (Fig. 10). 

Fig. 10 illustrates the overall layout of the concentrated solar 
furnace. The fluidized bed receiver/reduction reactor is positioned in 
the cavity of the furnace. Heliostat and parabola are the concentrating 
elements of the rig. 

With the normally experienced DNI values at the Qinhuangdao site 
(0.7–1.0 kW/m2) and a heliostat surface area of 26 m2, the collected 
solar capacity approaches 20 kW. Due to optical and thermal losses, only 
~50% is recorded at the cavity itself, hence having a maximum thermal 
capacity of ~10 kW. 

As shown in Fig. 9, the reactor will be emptied via a raceway 
vibrating L-valve into an insulated hot storage hopper when the equi
librium temperature is attained, and the residence time is deemed suf
ficient according to the previously determined kinetics (at least 15 min 
at ~840 �C) (Smolders and Baeyens, 1995). 

The re-oxidation stage is carried out in a shallow bubbling fluidized 
bed and re-oxidized Mn2O3 is recycled to the hot feeding storage. Heat 
recovery from the shallow fluidized bed can be performed as compressed 
air and a Brayton cycle turbine, or further used in a steam boiler and 
applied in a steam engine/turbine) (Kang et al., 2018; Sabatier et al., 
2020). Alternatively, the hot particles can be used as heat supply me
dium to the hot-side heat exchanger of a Stirling electricity generation 
(Zhang et al., 2016c). 

Due to the very fine nature of the reactants, and the vibration-aided 
fluidization, superficial gas velocities (either N2 in reduction stage, or air 
in re-oxidation) are very low (≪ 1 cm/s), thus limiting sensible heat 
losses, attrition (Zhang et al., 2016b) and equipment erosion (Van de 
Velden and Baeyens, 2007). 

The use of sintered metal or ceramic fiber filters (Schildermans et al., 
2004; Smolders and Baeyens, 2000) moreover makes gas recycling 
and/or heat recovery possible. A 10 kW heat capture/storage capacity, 
to be achieved in e.g. 1 h, requires an amount of Co3O4 equal to 43 kg 
(for Co3O4 cycling from 750 �C to 850 �C and ΔHR ¼ 844 kJ/kg). With a 
bulk density of 2590 kg/m3, the receiver-reactor needs to contain 17 L of 
bulk powder. Its internal diameter is 0.25 m for a bed height of 0.33 m 
(total reactor height: 0.4 m). 

If Mn2O3 were used for the same application, its significantly lower 
reaction heat (ΔHR ¼ 185 kJ/kg) will increase the amount of TCES 
material required, despite its higher specific heat capacity (0.986 
against 0.231 kJ/(kg⋅K) for Co3O4). With a bulk density of nearly 3000 
kg/m3, the receiver-reactor will need to contain about 60 L of bulk 
powder. Its internal diameter should then preferably be increased to 
0.40 m for a bed height of 0.43 m (total reactor height: 0.5 m). 

Full details of the pilot operations will be presented in a follow-up 
paper. 

4. Conclusions 

A large number of reversible chemical reactions can be used for 
thermo-chemical energy storage, each with a given range of equilibrium 
temperatures and heats of reaction. Redox pairs with high reaction heats 
are not necessarily the most interesting ones from an energy storage and 
re-use point of view, due to the required reactant for the reverse reaction 
(O2/air easier that steam and CO2). TGA experiments determine the 
reaction time required. 

Both self-made Mn2O3 and Co3O4 have good reversibility in multiple 
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cycle reactions. For self-made Mn2O3, the BET surface area is 239.7 m2/ 
g, with pore width of 2.7 nm, and pore volume of 0.284 cm3/g. For self- 
made Co3O4, the BET surface area is 54.2 m2/g, with pore width of 25.7 
nm, and pore volume is 0.245 cm3/g. SEM analyses and BET confirm 
that the reduction products of Mn3O4 and CoO have a denser 
morphology, but do only slightly reduce the efficiency of the re- 
oxidation reaction, and this for multiple cycles. Doping Mn2O3 with 
inert oxides has no significant advantages. 

The analysis of the reaction kinetics demonstrate that the reduction 
reaction of Mn2O3 is about 3 times faster than the re-oxidation reaction, 
as can also be seen in the TGA results. For Co3O4, the reduction and re- 

oxidation reactions are nearly equally fast, but significantly faster than 
the Mn2O3/Mn3O4 pair. 

Finally, the strategy behind and the design of a 10 kWth TCES pilot 
unit is described. 
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Fig. 9. Layout of the integrated solar-heated 
TCES pilot plant, with: ① Heliostats; ② 
Insulated cavity; ③ Receiver-TCES reduc
tion step; with tubular multi-orifice distrib
utor; ④ Raceway vibrating discharge valve; 
⑤ Hot storage hopper; ⑥ Fluidized bed 
TCES re-oxidation step; ⑦ Pulse get cleaned 
(air) sintered metal fiber filter; ⑧ Heat 
exchanger; ⑨ Exhaust fan; ⑩ Air blower; ⑪ 
Air distribution; ⑫ To/from power block; 
⑬ Bucket elevator; ⑭ Screw conveyor; ⑮ 
Feeding hopper; ⑯ Pulse get cleaned (N2) 
sintered metal fiber filter; ⑰ N2 recycle fan; 
⑱N2 back-up feed.   

Fig. 10. Experimental solar furnace layout, with: ①Sun-tracking heliostat; 
②Concentrating parabola; ③Support structure of solar furnace; ④Experimental 
solar cavity, with 0.3 m I.D. aperture. 
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