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ARTICLE INFO ABSTRACT

Keywords: Hygroscopic salts as thermochemical energy storage materials stand out for their substantial energy storage
Thermochemical energy storage density and long-term storage capability, but challenges like agglomeration, deliquescence, and mass transfer
Sorption . issues during sorption hinder their practical application. To resolve these problems, a nature-inspired, sustain-
;}; ‘cir;::omc salts able, and inexpensive composite composed of a wood-derived porous activated biochar matrix and CaCl, as
CaCl, active component is developed through an impregnation method. This study investigates how matrix particle size

affects the energy storage density and cyclic stability of the composite. In addition, this research analyzes the salt
leakage and evaluates the stability of the composite by using an accurate quantitative method. A simultaneous
thermal analyzer coupled with a humidifier was used to analyze the energy storage density. Scanning electron
microscopy and X-ray micro-computed tomography were used to analyze salt deposition on the outer surface and
inner porous structure of the matrices. The surface area and porosity of the matrix and composite samples were
characterized by analyzing nitrogen adsorption/desorption isotherms. Derived from cellular and vascular
channels of wood, the activated biochar matrix shows a multi-scale porous structure that not only has excep-
tional surface area but also facilitates mass transfer as well as successful salt impregnation. A particle diameter
between 354 to 595 um leads to synthesis of the composite with optimal performance, exhibiting an initial
energy storage density of approximately 2480 J/g. The energy storage density of this composite remains stable at

2310 J/g and 1780 J/g after 10 consecutive hydration/dehydration and 5 leakage test cycles respectively.

1. Introduction

Energy is vital for modern economy and society in numerous global
challenges related to e.g. the environment, security, and geopolitics.
Since fossil fuels are non-renewable and over 75 % of global carbon
dioxide emissions originates from them, it is essential to find alternative
sustainable solutions. While the share of renewable energy in power
generation is steadily increasing, fossil fuels continue to dominate, pri-
marily due to the intermittency of renewables and the high capital costs
associated with their deployment [1]. For instance, technologies like
solar thermal collectors can only function during the day when solar
energy is available. By coupling solar thermal collectors with a thermal
energy storage (TES) system, surplus daytime heat can be retained and
utilized later, when solar heat is not accessible. Similarly, seasonal
thermal energy storage involves storing thermal energy during periods
of surplus for later use, but unlike short-term storage, the energy can be
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retained for months rather than just a few hours [2]. Alternately, in-
dustrial waste heat can be recovered and used as the heat source to
charge a TES system [3].

Thermal energy storages can be classified into three different groups:
sensible heat storage (SHS), latent heat storage (LHS), and thermo-
chemical energy storage (TCES) [2,4-6]. In SHS, which is the most
traditional form of TES, thermal energy is stored by elevating the tem-
perature of a heat storage material without any phase transition. For
example, water [7], molten salts [8], or even rocks [9] can be used as
SHS mediums. LHS operates based on the phase transition of an energy
storage material. LHS materials can originate from organic (e.g., par-
affins, esters, fatty acids, alcohols, and polymers), inorganic (e.g., metals
and salts), or combination of them [10,11]. Compared to SHS systems,
LHS systems provide higher energy storage density within a smaller
temperature range [12]. In TCES, energy is stored and released through
a repeatable chemical reaction [13]. TCES materials generally have
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significantly higher energy density than SHS and LHS materials. More-
over, heat can be stored without loss as long as the reactive chemicals
are not in contact with each other [13,14], eliminating the necessity of
thermal insulation during storage period [15]. TCES materials can be
used across a broader temperature range and offer more flexibility in
controlling the output temperature compared to LHS materials [14].

Sorption-based TCES is a term used to describe a specific type of
TCES. In sorption-based TCES, an absorbate substance is absorbed by the
absorbent material in an exothermic process, (discharging), and the
product can be dried again in an endothermic process (charging) [16].
Compared to TCES materials that work without sorption, sorption-based
TCES typically exhibits weaker energy bonds between the reactants,
allowing it to operate at lower temperatures [6]. Their operating tem-
perature range makes them well-suited for applications such as space
and water heating, and they can be charged using renewable sources like
solar energy or recovered industrial waste heat [17,18].

Hygroscopic salts, including their hydrated forms, are promising
sorption-based TCES materials due to their high storage energy density,
moderate working temperature, and affordability [16]. The general re-
action of these salts with water vapor is described as follows [19]:

MX-nH,0(s) + yH,0(g)=MX-(n +y)H,0(s) + yAH, 6h)

where AH, represents the enthalpy of the reaction and MX-nH,O and
MX:(n+y)H2O are salt hydrates composed of the MX salt with n and
n+y moles of H,0, respectively.

Several factors must be considered when selecting a hygroscopic salt
for thermal energy storage, including specific heat, reaction enthalpy,
density, sorption/desorption temperature, melting temperature, volu-
metric changes, reaction kinetics, thermal conductivity, toxicity, envi-
ronmental safety, cost, and availability [16]. Various salts such as LiCl,
LiBI‘, LiNOg, Ca(N03)2, SI‘BI'z, CaClz, MgSO4, NaZS, MgClg, SrClz,
A12(304)3, CaBI‘z, KzCOg, KOH, LaClg, La(N03)3, N328203, and Zn(N03)2
have potential for use as sorption-based TCES salts, each with its own
advantages and disadvantages. Among these, CaCl; is one of the least
expensive options and offers high energy storage density [20,21]. It is
widely available, has a low environmental impact, and is produced as a
by-product in industries such as soda ash production [22]. The target
application of this research is heating of spaces, such as residential
buildings. CaCl, can be used to harvest solar energy and provide a
temperature range suitable for this purpose [23], making it the preferred
sorbent salt for this study.

Despite the advantages of hygroscopic salts, their performance de-
grades after several hydration/dehydration cycles due to issues such as
deliquescence, agglomeration, and swelling, which occur when the
relative humidity exceeds the deliquescence threshold [24,25]. To
address these challenges, two main approaches have been explored:
impregnating the salt into a porous matrix [25-29] or encapsulating the
salt within a porous shell [25,30,31]. Impregnation has been the most
studied method due to its cost-effectiveness and the ability to control the
final properties of the composite by adjusting parameters such as pore
size, salt loading, and topology but controlling salt leakage is chal-
lenging. In comparison, encapsulation prevents energy losses by
enclosing hygroscopic salt in a stable shell, avoiding coalescence and
agglomeration. However, the shell must remain permeable for water
vapor diffusion, mechanically stable through thermal cycles, and
chemically inert under hydration conditions, which adds to complexity
and cost of the method [32]. In this research, the impregnation approach
was chosen for its advantages meanwhile by investigating the effect of
matrix size on energy storage density and salt leakage, we aimed to
minimize its shortcomings.

With a careful selection of porous matrices, cycling stability of a
TCES composite can be enhanced by preventing agglomeration, while
also improving heat and mass transfer through efficient pathways [33].
Several criteria are considered when selecting host matrices, including
thermal conductivity [34], mechanical strength, stability under
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hydration/dehydration conditions, water affinity, sorption capacity,
and cost [20]. Potential matrix materials suitable for impregnation
approach include zeolite [35], expanded graphite [36], expanded
vermiculite [37], silica gel [38], and activated carbon [39]. While
porous activated carbon is low cost and has high porosity and stability, it
can cause environment concerns if it is derived from non-renewable
sources like coal [33]. Activated biochar derived from wooden bio-
waste is an inexpensive, eminently porous, and sustainable material to
substitute activated carbon and other porous carbon-based materials
derived from non-renewable resources [40,41]. Wood has a hierarchical
porous structure at multiple length scales [42]. This structure consists of
interconnected porous channels allowing multiphase transport of ions,
liquids and gases. By carbonization and activation of wood, porosity of
the structure can be enhanced further, making it an ideal matrix that can
uptake salt solution while allowing humid air to flow through the porous
structure. Therefore, to the best of our knowledge in this research, for
the first time a porous activated biochar matrix was synthesized from
alder wooden chips to host CaCly and develop a sustainable TCES
composite with remarkable energy storage density.

One of the critical challenges in salt-matrix composites is preventing
salt leakage [25,43,44]. However, most studies only propose methods to
visually observe leakage for qualitative comparison [25,45-49] or
evaluate cyclic stability by measuring changes in the energy storage
density, water uptake, or both after consecutive hydration/dehydration
cycles using a differential scanning calorimeter (DSC), thermogravi-
metric analyzer (TGA), or simultaneous thermal analyzer (STA, simul-
taneous TGA/DSC), respectively [30,33,39,50,51]. The former method
is imprecise and lacks quantifiable results, while the latter overlooks
energy density drop caused by leakage in TES systems. This limitation
arises because leaked salt solution remains in the sample holder, artifi-
cially contributing to measured energy storage. While in a scaled-up
system, leaked salt may agglomerate and obstruct humid airflow,
resulting in slower kinetics and insufficient temperature rise. Addi-
tionally, in an open TES system, leaked salt can escape the system
entirely, decreasing the energy storage density. This paper introduces an
accurate method to measure leakage and material stability, addressing
these shortcomings.

In this study we synthesized and characterized a sustainable
sorption-based TCES composite composed of activated biochar derived
from alder wood and CacCly as active salt with long-term space heating
applications in mind. For this, after morphology and surface area anal-
ysis of the matrix and synthesized composite samples, the energy storage
density of them were measured during hydration. Also, the effect of
matrix size on energy storage density of the composite and its cyclic
performance was investigated to optimize matrix particle size as a
synthesis factor. Furthermore, salt-leakage, which is the most remark-
able challenge of this type of composites, was analyzed using an inno-
vative and accurate method that we designed specifically for this
purpose.

2. Methodology/experimental
2.1. Materials

Calcium chloride dihydrate (ACS reagent grade, assay > 99 %,
supplied by Merck KGaA) was used in the preparation of the TES com-
posite. Alder wooden chips (supplied by Biltema) of approximate length
between 3 to 8 mm, was used as the source for activated biochar syn-
thesis. Deionized water, with a resistivity of 18.2 MQ-cm at 25 °C, was
utilized to dissolve the salt.

2.2. Method
2.2.1. Synthesis

Fig. 1 summarizes the synthesis steps of the TCES activated biochar/
CaCly composite.
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Fig. 1. The summary of synthesis process of the TCES activated biochar/CaCl, composite.

Wood chips, derived from alder tree, were heated in a furnace to
300 °C at a heating rate of 5 K/min under nitrogen atmosphere and held
for one hour to induce carbonization. Following this step, the temper-
ature was further increased to 850 °C at the same heating rate and
maintained isothermally for 3 h, during which a humidifier was
employed to introduce humidity into the furnace and enhance porosity
of the biochar through steam activation [52].

The synthesized activated biochar was gently crushed using a mortar
and pestle. The crushed particles were sieved through sieves of different
mesh sizes yielding six different size distributions of activated biochar
particles, which are listed in the Table 1.

Six sample batches of activated biochar-CaCly composite with
distinct matrix sizes and a consistent nominal chemical composition of
35 wt% activated biochar and 65 wt% CaCly were prepared.

First, a saturated calcium chloride solution with a concentration of
530 g/L was prepared by dissolving an appropriate amount of
CaCly-2H50 in deionized water, using a magnetic stirrer rotating in a
glass beaker. The solution was prepared at its saturation concentration
to minimize volume, ensuring just enough liquid to wet the particles and
prevent their flotation on the surface of the solution. Then, 0.35 g of
activated biochar particles of different particle size distributions were
placed in six different glass containers and 1.23 mL of the mentioned
solution was added to each container to achieve the desired composi-
tion. The mixture in each container was briefly and gently mixed by a
spoon to help wetting the activated biochar particles while avoiding
damage to the particles. Then the glass containers were sealed with
plastic caps, and the samples were let to soak for 4 days in the room
conditions. Soaked particles were transferred to another glass container
and placed into a vacuum oven to dry out at a vacuum pressure of
approximately 0.02 mbar. The samples were heated from room

Table 1

List of the samples, including activated biochar matrices and synthesized com-
posites, their nominal composition, and particle diameter range. The letters B
and C in sample name column refer to activated biochar matrices and composite
samples respectively. Nominal composition refers to the intended composition
of the synthesized samples after drying.

Sample Nominal composition Particle diameter (d)
pame Activated biochar (wt CaCl, (wt ()

%) %)
Bl 100 0 d <125
B2 100 0 125 < d < 250
B3 100 0 250 < d < 354
B4 100 0 354 <d <595
B5 100 0 595 < d < 1600
B6 100 0 1600 < d
C1 35 65 d<125
c2 35 65 125 < d < 250
Cc3 35 65 250 < d < 354
C4 35 65 354 <d <595
G5 35 65 595 < d < 1600
C6 35 65 1600 < d

temperature to 100 °C over 3 h. The temperature was then reduced to
80 °C and the samples were dried for an additional 18 h. The resulting
dry composite samples were sealed in capped glass containers and stored
appropriately for further thermal analysis and characterization. The
energy storage performance of the reference CaCly sample and the
activated biochar matrices with different particle sizes before salt
impregnation were also investigated.

Table 1 lists all the samples, their nominal composition, and particle
diameter. The particle diameter in this context is determined by the
mesh size of the sieves employed.

2.2.2. Morphology analysis

X-ray micro-computed tomography (micro-CT) has proved to be a
potent non-destructive method for analysis of porous micrometer-scaled
structure of wood and activated biochar in three dimensions (3D)
[53,54]. The sample with the best energy storage performance and its
matrix support were analyzed using a Waygate Technologies Phoenix
Nanotom® S X-ray microtomography device to obtain morphological
insight and analyze salt impregnation in the matrix. The samples were
put into a narrow tube and subjected to projections with an exposure
time of 3 x 500 ms per projection, covering a full angle of 360° degrees,
resulting in 1000 images per sample. The source voltage and current
were set at 60 kV and 180 pA respectively. A spacing of 5 mm was
maintained between the sample and the source, and 250 mm between
the detector and the source. The pixel width, pixel height, and voxel
depth were 2 ym.

The brightness and contrast of the images were enhanced using the
FIJI software. A single particle of the studied composite sample was
isolated and the background was removed. Subsequently, the Volume
Viewer plugin within the software was used to generate a 3D model from
a stack of 317 images of the isolated particle. The resulting 3D model
was animated to visually demonstrate the macroporosity of the struc-
ture. It should be noted that finer details, such as thinner cell walls, may
be missed in the 3D model due to low contrast with the background and
their removal during image processing.

Due to the low contrast between the walls of the activated biochar
and empty space in the obtained images of the activated biochar matrix
sample, it was not feasible to remove the background. Consequently, this
sample was not modeled in 3D.

The morphology of the activated biochar and composite samples
were analyzed using a Zeiss Sigma VP field emission scanning electron
microscope (FE-SEM). The samples were coated with 5 nm of Au(60 wt
%)/Pd(40 wt%) alloy using a Leica EM ACE600 sputter coater to in-
crease electrical conductivity and enhance image quality. Also, the
samples were analyzed after hydration to indicate the changes due to
leakage. Energy-dispersive X-ray spectroscopy (EDS) mapping of the
best sample was performed using an Oxford Instruments Ultim Max 65
detector installed on the same scanning electron microscope (SEM) to
examine salt deposition on the outer surface of the matrix. For this
purpose, the sample was coated with 8 nm of carbon to enhance the
electrical conductivity of the composite and minimize interference in the
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EDS spectra.

A Microtrac BELsorp Mini II instrument was used to obtain nitrogen
adsorption/desorption isotherms and evaluate surface area and porosity
of activated biochar samples B1, B4, B6 and composite samples C1, C4,
C6. A combination of Brunauer-Emmett-Teller (BET) [55], Barrett-
Joyner-Halenda (BJH) [56], and MP [57] methods were used to esti-
mate the surface area and pore size distribution. To prepare the samples
for surface analysis, dry samples were degassed using nitrogen gas at
120 °C for 3 h on a Microtrac BELPrep Vac II Pre-Treatment Station
device.

The total surface area of the samples was estimated based on BET
surface area calculations. The mesoporous surface area, derived from
the BJH method, was subtracted from the BET surface area to estimate
the total microporous surface area. The total pore volume was estimated
from the absorbed amount of nitrogen at a relative pressure of P/Py =
0.99. In the context of physisorption, pores can be classified in three
groups according to their sizes: macropores with pore widths exceeding
50 nm, mesopores with pore widths between 2 nm and 50 nm, and
micropores with pore widths less than 2 nm [58]. It is important to note
that the total pore volume calculated from nitrogen adsorption/
desorption isotherms doesn’t represent the volume of the macropores
with diameters larger than 100 nm, as macropores larger than this do
not significantly contribute to nitrogen adsorption. To estimate the
microporous volume, the mesoporous volume derived from BJH method
was subtracted from the estimated total pore volume. Finally, the pore
size distribution of the activated biochar matrix samples was plotted
using MP method for the pores with diameters up to 2 nm and the BJH
method for the pores with diameters between 2 nm and 100 nm.

2.2.3. Thermal energy storage analysis

Thermal energy storage performance of the samples was analyzed
using a Netzsch STA 449 F3 Jupiter simultaneous thermal analyzer
connected to a ProUmid MHG32 humidifier.

The samples were put into aluminum crucibles. The samples were
heated up from 30 °C to 120 °C at a 10 K/min rate and were held at that
temperature for 45 min to ensure complete drying. Then they were
cooled down to 32 °C at a rate of 3 K/min using a vortex tube cooler and
held at that temperature for 15 min. Then the samples were heat up to
35 °C at 0.2 K/min rate and stayed at 35 °C for 15 min to ensure that the
temperature is stable. The samples were then hydrated at 35 °C for 3 h
using humid nitrogen (99.999 % purity) with a flow rate of 400 mL/min
and relative humidity of 35 %. Fig. 2 shows the full cycle of hydration/

120

—— Hydration Step

ool e

sodf b

af THERE T

Temperature (°C)

40

20 : | ; : :
0 60 120 180 240 300

Time (min)

Fig. 2. The full cycle of hydration/dehydration program used to assess the
energy storage density of the composite samples.
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dehydration steps used to assess the energy storage density of the
composite samples. This full cycle was repeated continuously for each
sample twice to measure the energy storage density of composite sam-
ples and pure CaCly and ensure their validity. Each of these measure-
ments were replicated at least twice to ensure repeatability of the
experiment.

The energy storage density is calculated by dividing the area
enclosed between the DSC curve and a vertical line drawn from the onset
of the hydration reaction to the point where it intersects the curve again,
by the dry mass of the sample immediately before the hydration step.

As activated biochar samples were found to have negligible water
vapor sorption capacity compared to pure salt or composite samples, the
hydration time for them was reduced to 1 h and each measurement was
replicated once to determine the average energy storage density of the
matrices.

The analysis of variance (ANOVA) at 0.05 alpha level was used as the
statistical method to indicate if particle size significantly affects the
energy storage density of the samples.

The components contributing to the sorption energy density of the
composite AgopHe (in Joules) are shown in Eq. (2), which modified the
equation Barsk et al. [30] used to calculate the reaction enthalpy of pure
CaClz.

AsorpHe = ArHeagy 61,0 + AmHeact, 61,0 + AaaH (Esi,0—E2) @
+ AconI_I(neq - 6) + AmisHB

where A Hg,qy, 61,0 Tepresents the enthalpy of reaction for the hydration

of anhydrous calcium chloride to its hexahydrate form; AnHcacl, 61,0

denotes the melting enthalpy of CaCl,-6H,0; AdﬂH<§6H20—>§eq> corre-

sponds to the dilution enthalpy as the hydration level changes from six
water molecules (§¢y,0) to the equilibrium level (£q); AconH(neq — 6)
refers to the condensation enthalpy of water vapor from the hexahydrate
(n = 6) to equilibrium state (neq); and the A,4Hp is the water vapor
adsorption enthalpy of the activated biochar.

Assuming the salt is distributed uniformly within the composite, the
dry mass of the matrix and the salt content in each sample after
impregnation can be approximately estimated from:

m, X Ah, = my, x Ahy, +mg x Ahg 3)

where m, (g) is the dry matrix mass, Ah;, (J/g) is the specific enthalpy
of water vapor adsorption for the matrix, m; is the mass of salt in the
sample, Ahy is the specific reaction enthalpy of pure salt during hydra-
tion, m, = my, +m; is the dry mass of the composite, and Ah, is the total
specific enthalpy of reaction for the composite sample during hydration.
Reaction specific enthalpies of Ah., Ahy,, Ah can be easily obtained
based on the STA data. Since part of the porous structure of matrix will
be covered by salt after impregnation the adsorption of water vapor into
the matrix pores might be limited. Also, because the Ah,, is relatively
small compared to the Ah;, salt content can be estimated easier by using
the following equation.

mgs Ah,

m, = Ahg @

2.2.4. Cyclic performance analysis

The performance of sorption-based TCES composites can decrease
over cycles of hydration/dehydration due to problems such as deli-
quescence, agglomeration, salt leakage, swelling, and material degra-
dation [59]. Thus, the cyclic performance of the composite samples was
evaluated through continuous hydration/dehydration cycling with STA
and a leakage test designed in this study.

To evaluate cyclability of the material in STA, samples C2, C3, C4,
and pure CaCl, were selected for testing and subjected to 10 consecutive
hydration/dehydration cycles using the setup mentioned earlier and
under the same conditions. However, as discussed in the introduction,
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this methodology applied in most of published studies, overlooks the
effect of salt leakage in energy storage density measurement. The energy
storage density was monitored across 10 cycles to evaluate sample
degradation apart from leakage over 10 cycles.

Without a true leakage test, the consecutive hydration/dehydration
cycling method using a STA is only suitable for assessing material
degradation and does not represent their performance and durability in
a scaled-up TES system.

For leakage test a custom sample holder was made. First, aluminum
foil was cut into a 20 mm diameter disk and shaped into a pan. Then, a
smaller filter paper disk was cut and placed at the center, fully covering
the bottom of the pan, to absorb any salt that would leak during the
hydration/dehydration cycle. The sample holder was put into an oven
and heated to 120 °C for 2 h to ensure complete drying. A certain
amount of the composite samples was put in the center of the sample
holder and was inserted into the STA device. The samples were hu-
midified under the same condition described in the previous section.

After hydration and the absorption of leaked salt by the filter paper,
the sample and sample holder were dried again in the oven. The com-
posite samples were then carefully separated from the filter paper and
transferred to a glass container. The remaining energy density of the
samples were measured by running the same STA program used for the
energy storage density measurement on a small amount of the sample
after each leakage cycle. The remaining material in the glass container
was reserved for the next leakage cycle. The leakage test was performed
on samples C1, C2, C3, C4, C5, and C6, with 1, 5, 5, 5, 1, and 1 cycles
conducted for each sample, respectively. The reason for conducting
more leakage cycles on samples C2, C3, and C4 was their superior energy
storage density after the first leakage cycle, which made them the best
candidates for further study. One key advantage of estimating leakage
based on changes in energy storage density, rather than mass, is that it
practically eliminates dependence on the initial amount of composite
loaded onto the sample holder or any residual composite particles that
may adhere to the holder after hydration.

3. Results and discussion
3.1. Morphology analysis

Here the resulting micro-CT and SEM images as well as EDS maps
and nitrogen adsorption/desorption isotherms are analyzed to study the
porous structure of the activated biochar matrices and examine salt
impregnation in the composite samples.

Fig. 3 presents the micro-CT images of the activated biochar matrix
and composite sample. X-ray tomography works based on the penetra-
tion of X-ray through materials, revealing their inner structure. Samples

200 um
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with greater thickness and materials with higher X-ray attenuation co-
efficient appear brighter in the images. Thus, the darker areas in Fig. 3
represent pores and empty spaces between the particles while the
brighter areas correspond to the locations of the solid structures. The
higher contrast in the composite sample compared to the activated
biochar sample is due to the presence of calcium chloride, which has a
significantly higher X-ray attenuation coefficient. Fig. 3a exhibits the
hierarchical porous structure of sample B4, consisting of two distinct
types of macropores with different size ranges. Fig. 3b illustrates uni-
form CaCl, deposition on sample C4, coating the pore walls without
blocking them. The uniform deposition of salt on the inner walls of the
matrix and its penetration to the core are crucial, as salt particles
deposited on the outer surface are more susceptible to agglomeration or
loss after deliquescence. Also, the open pores of the composite facilitate
mass transfer for water vapor during hydration/dehydration process.

Supplementary Video 1 shows an isolated particle of the sample C4
modeled in three dimensions. A series of long vessels stretching from one
end to the other end of the particle, allow easy transport of salt solution
to the core of the activated biochar. In fact, highly porous tubular
structure of wood is designed to transport water upwards by capillary
force [60,61]. Also, the cell walls, containing nanoscale pathways,
enhance ion transport [61]. These make the well-preserved porous
structure of the wood in the activated biochar sample C4 an exceptional
salt solution absorbent. Moreover, it can be observed that many vessels
and tracheids are not blocked by the salt, expediting water vapor
transfer to inner parts of the composite during hydration/dehydration.

Fig. 4a shows the structure of the dried alder wood used to synthesize
the activated biochar matrix. In addition to cellulose, hemicellulose, and
lignin, which are main compounds of wood structure, wood contains
moisture and volatile organic materials [61]. Water as well as existing
and formed volatile compounds are removed from the wood pores
during pyrolysis and porosity of the resulting carbon-rich activated
biochar will be enhanced [62]. Fig. 4b presents sample B6 from the same
perspective, showing a more clearly defined structure after decompo-
sition of polymeric compounds and removal of volatiles. Fig. 4c shows
sample B4, which preserves the original wood structure while exhibiting
increased porosity. In contrast, Fig. 4d demonstrates the unpreserved
structure of sample B1 with flaked walls of vessels and tracheids due to
excessive crushing of the activated biochar. Fig. 4e and Fig. 4f exhibit
the multi-scale hierarchical porous structure of the synthesized acti-
vated biochar including vessels, tracheids, and pits, shown by numbers
1, 2, and 3 respectively. The multi-scale pores seen in the SEM images,
ranging from 1 um to almost 50 pm in diameter, facilitate salt solution
impregnation and efficient water vapor transport during hydration/
dehydration cycles [63].

Fig. 5 includes the images of CaCly/activated biochar composite

Fig. 3. The micro-CT images of (a) the activated biochar sample B4 (b) the composite sample C4.
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1um

Fig. 4. The SEM image (a) of the alder wood, (b) activated biochar samples B6, (c) B4, (d) B1, (e) B2, and (f) B3 exhibiting a multiscale hierarchical porous structure.
Different pore sizes of vessels (1), tracheids (2), and pits (3) on the vessel walls are shown in the picture.

samples. Fig. 5a and 5b illustrate the excessive agglomeration of com-
posite particles in the C1 and C2 samples, respectively. This occurs
because smaller particles have a larger surface area relative to their
volume. As the surface area covered by the salt increases, more particles
are likely to agglomerate. Additionally, decreasing the particle size
strengthens the total capillary forces exerted on solution between
adjacent particles [64-66]. Capillary force forms bridges of salt solution
between the particles and when the solution dries, CaCl; crystallizes and
causes composite particle agglomeration.

Fig. 5¢c shows reduced agglomeration in sample C3 compared to the
smaller particles in samples C1 and C2, consistent with the previously
discussed reasons. Fig. 5d1 illustrates further decreased agglomeration
and superior salt distribution in C4, without excessive outer surface
deposition or pore blockage. Fig. 5d2 magnifies the area outlined by the
red rectangle in Fig. 5d1 to better highlight the open pores, which
facilitate the flow of salt solution into the matrix. Fig. 5d3 further
magnifies the region within the blue rectangle in Fig. 5d2 to show the
favorable salt deposition on the inner walls of the activated biochar.

Although agglomeration is not a major concern for large composite
particles in samples C5 (Fig. 5e) and C6 (Fig. 5f), excessive salt accu-
mulates on their outer surfaces. This occurs due to a decrease in the total
outer surface area of the particles compared to samples with smaller
particle sizes, resulting in more salt deposition on the outer surface of
each particle. Such deposition is undesirable, as salt on the outer surface
is more likely to be removed during the hydration step.

Fig. 6 presents the EDS map of sample C4, illustrating the distribu-
tion of elements on the outer surface of a particle. While CaCl, covers
most of the surface area, it preferentially deposits along grooves of
tracheids and vessels due to capillary action.

Fig. 7 shows the SEM images of the composite samples after leakage
test. Particles in samples C1, C2, and C3 remain agglomerated, with
agglomeration decreasing as particle size increases. This is because
liquified CaCl; on the outer surface of the particles can become trapped
in gaps between agglomerated activated biochar fragments. Since
samples C2 and C3 underwent five leakage cycles, while sample C1
experienced only one, they lost more salt from the outer surfaces of their
particles, reducing the severity of agglomeration. After the leakage cy-
cles, the agglomeration issue is not observed anymore in samples C4, C5
and C6. The number of leakage cycles required to detach the agglom-
erated particles from each other depends on the severity of agglomera-
tion, which increases as particle size decreases. This can be recognized
by comparing Fig. 7b, Fig. 7c, and Fig. 7d, which show sample C2, C3,
and C4 respectively, all enduring 5 cycles of leakage test. Although some
salt deposited on the outer surfaces of their particles has been washed
away, the grooves and inner pores retain the salt.

Table 2 shows the surface area and pore volume of the samples B1,
B4, B6, C1, C4, and C6. The activated biochar matrix samples exhibit an
impressive total surface area and pore volume up to 800 m?/g and 0.48
cm®/g respectively. On average, approximately 16 % of the total surface
area and 33 % of the total volume of the pores in the activated biochar
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Fig. 5. The SEM image of (a) the synthesized TES composite samples C1, (b) C2, (c) C3, (d1, d2, and d3) C4, (e) C5, and (f) C6 showing activated biochar particles

after salt impregnation.

matrix samples originate from their hierarchical mesopores, which
significantly enhances mass transfer during hydration/dehydration
[67]. Comparison of the B1, B2 and B3 samples shows a slight decrease
in total BET surface area with increasing particle size. The total surface
area and pore volume of the composite samples, especially the micro-
porous surface area and volume, are significantly lower than those of the
activated biochar samples. This indicates effective salt impregnation and
highlights the role of micropores in providing substantial surface area to
host the salt. The increased relative mesoporous volume (Vpeso/ Viotr) and
relative mesoporous surface area (Smeso/Stotal) in the composite samples
compared to the biochar samples is due to coverage of micropores by the
salt while mesopores are less affected by this. Macroporous surface area

and volume in activated biochar cannot be measured by nitrogen
adsorption, but are visible in Fig. 4c, Fig. 4e, and Fig. 4f. These types of
pores are crucial to mass transfer of salt solution during salt impregna-
tion step as well as water vapor mass transfer during hydration/dehy-
dration [61].

Fig. 8a illustrates the nitrogen adsorption/desorption isotherms of
the samples B1, B4, B6, C1, C4, and C6. The steep increase in adsorption
at low relative pressures in the activated biochar matrices indicates
remarkable microporosity. As the relative pressure increases from 0.1 to
0.95, the nitrogen adsorption by activated biochar particles rises
approximately linearly without reaching a saturation plateau, indicating
the presence of macropores. The nitrogen adsorption/desorption
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Fig. 6. The EDS map of the activated biochar/CaCl, composite sample C4 showing the distribution of elements on the outer surface of a single activated biochar
particle. SE represents the secondary electron signal, while C, Ca, and Cl indicate the signals corresponding to each element.

isotherms of activated biochar matrices show a hysteresis effect due to
capillary condensation in mesopores [68]. In contrast, the adsorption/
desorption isotherms of the composite samples show limited overall
adsorption, reduced adsorption at low relative pressures, and a negli-
gible hysteresis effect compared to the activated biochar matrix samples,
indicating effective salt coverage of microporous and mesoporous
surfaces.

Fig. 8b shows the pore size distribution of the matrix samples B1, B4,
and B6. The samples exhibit similar pore size distributions, as particle
size is the only distinguishing synthesis factor between them.

Consistent with the Table 2, Fig. 8b highlights the dominance of
micropores over mesopores. The peak pore diameters within the meso-
pore and micropore ranges are 3.7 nm and 0.7 nm respectively, for all
three samples. No macropores with widths between 50 nm and 100 nm
were observed but based on the SEM images we know macropores with
diameters between 1 pym to 50 um are abundantly present in structure of
the matrix samples.

3.2. Thermal energy storage analysis

In this section the initial energy storage densities of the activated
biochar matrices and composite samples are presented to analyze the
effect of particle size on their capacity to store energy. The initial energy
storage density here refers to the exothermic heat per unit mass that
completely dehydrated samples release during their first hydration
cycle, indicating their maximum energy storage density under the
applied humidity and temperature. Fig. 9a and Fig. 9b illustrate the
initial energy storage density of the activated biochar matrix samples
and composite samples, respectively. Supplementary Fig. 1 presents the
DSC and TG curves of the first two hydration/dehydration cycles of the
composite samples for additional information.

The P-values from the ANOVA are 0.075 and 5 x 10 for the matrix
and composite samples, respectively. This indicates that particle size
does not have a significant effect on the initial energy storage density of
the activated biochar samples but has a highly significant effect on the
initial energy storage density of the composite samples at the 0.05 alpha
level.

While the activated biochar samples exhibit an energy storage den-
sity comparable to many low-grade energy storage materials
[48,69-73], they do not achieve the impressive energy storage densities
observed in the synthesized composite samples. Furthermore, since
particle size has no significant effect on the energy storage density of the
matrix, an approximate value of 90 J/g can be considered as the average
energy storage density for all activated biochar matrix samples.

Fig. 9b shows that sample C1 with smallest particle diameter has the
lowest energy storage density. This can be attributed to excessive
crushing of the matrix, which leads to the destruction of macropores and
poor salt retention. Additionally, as the particle diameter increases from
less than 125 pm for sample C1 to between 354 uym and 595 um for
sample C4, the energy storage density increases due to more adequate
salt deposition within the porous structure. Further increase in particle
diameter leads to a decrease in energy storage density. This is due to
excessive salt deposition on the external surface (Fig. 5e and 5f), while
the inner pores become less accessible for salt deposition. Thus, an
optimal average initial energy storage density of approximately 2480 J/
g was achieved by sample C4, which is 66.8 % of the average energy
density of the pure CaCl, reference samples hydrated under the same
condition. This indicates that activated biochar particles with diameter
between 354 ym and 595 pym provide the highest salt impregnation
capacity among the synthesized activated biochar/CaCl, composite
samples. The confidence interval for sample C6 is large because only one
or two particles can fit inside the STA pan, resulting in extensive vari-
ance. The average salt content of the composite samples, calculated from
Eq. (4), follows a similar trend. Samples C1 to C6 are estimated to have
an average salt content of 36.9 wt%, 48.6 wt%, 61.3 wt%, 66.8 wt%,
59.1 wt%, and 46.8 wt% of CaCl; based on their energy storage density.
Although the total surface area (Sio, Table 2) has decreased in all
composite samples relative to their respective matrices by a similar
degree, the salt content varies significantly among the samples with
different particle size. This is because the BET surface area and the
calculated pore volume derived from nitrogen adsorption/desorption
isotherms account only for mesoporous and microporous structures,
excluding macropores. As previously discussed, the macropores in
composite samples C1 and C2, which have the smallest particle size
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Fig. 7. The SEM image of the (a) composite sample C1, (b) C2, (c) C3, (d) C4, (e) C5, and (f) C6 after 1, 5, 5, 5, 1, and 1 leakage test cycles respectively.

Table 2
The surface area and pore volume of the samples B1, B4, B6, C1, C4, and C6.
Sample Stot” (mz/ 2) Smesob Smicro” Smeso/Stot Vtotd (Cms/ 2) Vineso Vmicrof Vieso/ Vot
(m?/g) (m?/g) (em®/g) (em®/g)
B1 803 139 664 0.17 0.48 0.17 0.31 0.36
B4 789 133 656 0.17 0.46 0.16 0.30 0.34
B6 765 109 656 0.14 0.41 0.12 0.29 0.29
C1 83 36 46 0.44 0.09 0.06 0.03 0.65
C4 65 28 37 0.43 0.08 0.05 0.02 0.71
c6 64 26 38 0.41 0.08 0.06 0.02 0.73

@ Total surface area estimated based on BET method.
b Mesoporous surface area.

¢ Microporous surface area.

4 Total volume of the pores.

¢ Mesoporous volume.

f Microporous volume.

among the samples, are largely damaged due to excessive crushing. The
resulting decrease in their energy storage densities further supports the
critical role of macroporous volume in determining both salt storage
capacity and overall energy storage performance. Additionally, the
pronounced salt agglomeration observed in samples C1 and C2 may
reduce salt uptake and promote adhesion of the salt solution to the walls
of the sample containers during the soaking stage of the synthesis
process.

It is worth noting that the 66.8 wt% is slightly higher than the 65 wt

% of salt mixed with the activated biochar. This may be due to imperfect
homogeneity of the samples, contributions from the matrix in water
vapor absorption, beneficial or even synergic absorption effects that
might occur when salt and matrix are mixed. These effects include
improved salt dispersion [74], enhanced accessibility and mass transfer
of water vapor to salt [75], combined physisorption by matrix and
chemisorption by salt [75,76], improved retention of absorbed water
[77], and capillary action [27,77].

Table 3 compares sorption-based TCES composites with carbon-
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Fig. 9. The initial energy storage density of the activated biochar samples (a) and composite samples (b) including individual data points, mean values and 95 %
confidence intervals (shown for composite samples only). The hydration temperature and relative humidity during the hydration step were 35 °C and 35 %,

respectively.

based matrices reported in the literature to the TCES composite syn-
thesized in this study. In general, increasing humidity enhances energy
storage density; however, supplying humid air with high humidity
during winter can be costly. The composites synthesized in this work,
particularly sample C4, with a particle size between 354 um and 595 um,
exhibited higher energy densities than most other carbon-based TCES
materials reported in the literature, even at significantly lower relative
humidity.

3.3. Cyclic performance analysis

Fig. 10a shows the energy storage density of pure CaCl; compared to
the samples C2, C3, and C4 over 10 consecutive hydration/dehydration
cycles. As previously discussed, this method does not consider the salt
leakage, and it cannot measure the energy density loss due to leakage.
This method is only suitable for assessing the loss of energy density due
to degradation of the matrix and/or the active material. The pure CaCl,
sample maintains a stable average energy storage density of approxi-
mately 3700 J/g through the cycles. As the energy storage density of the

10

pure CaCly remains stable, the slight loss of energy storage density
observed in other samples can be attributed to matrix degradation
caused by the expansion and contraction of the salt hydrate, as well as
the redistribution of salt. This redistribution can block pores, thereby
reducing the water uptake capacity while the volume changes of the salt
hydrate can further damage the biochar structure.

Fig. 10b exhibits the energy storage density of composite samples in
the leakage test. The energy density at cycle O represents the average
initial energy density of the samples before conducting the leakage test
as shown in Fig. 9b. Samples C4, C5, and C6, which have larger particle
size, show a significant drop in energy storage density at the first cycle of
the leakage test. This is because the salt deposited on their external
surface is easily washed away during hydration and subsequently
absorbed by the filter paper. The other samples with smaller particle
sizes do not exhibit a significant energy density loss in the first cycle, as
the agglomerated salt-composite structure (Fig. 5a-c and Fig. 7a-c)
prevents the liquefied salt from dripping onto the filter paper. However,
with further hydration/dehydration cycles, the agglomerated structure
eventually falls apart, leading to salt removal (Fig. 10b, samples C2 and
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Table 3
Sorption-based TCES composites with matrices composed of carbon. Particle diameter (d), nominal salt content (SCy), actual salt content (SC,), hydration temperature
(Ty), dehydration temperature (Ty), initial energy storage density (ESD).

Salt Matrix SC, SC, (wt%) Th Tq RH ESD Ref.
(wt%) (9] ()] (%) /g
CaCl, Activated carbon Source: 1 - 13.0 20 200 80 967 [33]
Source: 2 34.8 2073
Source: 3 43.4 2981
Source: 4 23.6 2093
MgSO4 Activated carbon 5 4.1 30 300 30 375 [39]
10 10.9 30 550
20 20.3 30 700
30 26.0 30 865
30 26.0 60 1325
40 35.4 30 915
MgSO4 Bead-shaped activated carbon - 1.0 30 150 60 445 [78]
5.2 642
7.6 920
MgSO4 Expanded graphite 50 56.5 25 150 85 496 [79]
60 58.9 576
70 74.1 632
80 87.5 719
LiOH-H,0 Expanded graphite 85 - 30 150 60 680 [80]
88 810
92 1120
95 1175
CaCl, Expanded graphite — 23.8 30 200 60 582 [81]
36.2 1372
48.1 1637
MgSO4 Biochar(derived from corn cob) 5 4.4 30 150 60 360 [74]
10 9.1 426
15 12.6 574
20 19.5 635
LiOH Activated Biochar(derived from corn cob) 20 — 30 200 80 1421 [82]
30 1525
40 1866
50 1672
CaCl, Activated Biochar(derived from alder wood) d < 125 um 65 36.9 35 120 35 1371 This Work
125 ym < d < 250 ym 48.6 1804
250 ym < d < 354 ym 61.3 2275
354 ym < d < 595 um 66.8 2479
595 um < d < 1600 um 59.1 2194
1600 ym < d 46.8 1738
a b
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e CaCl,
o —O—8___o o —© 06— o o o—(C2 2400 4\
= 35004 ||—*—C3 —~
&0 on
S .4 S
= < 2200+
= =
T T — g
5 5 2000
& &
£ 2500 ]-ee S 18004
wv T — @ —— @& @ g w
% . e — 5
2 —— 21600
& 2000 - &
L s S S N 1400
1 500 T T T T T T T T T | 1 200 T T T T T T
1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5
Cycle number Cycle number

Fig. 10. The energy storage density of pure CaCl, comparing to samples C2, C3, C4 over ten consecutive hydration/dehydration cycles (a) and the energy storage
density of the composite samples over five cycles of our designed leakage test (b). The hydration temperature and relative humidity for both tests were 35 °C and 35
% respectively.
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C3). In contrast, sample C4, with a larger particle size compared to
samples C2 and C3, retains salt within its inner pores from the second
leakage cycle onward, maintaining an impressive energy density of over
1700 J/g, corresponding to 70 % of the initial energy storage density.

By comparing the energy storage density of the C2, C3, and C4
composite samples after five consecutive hydration/dehydration cycles
(Fig. 10a) and their energy storage density after five leakage test cycles
(Fig. 10b), the necessity of assessing stability of sorption-based TCES
materials with a well-designed leakage test rather than continuous
cycling with thermal analysis instruments such as DSC, TGA, or STA
becomes clear. The energy storage density loss of the composite samples
in leakage test is significantly more than consecutive hydration/dehy-
dration measurements. In literature, e.g. in references
[30,31,33,39,83,84], the energy storage densities of sorption-based
TCES materials are commonly measured with the mentioned thermal
analyzers over consecutive hydration/dehydration cycles, which over-
looks the significant energy storage density loss due to leakage and
confirms what was stated in section 2.2.3. While the research synthe-
sizes a sustainable material for storing thermal energy with outstanding
energy density and promising stability, it does not explore the effects of
the salt-to-matrix ratio or sorption process parameters, which open
doors for further research.

The slight increase in energy storage density observed in some cycles
is attributed to sample non-uniformity after each leakage cycle and does
not indicate an actual rise in their average energy storage density.

4. Conclusion

This study synthesized a nature-inspired sorption-based thermo-
chemical energy storage composite utilizing sustainable components of
activated biochar derived from wood biomass as the porous matrix and
CaCl, as the sorbent salt. The activated biochar synthesized in this
research exhibited a hierarchical multiscale porous structure with an
impressive surface area of approximately 800 m?/g. We utilized a simple
yet effective salt impregnation method to incorporate 65 wt% CacCly into
the porous matrix, harnessing the natural vascular architecture of the
wood. Additionally, we explored the impact of particle size on the en-
ergy storage density and cyclability of the composite. The leakage test
method introduced in this study provides accurate quantitative data
based on energy storage density, in contrast to the qualitative visual
leakage observations commonly reported in the literature. This was
supported by the fact that energy storage density loss of the composite
samples in the leakage test was significantly more than the consecutive
hydration/dehydration of the samples in the STA. The CaCly/activated
biochar composite sample with a particle diameter between 354 um and
595 um exhibited optimal performance, achieving a remarkable average
initial energy storage density of approximately 2480 J/g, which
remained stable at 2310 J/g after 10 consecutive hydration/dehydration
in STA. This sample also achieved the highest energy storage density of
approximately 1780 J/g after 5 cycles of the designed leakage test.

Successful impregnation of the CaCl, into the inner pores of the
activated biochar in the sample with a particle diameter between 354
um and 595 pm was confirmed by X-ray micro-computed tomography.
SEM images revealed intense agglomeration of the composite particles
with diameters smaller than 250 pm and excessive salt deposition on the
outer surfaces of particles with diameters larger than 595 um leading to
relatively inferior performance. EDS maps of the surface of the com-
posite clarify that the salt prefers to deposit along surface grooves of the
activated biochar matrix, i.e. tracheids and vessels, due to stronger
capillary action in these areas.

The CaCly/activated biochar composite synthesized in this study
offers long-term thermal energy storage with minimal losses, making it
highly promising for applications like space heating. In addition to the
mentioned factors, future studies should also evaluate the material in a
large-scale setup to achieve a satisfactory balance between material-
level performance and system-level efficiency.
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