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ABSTRACT: The hydration of salts has gained particular interest
within the frame of thermochemical energy storage. Most salt
hydrates expand when absorbing water and shrink when desorbing,
which decreases the macroscopic stability of salt particles. In
addition, the salt particle stability can be compromised by a
transition to an aqueous salt solution, called deliquescence. The
deliquescence often leads to a conglomeration of the salt particles,
which can block the mass and heat flow through a reactor. One
way of macroscopically stabilizing the salt concerning expansion,
shrinkage, and conglomeration is the confinement inside a porous
material. To study the effect of nanoconfinement, composites of CuCl, and mesoporous silica (pore size 2.5—11 nm) were prepared.
Study of sorption equilibrium showed that the pore size had little or no effect on the onsets of (de)hydration phase transition of the
CuCl, inside the silica gel pores. At the same time, isothermal measurements showed a significant lowering of the deliquescence
onset in water vapor pressure. The lowering of the deliquescence onset leads to its overlap with hydration transition for the smallest
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pores (<3.8 nm). A theoretical consideration of the described effects is given in the framework of nucleation theory.

Bl INTRODUCTION

Global energy consumption increases every year' and is still
mainly produced by fossil fuels, such as coal, oil, and gas, which
is concerning due to climate change. There is already a shift in
the production of energy toward renewable energy sources to
reduce the amount of CO,: wind and solar energy production.
However, there is a mismatch between energy supply and
demand; for example, solar energy and heat production are
high during the sunny days, in summer, while the demand is
low.” A majority of the energy, in residential homes, is used for
heating;3 therefore, in winter the heating demand is high while
the supply of thermal energy is low. A solution for the
mismatch problem is thermal energy storage (TES), which can
be used to heat during summer and release the stored heat
during winter. There are three types of TES: sensible, latent,
and thermochemical energy storage (TCES).*® Compared to
sensible and latent heat storage, TCES can store heat loss-
free,”® which is necessary for long-term or seasonal heat
storage.

For low-temperature TCES, salt hydrates and porous media
are being investigated. The porous media adsorb large amounts
of water molecules due to their high specific surface.”® Salt
hydrates build in the water molecules from the vapor phase
into their crystal structure, which is called hydration. The
hydration of a salt is an exothermic solid—solid phase
transition” involving (water) vapor absorption, which can be
reversed via an endothermic reaction by heating the crystals.
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This phase transition happens at a certain water vapor pressure
(pvap) and temperature (T) depending on the transition. The
equilibrium between hydrates is reached when the conditions
around the salt particles are set to water vapor pressure and
temperature values such that the hydration and dehydration
are happening at the same rate. Such an equilibrium between
two states can be found in a pT-phase diagram as a line
separating the two phases (Figure 1). This type of (water)
vapor sorption is described as monovariant and is detailed in
ref 18. Many salts have slow kinetics in a region around the
equilibrium line of the solid—solid phase transition between
hydration states, which is called the metastable zone of the
(de)hydration reaction (MSZ).””'' The MSZ hinders the
(de)hydration transition due to a nucleation barrier.'”""
Dehydration/hydration of salt hydrates theoretically provide
very high energy storage density up to 3.6 GJ/m3.»>'*7'*
However, salts expand and shrink during the charging and
discharging cycles, due to the built-in release water molecules
in the salt hydrate crystal structure.'>'® Moreover, conglom-
eration and deliquescence of the salt particles can be a problem
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Figure 1. Here, the phase behavior of CuCl, as a function of the water
vapor pressure p,,, and the temperature T is shown. The
condensation line (py,), deliquescence onset line, (de-)hydration
equilibrium line, and metastable zone (MSZ) with its boundaries are
depicted.9 The (de)hydration onset points of pure CuCl, (black
squares) and the composites SGCull (purple triangle up), SGCu6
(blue triangle down), and SGCuS (green triangle left). The MSZ
boundaries as fitted from the results of the pure CuCl, are denoted as
dashed lines.

over many cycles, since this could block the transport of the
water vapor through the storage unit. Contrary to the salt
hydrates, porous materials are usually hydrothermally stable
over many cycles, because they generally do not change their
solid structure. There are some exceptions like metal—organic
frameworks (MOFs). Usually, porous materials have lower
energy storage densities. Additionally, the type of sorption
done by porous materials is described as bivariant, because
vapor can be adsorbed continuously with an increase in vapor
pressure and/or decrease in temgerature instead of a sharp
transition like with salt hydrates."

A solution for the disadvantages of these two materials can
be offered by a combination of the two TCES types -
composite of salt in porous matrix (CSPM).”'”'® The energy
storage capacity of the porous matrix, with its water
adsorption, could be increased through the stronger water
absorption of the salt hydrate. Simultaneously, the salt may be
stabilized inside the pore structure, where it can expand and
shrink during cycling, while the matrix keeps the macroscopic
shape constant.'” Additionally, the deliquescence transition
can be used as an extra phase transition to store and release
heat, because the capillary forces of the pore system can hold
the salt solution inside the porous matrix.”’

Many different CSPMs have been investigated. Often
silicas,”" zeolites,”*** and porous clays, like vermiculite, were
used as matrices to host CaCl,, LiBr, LiCl, or magnesium
salts>**~*° among many other combinations of matrices and
salts. These composites have energy densities ranging from
0.18 to 1.08 GJ/m?, which are lower than for the pure salt due
to the volume of the matrix material and the void space inside
the pores to allow the mass transport of the gas phase. Also,
hydrothermally stable metal—organic frameworks (MOFs),”’
aerogels,24 carbon based materials,” and porous glass28 were
tested as matrices and different salts like SrBr,, copper,
potassium, and sodium salt hydrates were explored as
impregnatesz“‘zg’3’0 to improve the CSPM storage materials.
Additionally, synthesized matrices such as polymers’”** and
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33,34

silicone foams® were tested. Thereby, it was found that
CSPM has generally better sorption kinetics than pure
salt.">*”*° It was also determined that a higher salt content
in the composite results in higher water uptake and energy
densities.”””° However, a too-high salt content could block
pores off, mainly in microporous materials.*®

The studies about the hydration transition with salt in
composites were mainly focused on finding good heat storage
materials and hence composites with high water uptakes and
energy storage densities. However, the impact of confining the
salt in a porous matrix on the involved transitions is not fully
understood. The salt in CSPMs could have different
interactions with water vapor, because of the added interface
with the pore walls, which results in a nonlinear combination
of the matrix and salt sorption properties.>’ So, the
confinement of the salt inside a porous matrix could change
the sorption properties of the salt hydrate. On one hand, the
pores adsorb water vapor, which could enhance the absorption
speed of the salt. On the other hand, the limitation of the
crystal size by the pore size could influence the hydration and
deliquescence transitions through increased surface effects.
The effect of confinement on the deliquescence transition was
already studied for the simple salts of NaCl and LiCl in
mesoporous silica materials in ref 39 and ref 40. Here, it was
shown that the onset of deliquescence for NaCl and LiCl shifts
to lower water vapor pressures in isotherms when confined
inside mesoporous silicas due to the concave curvatures of the
water—gas interface inside these pores.

The goal of this research is to investigate these effects of
confinement on the sorption properties of a model salt hydrate
CuCl, inside the pores of amorphous silica gel (SG) with
nanometer-sized pores. CuCl, was chosen as a model
component for its single hydration transition, the metastable
zone (MSZ), and the deliquescence point™*® such that there is
a clear distinction between hydration and deliquescence
transitions. In this way, the two transitions could be studied
separately. Changes in the width of the MSZ were investigated
with TGA measurements. The impact of the confinement on
the crystalline structure was studied with PXRD. The
deliquescence onsets of the different composites were studied
via DVS measurements to compare the onsets of CuCl, in
confinement to similar studies in the literature on other
salts.””*

During the following text, the phrase (de)hydration
transition is used to describe the solid—solid phase transition
between hydrates through building in or removing water
molecules in the crystalline structure. Additionally, the terms
anhydrate and (di)hydrate are going to be used to label the
two different solid crystalline phases of CuCl,, which contain
either no water molecules (only CuCl,) or two moles of H,O
per mole of CuCl, (CuCl,-2H,0). Subsequently, a complete
transition is defined as either the removal of all water
molecules in the salt crystal to derive the anhydrate
(dehydration) or the build-in of whole 2 molecules of H,O
for each ion pair of CuCl, throughout the full sample to obtain
the dihydrate (hydration).

B THEORY

Confinement of salt hydrates could change their sorption
behavior in two ways: (a) increase the surface-to-volume ratio
(S/V) of a crystal and hence the surface effects, and (b)
sorption due to capillary condensation inside the pores. A
schematic representation of such a composite system is given
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in Figure 2. Three main parameters can describe the sorption
behavior of a salt hydrate, which could be affected: (1)

Figure 2. Schematic depiction of a spherical salt crystal confined
inside a pore structure in contact with a gas phase, which carries water
vapor, and liquid water, which condensates from the water vapor.

thermodynamics of the CuCl,—CuCl,-2H,O transition, (2)
the MSZ width of this (de)hydration transition,” and (3) the
deliquescence onset. The MSZ of the (de)hydration solid—
solid phase transition is a kinetically hindered region around
the equilibrium line as described in the Introduction.”™"!

In the subsequent sections, we will discuss the influence of
nanometer-sized, mesoporous confinement on the (de)-
hydration solid—solid phase transition, metastable zone width
of this transition, and deliquescence onset of the salt hydrate
CuCl,.

The Hydration Equilibrium in Nanometer-Size Con-
finement. The equilibrium line of the anhydrate-dihydrate
(0—2) solid—solid phase transition of copper(II) chloride
(CuCl,) can be seen in Figure 1 as the thick black line in
between the anhydrous CuCl, and the dihydrate CuCl,-2H,0.
At low water vapor pressures and high temperatures than the
equilibrium conditions, the salt is in the anhydrous state. At
higher water vapor pressures and lower temperatures, the salt is
in the hydrated state. This solid—solid phase transition can be
described by the reaction equation:

CuCl,-aH,0(s) + (b — a)-H,0(g) = CuCl,-bH,0(s)
(1)
a describes the number of water molecules per salt molecule in
the lower hydrated phase and b the number of water molecules
per molecule of salt in the higher hydrated phase. In the case of
CuCl,, the a and b are equal to 0 and 2 for the anhydrate and

dihydrate of the salt.
The Gibbs free energy of this reaction equals:9

AG = N-[u, — p — 2-p] + A(y-A) )

Here, AG [J] is the Gibbs free energy, N [—] is the number of
neutral ion pairs of CuCl,, y; [J] is the chemical potential per
molecule/neutral ion pair of the different salt phases, y [J] is
the chemical potential per molecule of the water vapor, y. [J/
m?*] is the specific interfacial surface energy of the solid salt
crystal with the vapor phase, and A [m’] is the surface area of
the salt crystal. From this and the derivation given in ref 41, the
following can be obtained:

pvap ( A(]/CA) ] ( A(]/CA) ]
— = exp = exp

2Nk, T 2nRT

()

The p.,, [mbar] represents the partial water vapor pressure, Peq
[mbar] is the water vapor pressure at the equilibrium line, kg
[J/K] is the Boltzmann constant, T [K] is the absolute
temperature, R [J/mol K] is the ideal gas constant, and n [mol]

Py

is the number of moles of CuCl,. With this equation, p,,,, at
which the thermodynamic hydration transition happens, can
be described as an affirmation of the interfacial properties and
the crystal size.

The surface/interface energy (A(y.-A)) plays a more
important role for smaller salt crystals than larger ones because
there is a larger surface-to-volume ratio. To investigate the
effect of this crystal size, the thermodynamic hydration onset
for spherical salt crystals with different diameters was
calculated. Because the Ay, for the salt crystal is not known,
the calculations were done by using AA between the anhydrate
and dihydrate, while Ay, was tested with different values
(0.001—0.120 J/m?) and their negative counterparts. The
values for Ay, were chosen in a wide range around the
suspected range found in ref 9 for the hydration transition of
spherical crystals. Thereby, it was found that the difference
between p,,,/p.q and 1 increased with larger values of y and
smaller crystal sizes. A graphical representation of these
relations can be found in the SI.

The Metastable Zone Boundaries in Nanometer-Size
Confinement. Many salts do not start (de)hydrating
immediately for their solid—solid phase transition when the
equilibrium line is crossed during a decrease or increase in
temperature or water vapor pressure, but at a certain
temperature or water vapor pressure difference with the
equilibrium line or after an induction time, as was described in
the introduction as a metastable zone (MSZ). CuCl, is one of
these salts that have an MSZ, which is shown in Figure 1 as the
hatched area with the dashed lines as its borders.

The metastability is a consequence of kinetic hindrance and
nuclei forming only immediately at the boundaries and outside
the MSZ. At the MSZ boundary the critical size drops
dramatically, allowing nearly barrierless nucleation outsize
MSZ.”*® The Gibbs free energy, eq 2, can be used to
determine the critical nucleus size for the phase transition at
different points in the phase diagram. According to classical
nucleation theory, the critical size of a spherical nucleus can be
estimated:

N 4n(3v,)'r; 4 e
=5 3,3 o 3
27 (2)°Au 9 [kyT-In(p, /)] (4)

Vip [m®] represents the volume of a neutral ion pair of the
anhydrous phase and . is the specific interfacial surface energy
of the anhydrate, which was the starting phase for the Gibbs
free energy (eq 2). In the first part of this equation, the phase
diagram data (T and pvap) are not direct variables of the critical
nucleus. So, the Ay term can be replaced by temperature and
pressure terms, like

Hla A(y-A
Ap = kT In| 2 | = kgﬁ
peq 2N (5)

By doing so, the critical nucleus size N* can be found at every
point in the dihydrate part of the phase diagram using the
parameters T and p,,,. By using the value of p,,./p., at the
MSZ hydration boundary,” the critical nucleus size at this line
can be determined. In the range of temperatures of <50 °C and
Ay < 0.040 J/m?® the size of critical nuclei does not exceed 2.5
nm. As long as the nucleus diameter is smaller than the pore
diameter, no changes in the MSZ are expected. However, if the
diameter of the nucleus would be larger than the pore
diameter, a hindrance to the solid—solid hydration phase
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transition is expected, since the nucleus is impossible to form
under these conditions. Smaller nuclei, that can be formed in
the limited space inside the pores are expected at higher
supersaturation/driving force, such as a larger difference in
temperature or vapor pressure to the equilibrium conditions,
resulting in a widening of the MSZ. This is expected for the
tested nanometer pore diameters, especially the smallest one of
2.5 nm, in the case of Ay, values above 0.04 J/m”. A graphical
representation of these expected results is given in the SIL

The Deliquescence Onset in Nanometer-size Con-
finement. The deliquescence onset of CuCl, is visualized in
Figure 1 by the thick light-blue line, which is lower than the
saturation water vapor pressure (thick dark-blue line). Here we
consider the capillary condensation in cylindrical pores. The
capillary condensation in cylindrical pores is described by the
Kelvin equation:*>**

Z'V']/lg cos(6)

R:ond(r) = psa €Xp| —
t r-RT (6)

Here, the p..,q(r) [mbar] is the water vapor pressure at which
capillary condensation starts in pores with radius 7, p,, [mbar]
is the saturation water vapor pressure outside a pore system, v
[m?®/mol] is the molar volume of water in the liquid phase, Vg
[J/m?] stands for the surface tension between the liquid and
vapor phase, 0 [°] stands for the contact angle of the liquid
phase with the solid and vapor phase, and r [m] stands for the
radius of the pores.

When the influence of crystal size on the solubility is
neglected, the Kelvin equation can be used to estimate a trend
of a shifted deliquescence onset toward lower water vapor
pressures of salt inside nanosized pores:

2~v-y1g cos 0

B (1) = () expl —— o
7

Here, py(r) [mbar] represents the water vapor pressure of the
deliquescence onset inside pores with radius r, and pg(c0)
[mbar] is the deliquescence onset water vapor pressure of the
bulk salt. In this equation, y;, describes the surface tension
between the liquid and gas phases. Since y;, for the saturated
CuCl, solution is unknown, y,, for water is used for an
estimation. This shows that the condensation points of the
water vapor and the deliquescence onset of salt are expected to
be at lower water vapor pressures or at higher temperatures
when inside smaller pore sizes. These two mechanisms,
capillary condensation, and deliquescence, result both in a
dissolution of the salt inside the pores but are initiated in
different ways: the capillary condensation by the pores in the
porous material and the deliquescence onset through
absorption of water vapor in the salt to form a saturated
solution. From these estimations, the deliquescence onset of
the confined salt is expected to always be notably lower than
the onset of the capillary condensation with the same pore size.
Graphs of these results inside the phase diagram are shown in
the SL

A simplified thermodynamic model for the deliquescence of
nanosized particles, which takes the solubility of the salt crystal
into account, was developed by Mirabel et al.”> This model
indicates that the solubility of small soluble crystals in a vapor
of solvent increases with decreasing size, due to the increased
contribution of the surface energy. Through this increased
solubility, the deliquescence onset is lowered even further.

Other calculations and even first measurements were done on
the simple salts NaCl and LiCl in different silica materials with
mesopores.””*" There, it was found, that the deliquescence
onset of these salts in confinement was shifted to lower water
vapor pressures compared to the bulk salt. The same trend is
expected in this study for the CuCl, salt confined in the

mesoporous silica gels.

B EXPERIMENTAL SECTION

Starting Materials. Mesoporous, amorphous SGs were used with
different pore diameters, which will be called SG11, SG6, SGS, SG4,
SG3, and SG2 because of the rounded measured average pore
diameters. The SG4 was ordered from Fisher Scientific in the form of
40 A pore size, general purpose grade, while all other SGs were
ordered from Sigma-Aldrich in the form of pore size 150 A Davisil
grade 643, 90 A high-purity grade, pore size 60 A Davisil grade 635,
pore size 30 A Davisil grade 923, and pore size 22 A Davisil grade 12,
and all of them were used without any treatment. As the salt inside the
CSPM, copper(II) dichloride (CuCl,) was ordered from Sigma-
Aldrich in the form of the dihydrate (CuCl,-2H,0, ACS reagent,
>99.0%). For the use as a bulk salt reference, CuClL,-2H,0 was
ground in a mortar and sieved so that the salt always had a particle
size between 50 and 164 um. For the formation of a saturated
solution, 9.5 g of this dihydrate was dissolved in 10 mL of
demineralized water, which was used to impregnate the silica gels
to create the CSPMs.

CSPM Preparation by Impregnation. For the impregnation of
the salt CuCl, into the pore structure of different SGs, a dry incipient
or incipient wetness method was used, as described in refs 24, 29, 36,
46, and 47 First, the SGs were dried in an oven at 160 °C overnight.
The dried SGs were mixed with a saturated aqueous solution of CuCl,
to fit the accessible pore volume. The components were mixed until
the solution was fully adsorbed into the pores of the silica gels. The
composites were then dried again overnight in an oven at 160 °C.
Through weighing the samples at various steps in the procedure, the
masses (m) of the two components, the salt content (¢), and the
weight ratio between the silica gel and the salt could be determined.
Here, the salt content was calculated as

b= —h 00% = -100%

Meyal, + Msg MsGea (8)

Mcucl,

Compositions of the prepared composites are given in Table 1 with
the names SGCull, SGCu6, SGCuS, SGCu4, SGCu3, and SGCu2

Table 1. Weight Ratios Are Shown of the Different
Composites Made from Silica Gels with an Average Pore
Diameter (davg) in the Nanometer Range and a Saturated
Solution of CuCl,. Below, the Calculated Salt Content (¢b)
and Weight Ratio between the Two Components are given.
Here, m Stands for Mass in [g].

composite m(CuCl,)/m(silica)
name pore d,, silica [nm] ¢ wt % g/g
SGCull 11.0 40.03 0.668
SGCu6 6.0 31.90 0.477
SGCu$ 5.8 31.38 0.457
SGCu4 3.8 20.41 0.256
SGCu3 33 14.81 0.174
SGCu2 2.5 14.43 0.169

according to the average pore diameter of the used SG. The given salt
content for the different composites was the amount reached with
one-time impregnation with saturated solution, as described above.
Higher salt content could be achieved with multiple impregnations;
however, the possibility arises that salt crystals will be formed on the
outer surface of the silica gel particles (see Supporting Information

(SI)) and/or that (large) parts of the pore systems will be blocked by
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salt crystals hindering mass and heat transfer. Therefore, the sample
preparation was limited to one single impregnation step for this study.

Pore Volume, Pore Size, and Pore Size Distribution. The
pore structure of the samples was investigated by N, adsorption and
desorption. First, the samples were prepared by degassing them in the
preparation station at 150 °C with N, flow overnight (16 h). Both
adsorption and desorption measurements were done at 77 K with
pressure range p/p’ = 0—0.998 in a Micromeritics Gemini VI The
Barrett—Joyner—Halenda (BJH) method*® was used to calculate the
average pore diameter, and the Brunauer—Emmett—Teller (BET)
theory™ was used to determine the surface area in m? per g of sample
and the maximum N, adsorption volume to estimate the accessible
pore volume.

Isobaric TGA - Finding MSZ Widths. Isobaric water sorption
and desorption of the different SG and the composites were
investigated using the two TGA devices Mettler Toledo TGA/
SDTAS851e and Mettler Toledo TGA/DSC 3+ to prevent measure-
ment artifacts from one single machine. The two TGA setups from
Mettler Toledo were used together with a home-build or a Cellkraft
humidifier. The sample was located in both devices on a balance arm
inside the oven capable of operating at T = 25—1000 °C, which had
an accuracy of +1 ug.

Both machines had an inlet for gas flows, which were connected to
humidifiers. The home-build humidifier operated at 18 °C and mixed
a dry (0% RH) and a saturated (100% RH) N, flow to generate a
water vapor pressure between 0 and 20 mbar. This home-build device
was connected to the TGA/SDTAS8S1e. The second humidifier was a
Cellkraft Humidifier P-2 operating at 25 °C, which worked via a
feedback loop from an RH sensor at the outlet of the humidifier to
generate a water vapor pressure between 0 and 27 mbar in the TGA/
DSC 3+. Both devices had a flow rate set to 300 mL/min over the
sample inside the TGAs.

The temperatures of both TGAs were calibrated to an accuracy of
0.2 K using the melting points of benzophenone, indium, and zinc,SO
while the humidifiers were calibrated to an accuracy of 1 mbar using
the gravimetric signal at the deliquescence point of LiCl-H,O,
CH;COOK, K,CO;1.5H,0, MgCl,-6H,0 and Mg(NO;),-6H,0 at
25 °C and a validity check at higher temperatures (40 and 65 °C)
using LiCl-H,0.%"

A temperature (T) program was created such that first an
isothermal step of a few hours was done, then a T ramp was
performed at the constant rate between 0.1 and 1 K/min, usually 1 K/
min. The lowest T was held again for a few hours, after which the T
was increased again with the same ramp, and the program ended on
an isothermal step as in the beginning. Simultaneously, the humidifier
was turned on at the wanted water vapor pressure. The isothermal
steps at the maximum and minimum T of each cycle were done to
ensure a complete phase transition. In between these isothermal steps,
the temperature ramps were used to determine phase transition onsets
and the amount of sorbed water vapor under these conditions. The
resulting weight changes from these isobaric measurements were used
to calculate a parameter called loading (L), which describes the
weight change of the sample in [mol H,O per mol CuClL]. The
loading was calculated similarly to ref 9 using the dry weight at high
temperatures of each sample and the salt content given in Table 1
together in

m— my MCuClz
M, @-my 9)

L =

Hereby, m [g] stands for the current mass of the sample, m4 [g] for
the dry sample mass, M,, [g/mol] for the molecular mass of water
(18.01528 g/mol), and Mcyca, [g/mol] for the molecular mass of

copper(Il) dichloride anhydrate (134.45 g/mol).

Powder X-ray Diffraction Analysis in Situ. X-ray diffraction
was performed using a Rigaku Mini-Flex diffractometer in continuous
scan mode with a divergent slit of 0.625° and a D/teX Ultra2
detector, using Cu K,-radiation and Ky filter. To identify the
crystalline phases of the confined salt hydrates and to observe the
phase transitions, powder X-ray diffraction (PXRD) was performed

using a high-temperature attachment, called the Anton Paar BTS 500
heating stage, built in the diffractometer and an attached humidifier,
which can blow nitrogen with 0—20 mbar water vapor over the
sample. The measurement was carried out with Bragg—Brentano
geometry at 26 = 5—75° with step sizes between 0.005 and 0.01° and
speed of 1 to 10°/min. The humidifier worked similarly to the home-
build humidifier of the TGAs, but the flow rate was set to 800 mL/
min, because of larger sample sizes.

Two types of PXRD measurements were performed. First, a scan of
the dehydrated composites was performed. This was done at 120 °C
and 0 mbar water vapor pressure with the 26 ranging from 10 to 75°,
a step size of 0.005°, and a speed of 3°/min. Each of these scans took
25 min 17 s, and additionally the temperature was held constant for
30 min to ensure complete dehydration.

Second, isobaric in situ measurements were performed using
several scans at different temperatures with a constant water vapor
pressure turned on. Because it was required to perform 20—30 scans
for in situ measurements, the duration of the scans was shortened to
reduce the measurement time. Considering that the strongest
reflections of the anhydrate and dihydrate lie very close—15.3° and
16.3°°*—the range of 26 was shortened from 10—75° to 14—17.4°
with a step size of 0.050° and a speed of 10°/min, which changed the
recording time of one scan to 1 min 13 s. The isobaric in situ PXRD
measurement was executed in the following way: First, the sample was
brought to the starting temperature of 120 °C, and then the first scan
was recorded. Afterward, the temperature was decreased from 50 to
54 °C to 34—38 °C, depending on the water vapor pressure, in steps
of 2 °C. A diffractogram was recorded at each temperature step. Then
the diffractogram at the lowest temperature of 33 °C was measured
with a subsequent increase in temperature from 46 to 52 °C to 68—74
°C, depending on the water vapor pressure, in steps of 2 °C and end
temperature of 80 °C. The start, lowest, and end temperatures were
held for 3 h before the reflections were recorded to ensure that the
sample was completely transitioned toward its anhydrous or dihydrate
phase, while all other temperatures were only held for 1 min before
the recording of the reflections. Runs were performed at different
water vapor pressures: 10, 12, and 14 mbar.

Sorption Isotherms - Dynamic Vapor Sorption. Water
sorption isotherms were measured with TA Instruments Q5000 SA.
This DVS machine controls the temperature (+0.1°C) and the
relative humidity (RH) (+1%), while the weight of the sample is
measured. The RH in this device was calibrated using the
deliquescence of NaBr. The sample weight can be measured with
an accuracy of 0.01 ug.

The isotherms at 45 °C were measured in steps of increasing
humidity. Before an experiment, a dehydration step at 80 °C and 0%
RH was performed. For the composites and pure salt, the sorption
isotherms were measured with steps in humidity from 0 to around
70% RH. After equilibration at 45 °C, the sample was exposed to the
steps of increasing humidity. At each step, the sample was left to
equilibrate, which was determined by a change in weight less than
0.005% for 120 min or when the maximum step length of 12 h was
reached, which only occurred during phase transitions such as the
solid—solid hydration transition or the solid—liquid deliquescence
when the weight change is large than the steps without phase
transition. By doing so, the hydration and deliquescence onsets of the
pure salt and the different composites could be observed through the
changes in weight, when water vapor was taken up by the sample.
This is a dynamic phenomenon, not a thermodynamic one, which can
for example change with different humidity steps or waiting times.

B RESULTS AND DISCUSSION

The influence of the SG on the (de)hydration onsets of the salt
was studied with TGA measurements. The structure of the salt
during water sorption was examined with isobaric XRD in situ
experiments. Deliquescence of the salt in the composites was
studied by DVS isotherms. The characterizations of the pure
SGs are given in the SL
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Nitrogen Sorption Measurements. The pore structures
of the pure silica gels as well as the composites were
characterized with N, adsorption and desorption isotherms
at 77 K as described in the section above. These isotherms of
the pure silica gels are shown in SI. The pore size distributions,
obtained with the BJH method from the desorption isotherm
and were used to calculate the results in Table 2. From this

Table 2. Characterization of the Silica Gel Pore Structure, in
the Form of Pure Silica Gel and in the Composites, by the
Average Pore Diameter (d,,,) in the Nanometer Range,
Calculated Using the BJH Method on the Desorption Part
of the Isotherm

silica gel name  d,,, silica [nm] ~ composite name  d,,, composite [nm]

SG11 11.0 SGCull 12.1
SG6 6.0 SGCub 6.8
SGS 5.7 SGCu$ 6.2
SG4 3.8 SGCu4 3.9
SG3 3.3 SGCu3 3.3
SG2 2.5 SGCu2 2.5

table, it is visible that the average pore diameters (d,,,) of the
composites were slightly increased compared to the pure silica
gels. This was probably due to the space taken up by the salt
crystal, which decreased the pore volume and shifted the pore
size distribution slightly. The obtained average pore diameters
of the pure silica gels were then used to calculate the capillary
condensation point with the Kelvin eq (eq 6).

Metastable Zone under Confinement. First, the
sorption of the pure salt and the salt inside the mesoporous
SG11 was investigated with an isobaric TGA measurement, at
a water vapor pressure of 10 mbar (Figure 3a). The hydration
and dehydration onsets were found to be at 36.5 and 55.3 °C,
respectively. During this measurement, the pure salt had no or
negligible adsorption at a temperature above the hydration
onset. Below this temperature, the expected amount of 2 mol
of H,0 per mol of CuCl, was absorbed. During heating of the
completely hydrated sample again, this loading remained

constant until the dehydration onset, when the salt lost its
hydration water again.

The SGCull hydrates and dehydrates at the same
temperatures as the pure salt. However, before and after
these (de)hydration transitions, continuous sorption and
desorption are visible. This is due to the adsorption by the
SG pores as discussed in the SI. This also explains the higher
maximum loading of mol H,O per mol CuCl, for the
composite.

Subsequently, a series of composites with smaller pore radii
were investigated. These composites were subjected to the
same measurement conditions (Figure 3). In Figure 3a, the
same behavior as with the SGCull was observed: similar
(de)hydration onsets as bulk CuCl, and continuous ad- and
desorption as the SGs. The maximum loading increased hereby
with decreasing pore diameter due to the lower salt content as
described in Table 1 and the definition of the loading as the
sorbed water of the whole sample per amount of salt in the
sample. Hence, the silica gel adsorption uptake increases
relative to the uptake of the salt and has a stronger influence on
the sorption curve with decreasing salt content.

In the case of SGCu4, SGCu3, and SGCu2, the (de)-
hydration onsets could not be identified. This could indicate
that this transition is not visible due to the stronger adsorption
of the silica gel or low crystallinity of the salt. The lower salt
content for these composites with smaller pore sizes, as
described earlier, supports the poor visibility of these onsets.
However, if a linear combination of the sorption from the silica
gels and the bulk salt with the corresponding salt content is
taken of these three composites, the onsets of the (de)-
hydration are all visible. So, the ambiguity of the onsets in the
composites SGCu4-SGCu2 is not expected to come from the
low salt content and consequently stronger silica gel
adsorption. Subsequently, the smeared onsets could indicate
that either the salt cannot form crystalline phases in such small
pores, such that no (de)hydration transition is performed
anymore, or that the deliquescence is lowered, as discussed
formerly in the theory section, to an extent that the hydrated
phase is not visible with the TGA measurements for these
composites.
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Figure 3. Loading [mol H,0/mol CuCl,] is given of the water, which was sorbed by salt impregnated silica gel composites as a function of the
sample temperature T at a water vapor pressure of 10 mbar in comparison with pure salt are shown: a) SGCull, SGCu6, and SGCu$ and b)
SGCu4, SGCu3, and SGCu2. A temperature change speed of 1 K/min was used, and the dashed lines indicate the hydration and dehydration

onsets of the pure CuCl, salt.
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Figure 4. Powder-XRD measurements at 120 °C and a water vapor pressure of 0 mbar were performed on all composites and the pure bulk salt.
The powder-XRD diffractograms are given in a), where the dashed vertical lines indicate the 6 highest intensity reflections of the pure anhydrous
CuCl, for the planes given above each line. From these diffractograms, in which each was measured twice, the average crystalline sizes of the
different composite samples were estimated with the Halder-Wagner method. The results are given in b) and are plotted against the average pore
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Figure S. Results from isobaric PXRD in situ scans of the with CuCl, impregnated silica gel composites at 10 mbar water vapor pressure and steps
at temperatures of a) 120 °C, b) 36—42 °C, and c) 33 °C. The left dashed line indicates the reflection of pure anhydrous CuCl, (15.3°), and the

right dashed line indicates the dihydrate CuCl,-2H,0 (16.2°).

Since the (de)hydration onset temperatures are visible for
the SGCull, SGCu6, and SGCuS, these onsets were measured
at different water vapor pressures to see if the MSZ boundary
is affected by the pore size. Each experiment was performed at
6, 8, 10, 12, 14, 16, and 18 mbar at temperatures varying
between 125 and 25 °C with a ramping speed of 1 K/min. The
(de)hydration reactions at 6 mbar were very slow, and the 6
mbar measurements were repeated with 0.5 K/min and longer
isothermal steps at the high and low temperatures. The onset
temperatures are shown in Figure 1. The onsets of the
composites’ water uptake coincide with the onsets of the water
uptake by pure CuCl, and the MSZs are similar. This shows
that the pore diameter has a limited influence on the MSZ
width, corroborating the theory described earlier. Hence, the
confinement inside the SG does not affect the critical nucleus
size at the MSZ boundaries. Thus, nuclei of <5 nm are
unhindered in their growth by the pores of the SG having a d,,,
> 5.8 nm. The MSZ boundaries found in this work were also
very similar to the ones found in the literature.”

Structural Transitions. The diffractogram of anhydrous
CuCl, is given in ref 53 and ref 54. The strongest reflection
around 15.3° is from the (001) plane. The dihydrate CuCl,-

2H,0, however, has many more reflections and stronger
intensities compared to the strongest reflection, as seen in refs
55—57. The strongest one is very close to the (001) reflection
of the anhydrate, at 16.2° for the (101) plane. First, a screening
of all composites in an anhydrous state was performed. The
results are presented in Figure 4a. For SGCull, SGCu6, and
SGCuS, the reflections of crystalline anhydrous CuCl, were
clearly visible and hence confirmed that crystalline salt was
formed. The intensities were generally lower for the
composites than for the pure salt, and the reflections were
less sharp, probably due to a lower salt content in the sample
and smaller crystal sizes, as smaller coherent scattering domain
sizes result in lower intensities and broader reflections.

For the SGCu4, the strongest reflections attributed to CuCl,
were still visible but were lower in intensity, and the peaks were
broader than for the other composites, indicating very small
crystal sizes. The influence of the matrix was also more
pronounced, as the reflections from the crystalline salt were
similar in intensity to the wide amorphous reflection between
15 and 30° of the SG.

The SGCu3 and SGCu2 did not show any identifiable
reflections, except around 15.3° as seen in Figure 4a. On the
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one hand, the low intensities of the small pore diameter
composites could be caused by the low salt content (Table 1).
On the other hand, the lack of reflections other than the one
around 15.3° for the smallest pore diameter composites could
imply that only a small part of the impregnated CuCl, was able
to form crystals, while the rest remained in an amorphous
form, which would not be visible in an XRD measurement.
The sharp reflections for SGCu2 may indicate that a few larger
CuCl, crystals were formed on the outer surface of the SGs,
while the salt inside the pore structure was in an amorphous
form. This can be supported by the narrow full-width half
maximum (fwhm) of 0.48 + 0.1 deg of the SGCu2 reflection,
which is similar to the SGCull composite with 0.458 + 0.04
deg, compared to the other composites with larger fwhm’s
(SGCué: 0.848 + 0.008, SGCu5: 0.520 + 0.006, SGCu4: 2.32
+ 0.02, SGCu3: 2.35 + 0.02). Additionally, the crystals on the
outer surfaces could be observed with a scanning electron
microscope (SEM) (see SI).

From these diffractograms, the average size of the
crystallines could be estimated using the Halder-Wagner
method. The results of these calculations can be found in
Figure 4b. Here, it can be seen that the size of the crystallines
decreases with decreasing pore diameter. Additionally, all
determined average crystalline sizes are smaller than the
average pore diameter, supporting the assumption that the
majority of the salt hydrate is impregnated inside the pore
system of the silica gel.

As the next step, isobaric in situ measurements were
performed at different water vapor pressures. The recorded
diffractograms at 10 mbar for three temperatures (120 °C, 33
°C, and one between 36 and 42 °C) are shown in Figure S.
The temperature, at which a mix of both phases was visible,
was different for the various samples, so a range of
temperatures was chosen to depict this mixed state for all
samples. At 120 °C, all composites were dehydrated, and
composites showed only one reflection around the position of
the anhydrous (001) plane at 15.3° (see Figure Sa). At the
lowest temperature, 33 °C, the composites were completely
hydrated, and the composites had only one reflection around
the position of the dihydrate (101) plane at 16.2° (see Figure
Sc). Between 36 and 42 °C, both phases—dihydrate and
anhydrate—were detected (see Figure Sb). The position of the
reflections, especially for the dihydrate, from the different
composite samples deviated from the bulk salt position by up
to 0.1° in 26. This small deviation can arise from different
reasons, such as inaccuracies in the measurement, increased
concentration of defects due to the smaller crystal sizes, or due
to stresses on the crystals from the pore walls, which would
increase for the hydrated phase since these crystals need to
expand to incorporate the H,O molecules.

As for the pure CuCl,, the reflection for the dihydrate phase
of the composites was more intense and sharper than for the
anhydrate phase. This was most clearly visible for the
composite samples with SGCu4, which had a very broad and
low-intensity reflection at 120 °C with an fwhm of 1.1 + 0.2
deg and an intensity of 8736 = 76 counts-per-second (cps) and
a stronger and sharper peak at 33 °C with an fwhm of 0.173 +
0.013 deg and an intensity of 12634 + 126 cps. The phase
transition was also clearly visible for the composites with larger
pores ( >4 nm). From this, it is clear that the SGCu4 sample
had a crystalline solid—solid phase transition from the
anhydrous CuCl, to the dihydrate and back, even though the
onsets of the transition were not distinguishable in the TGA

measurements. The onsets of these phase transitions in the
isobaric XRD in situ results at 10 mbar were observed around
34—-38° for the hydration and around 60° for dehydration.
This deviates, mainly for the dehydration, from the results
obtained with the TGA experiments, which had the hydration
around 36° and dehydration around 56° for the 10 mbar
isobaric measurements. Reasons for this deviation are, on the
one side, the difference in measurement points density. The
TGA takes a measurement point every 1—9 s dependent on the
total length of a single measurement, while the XRD has to
stop the temperature changes every two degrees Celsius to
record a diffractogram before the experiment can proceed. On
the other side, the sample for the XRD in situ is much larger
(95—300 mg) than the one for the TGA (4—8 mg). This leads
to longer times before the sample temperature changes and to
temperature gradients over the sample, which influences the
phase transition of the sample in the isobaric measurements,
which is sensitive to the decrease or increase in temperature.
Furthermore, the uptake of water can be seen immediately in
the weight changes recorded in the TGA, while in the XRD in
situ measurement a certain amount of a thin surface layer of
the sample needs to have changed phases to create a strong
enough reflection to be recognized. This thin surface layer that
is probed by the X-rays is the furthest from the temperature
sensor under the sample holder in the whole sample, which
leads to uncertainty between the measured sample temperature
and the temperature in the probed part of the sample.

The two smallest pore diameter samples (SGCu3 and
SGCu2) showed barely any change, except for the growth of a
reflection around 15.7° in between the two expected positions
15.3 and 16.2°. This may indicate a decomposition product
from hydrolysis similar to MgCl, in ref 58 and for CuCl, in refs
59—62. This was further supported by the measurement on the
SGCuS that was deliberately exposed to 12 mbar at 30 °C for
10 h before the measurement (see Figure 6) and when a single
sample was used for two consecutive in situ measurements,
which gave similar results with many of the tested composites.
The results clearly show a third reflection in between the
reflections from the anhydrate and hydrate phases around
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Figure 6. In-situ powder XRD measurement of SGCu$ at 10 mbar
and temperature step 36 °C, after exposure to 12 mbar at 30 °C
overnight (~10 h). Both expected peaks of the anhydrous and
dihydrate phase at 15.3° and 16.2° were visible together with a third
reflection of a presumable decomposition product from hydrolysis in
between.
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Figure 7. DVS was used to record the sorption isotherms at 45 °C of the tested composites and pure CuCl, from anhydrate to deliquescence. The
resulting data points are displayed as the loading [mol H,O per mol CuCl,] versus the water vapor pressure p,,, [mbar]. The capillary
condensations of the silica gels according to the Kelvin equation are represented by the vertical lines with the corresponding color for each used

pore size.

15.7°, which correlates with the observation from the SGCu3
and SGCu2. From this single reflection, the decomposition
compound cannot be identified, but with the assumption that
the only atoms/ions present were Cu’*, Cl~, H, O, and Si, the
decom(posmon reflection could come from either CuO-

CuCL>™® or Cu,CI(OH);.°° The possible hydrolysis routes
include
2CuCl, + H,0 = CuOCuCl, + 2HCI (10)
2CuCl, + 3H,0 = Cu,(OH),Cl + 3HCI (11)

Additional in situ tests on the pure salt hydrate did not show
this unknown reflection, which suggests that the silica gel
might catalyze this hydrolysis side reaction. Hence these
reflections were only observed in the composite samples and
not in the pure salt ones.

Deliquescence. In the previous sections, the solid—solid
(de)hydration transition was investigated with isobaric TGA
and PXRD in situ measurements. In this section, the influence
of confinement on deliquescence is examined and compared to
the findings in the literature with other salts.”*’

The pure salt sample does not take up water until the
hydration transition around 14 mbar (Figure 7) when it
absorbs an amount of water equal to 2 mol of H,O per mol of
CuCl,. After this solid—solid phase transition, the weight of
this sample, and hence the water content in the salt, remain
constant until the deliquescence onset is around 65 mbar.

The observed hydration transition of CuCl, is at a slightly
lower water vapor pressure than the MSZ border determined
with the isobaric TGA measurements around 17 mbar, but not
at the equilibrium line of CuCl, around 8 mbar.®” = The small
difference in hydration onsets measured between the DVS and
the TGA can be explained by the long waiting times at each
step in the DVS procedure (12 h, see Experimental Section),
which could exceed the induction time close to the MSZ
boundary.'® The deliquescence onset of CuCl, in the literature
is given as 68.1% RH at 25 °C,*”~% which corresponds to
65.11 mbar at 45 °C. The measured deliquescence transition
conforms very well with this literature value.

The composites with larger pore diameters, SGCull,
SGCu6, SGCuS, and SGCu4, have their hydration transition

around the same water vapor pressure as the pure salt. For the
composites with smaller pore sizes, SGCu3 and SGCu2, no
clear phase transition is observed. The unchanged hydration
onset for different pore-sized samples and the absence of
onsets for the two composites with the smallest pore diameters
are identical to the TGA and PXRD in situ measurements. An
additional similarity with the earlier measurements was the
continuous adsorption from the SGs before and after the
solid—solid phase transition of the salt.

In Figure 7a, it can be seen that SGCull has a strong water
uptake above 50 mbar, which is at lower water vapor pressure
than the deliquescence of the bulk salt. Furthermore, the
capillary condensation of the SGI1 was calculated and
measured to occur at 80 mbar (see SI). From the N, isotherm
measurements and their analysis, it was found that the
composites had a similar or slightly larger average pore
diameter (davg) than the corresponding pure SG. Therefore,
the calculated and measured capillary condensation onset from
the pure SGs were used. The other composites have a similar
behavior with a higher uptake of water into the sample at lower
water vapor pressure than the bulk salt deliquescence onset
and the capillary condensation of the SG. Additionally, the
higher uptake happened at lower water vapor pressures with
decreasing pore size. So, the SGCu6 and SGCuS had the
stronger uptake above 40 mbar and SGCu4 above 20 mbar.
For the SGCu3 and SGCu2, again no such onsets were found.
In the Theory section, an estimation of the changes to the
deliquescence onset of the confined salt was made and
compared to the literature. By doing so, a trend of
deliquescence at lower water vapor pressure for smaller pores
and crystal sizes was found. Hence, the increased uptake at
lower water vapor pressure with decreasing pore diameter was
attributed to a shift of deliquescence to lower water vapor
pressure, as predicted by eq 7 and in the literature,.””*’

From the curves in Figure 7, it is visible that the hydration
and deliquescence transitions are nearly overlapping for the
SGCu4. By following the observed trend for the deliquescence
of lower water vapor pressure for smaller pore sizes, the two
transitions would overlap then for SGCu3 and even more so
for SGCu2. This overlap of the two transitions together with
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the low salt content and effects of the SGs could explain the
smoothness of TGA curves and lack of dihydrate peaks found
in the isobaric PXRD in situ measurements for SGCu3 and
SGCu2.

B CONCLUSIONS

A series of CuCl,—SG composites made by impregnating
CuCl, into silica gels (SG) with pore diameters of 11.0, 6.0,
5.8, 3.8, 3.3, and 2.5 nm (called SGCull, SGCu6, SGCus,
SGCu4, SGCu3, and SGCu2) were prepared and characterized
with a series of physicochemical methods (TGA, in situ PXRD,
DVS, N2 sorption) to study the effect of confinement on the
phase transitions behavior (crystal—crystal transition, meta-
stability, deliquescence).

In this way, no strong influences of the change in pore size
and hence crystal size from the different composites on the
MSZ boundaries were found. The isobaric TGA and PXRD in
situ measurements returned similar results for the pure CuCl,
salt and the tested composites. This correlates well with the
expected trends from the thermodynamics calculations in the
theory section. Since the (de)hydration onset points were
similar between the pure CuCl, salt and the composites with
visible onsets (SGCull, SGCu6, and SGCuS) and phase
transitions (also SGCu4), it can be assumed that the nuclei
formation was not hindered at the MSZ boundaries, and thus
these nuclei must be smaller than the confining pore diameters.
All measured hydration onsets were observed below 50 °C
with pore sizes of d,, > 3.5 nm, hence according to the
thermodynamic calculations the absolute values of Ay, of the
salt crystal should be below 0.060 J/m? for the observations of
an unchanged MSZ.

Contrary to the hydration phase transition, the deliques-
cence onset was significantly shifted to lower water vapor
pressures (pvap) with decreasing pore size. This is visible in the
results from the isothermal DVS measurement and supported
by the theoretical assumptions made and the findings of similar
studies in the literature. The composites had stronger water
uptake below the expected water vapor pressure of the
deliquescence onset of the bulk salt and also below the
capillary condensation of the corresponding SG. This shift to
the lower water vapor pressure of the deliquescence can
explain the lack of onsets found with the smallest pore-sized
samples, SGCu3 and SGCu2, in regard to the (de)hydration
and deliquescence transitions, as the two-phase transitions are
assumed to overlap.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00821.

Graphic representations of the calculations done in the
theory section, characterization of the used silica gels in
the form of the N, physisorptions with analysis, the DVS
isotherms at 45 °C and isobaric TGA cycles at 10 and 20
mbar water vapor pressure. Additionally, SEM images of
the composites SGCu2-SGCu4 with SEM images of
multiple impregnated samples (PDF)

B AUTHOR INFORMATION

Corresponding Author
Henk P. Huinink — Eindhoven University of Technology, 5600
MB Eindhoven, The Netherlands; EIRES, 5612 AX

Eindhoven, The Netherlands; © orcid.org/0000-0003-
2417-0576; Email: h.p.huinink@tue.nl

Authors

Michaela C. Eberbach — Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands; EIRES, 5612 AX
Eindhoven, The Netherlands; © orcid.org/0000-0002-
8316-235X

Aleksandr 1. Shkatulov — Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands; German Aerospace
Center (DLR), 70569 Stuttgart, Germany; © orcid.org/
0000-0002-9765-104X

Hartmut R. Fischer — TNO Materials Solutions, 5656 AE
Eindhoven, The Netherlands; ©® orcid.org/0000-0001-
9724-4922

Olaf C. G. Adan — Eindhoven University of Technology, 5600
MB Eindhoven, The Netherlands; TNO Materials Solutions,
5656 AE Eindhoven, The Netherlands; Cellcius BV, 5612
AX Eindhoven, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.2c00821

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This publication is part of the project Mat4Heat with project
number 10025189 of the research program Materials For
Sustainability which is (partly) financed by the Dutch Research
Council (NWO). The authors thank Hans Dalderop for the
technical support with the different machines and Natalia
Mazur for her help in device training and on how to set up
measurements. Also, a thank you to Leyla-Cann Ségiitoglu for
the help in understanding the MSZ of salt hydrates.

B REFERENCES

(1) Global Primary Energy Consumption by Source; Our World in
Data, https://ourworldindata.org/energy-production-consumption
(accessed 25.02.2022).

(2) Heat Recycling from Summer to Winter, Sustainable Heating
Systems Powered by Solar Energy, Seasonal Thermal Energy Storage
GSHC; ICAX, https://www.icax.co.uk/Heat Recycling.html (ac-
cessed 12.11.2020).

(3) Shares of Residential Energy Consumption by End Use in Selected
IEA Countries in 2018; IEA, https://www.iea.org/data-and-statistics/
charts/shares-of-residential-energy-consumption-by-end-use-in-
selected-iea-countries-2018 (accessed 18.03.2021).

(4) Tatsidjodoung, P.; Le Pierrés, N.; Luo, L. A review of potential
materials for thermal energy storage in building applications. Elsevier
Renewable and Sustainable Energy Reviews 2013, 18, 327—349.

(5) Scapino, L.; Zondag, H. A.; Van Bael, J.; Diriken, J.; Rindt, C. C.
M. Sorption heat storage for long-term low-temperature applications:
A review on the advancements at material and prototype scale. Elsevier
Applied Energy 2017, 190, 920—948.

(6) Kato, Y.Chemical energy conversion technologies for efficient
energy use. In Thermal Energy Storage for Sustainable Energy
Consumption 2007; NATO Science Series (Mathematics, Physics
and Chemistry); Springer, 2007; pp 377—391, Vol 234. .

(7) Dicaire, D.; Tezel, F. H. Regeneration and efficiency character-
ization of hybrid adsorbent for Thermal Energy Storage of excess and
solar heat. Elsevier Renewable Energy 2011, 36, 986—992.

(8) Janchen, J.; Ackermann, D.; Stach, H.; Brosicke, W. Studies of
the water adsorption on zeolites and modified mesoporous materials
for seasonal storage of solar heat. Elsevier Solar energy 2004, 76, 339—
344.

https://doi.org/10.1021/acs.cgd.2c00821
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.cgd.2c00821?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c00821/suppl_file/cg2c00821_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henk+P.+Huinink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2417-0576
https://orcid.org/0000-0003-2417-0576
mailto:h.p.huinink@tue.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michaela+C.+Eberbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8316-235X
https://orcid.org/0000-0002-8316-235X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+I.+Shkatulov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9765-104X
https://orcid.org/0000-0002-9765-104X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hartmut+R.+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9724-4922
https://orcid.org/0000-0001-9724-4922
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olaf+C.+G.+Adan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00821?ref=pdf
https://ourworldindata.org/energy-production-consumption
https://www.icax.co.uk/Heat_Recycling.html
https://www.iea.org/data-and-statistics/charts/shares-of-residential-energy-consumption-by-end-use-in-selected-iea-countries-2018
https://www.iea.org/data-and-statistics/charts/shares-of-residential-energy-consumption-by-end-use-in-selected-iea-countries-2018
https://www.iea.org/data-and-statistics/charts/shares-of-residential-energy-consumption-by-end-use-in-selected-iea-countries-2018
https://doi.org/10.1016/j.rser.2012.10.025
https://doi.org/10.1016/j.rser.2012.10.025
https://doi.org/10.1016/j.apenergy.2016.12.148
https://doi.org/10.1016/j.apenergy.2016.12.148
https://doi.org/10.1007/978-1-4020-5290-3_23
https://doi.org/10.1007/978-1-4020-5290-3_23
https://doi.org/10.1016/j.renene.2010.08.031
https://doi.org/10.1016/j.renene.2010.08.031
https://doi.org/10.1016/j.renene.2010.08.031
https://doi.org/10.1016/j.solener.2003.07.036
https://doi.org/10.1016/j.solener.2003.07.036
https://doi.org/10.1016/j.solener.2003.07.036
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

(9) Ségiitoglu, L.-C.; Steiger, M.; Houben, J.; Biemans, D.; Fischer,
H. R; Donkers, P.; Huinink, H. P.; Adan, O. C. G. Understanding the
Hydration Process of Salts: The Impact of a Nucleation Barrier.
American Chemical Society Crystal Growth & Design 2019, 19, 2279—
2288.

(10) Sbgiitoglu, L.-C.; Birkelbach, F.; Werner, A.; Fischer, H. R;
Huinink, H. P.,; Adan, O. C. G. Hydration of salts as a two-step
process: Water adsorption and hydrate formation. Elsevier Thermochi-
mica Acta 2021, 695, 178819.

(11) Linnow, K.; Niermann, M.; Bonatz, D.; Posern, K.; Steiger, M.
Experimental Studies of the Mechanism and Kinetics of Hydration
Reactions, SHC 2013, International Conference on Solar Heating and
Cooling for Buildings and Industry September 23—25, 2013, Elsevier
Energy Procedia: Freiburg, Germany 2014; Vol. 48, pp 394—404.
DOI: 10.1016/j.egypro.2014.02.046.

(12) N'Tsoukpoe, K. E.; Liu, H.; Le Pierrés, N.; Luo, L. A review on
long-term sorption solar energy storage. Elsevier Renewable and
Sustainable Energy Reviews 2009, 13, 2385—2396.

(13) Yu, N.; Wang, R. Z.; Wang, L. W. Review - Sorption thermal
storage for solar energy. Elsevier Progress in Energy and Combustion
Science 2013, 39, 489—514.

(14) Clark, R.-J.; Mehrabadi, A.; Farid, M. State of the art on salt
hydrate thermochemical energy storage systems for use in building
applications. Elsevier Journal of Energy Storage 2020, 27, 10114S.

(15) Liu, H,; Nagano, K; Togawa, ]. A composite material made of
mesoporous siliceous shale impregnated with lithium chloride for an
open sorption thermal energy storage system. Elsevier Solar Energy
2015, 111, 186—200.

(16) Aristov, Yu. I. New Composite Adsorbents for Conversion and
Storage of Low-Temperature Heat: Activity in the Boreskov Institute
of Catalysis. Journal of the Heat Transfer Society of Japan 2006, 45,
12—19.

(17) Gordeeva, L. G.; Aristov, Yu. I. Composites ‘salt inside porous
matrix’ for adsorption heat transformation: a current state-of-the-art
and new trends. International Journal of Low-Carbon Technologies
2012, 7, 288—302.

(18) Aristov, Yu. 1. Nanocomposite Sorbents for Multiple Applications;
Jenny Stanford Publishing Pte. Ltd., 2020; ISBN 978-981-4267-50-2
(Hardcover), ISBN 978-981-4303-15-6 (eBook).

(19) Aristov, Yu. I. Novel Materials for Adsorption Heat Pumping
and Storage: Screening and Nanotailoring of Sorption Properties. J.
Chem. Eng. Jpn. 2007, 40, 1242—1251.

(20) Pankratév, Yu.; Tokarev, M. M.; Aristov, Yu 1. Heats of water
sorption on silica gel containing CaCl, and LiBr. Russian Journal of
Physical Chemistry A 2001, 75, 806—810.

(21) Jabbari-Hichri, A.; Bennici, S.; Auroux, A. Effect of aluminum
sulfate addition on the thermal storage performance of mesoporous
SBA-15 and MCM-41 materials. Elsevier Solar Energy Materials &
Solar Cells 2016, 149, 232—241.

(22) Hongois, S.; Kuznik, F.; Stevens, P.; Roux, J.-J. Development
and characterization of a new MgSO4-zeolite composite for long-term
thermal energy storage. Elsevier Solar Energy Materials & SolarCells
2011, 95, 1831-1837.

(23) Nonnen, T.; Preifiler, H.; Kott, S.; Beckert, S.; Gliser, R. Salt
inclusion and deliquescence in salt/zeolite X composites for
thermochemical heat storage. Elsevier Microporous and Mesoporous
Materials 2020, 303, 110239.

(24) Aristov, Yu. I. New Family of Solid Sorbents for Adsorptive
Cooling: Material Scientist Approach. Springer Link Journal of
Engineering Thermophysics 2007, 16, 63—72.

(25) Shkatulov, A. 1; Houben, J.; Fischer, H.; Huinink, H. P.
Stabilization of K,COj; in vermiculite for thermochemical energy
storage. Elsevier Renewable Energy 2020, 150, 990—1000.

(26) Shkatulov, A. L; Joosten, R.; Fischer, H.; Huinink, H. P. Core-
Shell Encapsulation of Salt Hydrates into Mesoporous Silica Shells for
Thermochemical Energy Storage. American Chemistry Society Applied
Energy Matter 2020, 3, 6860—6869.

(27) Permyakova, A.; Wang, S.; Courbon, E.; Nouar, F.; Heymans,
N.; D’Ans, P.; Barrier, N.; Billemont, P.; De Weireld, G.; Steunou, N;

Frere, M.; Serre, C. Design of salt-metal organic framework
composites for seasonal heat storage applications. Royal Society of
Chemistry Journal of Materials Chemistry A 2017, 5, 12889—12898.

(28) Posern, K.; Linnow, K.; Niermann, M.; Kaps, Ch.; Steiger, M.
Thermochemical investigation of the water uptake behavior of MgSO,
hydrates in host materials with different pore size. Elsevier
Thermochimica Acta 2015, 611, 1-9.

(29) Courbon, E.; D’Ans, P.; Permyakova, A.; Skrylnyk, O.; Steunou,
N.; Degrez, M.; Frere, M. A new composite sorbent based on SrBr,
and silica gel for solar energy storage application with high energy
storage density and stability. Elsevier Applied Energy 2017, 190, 1184—
1194.

(30) D’Ans, P.; Courbon, E.; Permyakova, A.; Nouar, F.; Simonnet-
Jégat, C.; Bourdreux, F.; Malet, L.; Serre, C.; Frere, M.; Steunou, N. A
new Strontium Bromide MOF Composite with Improved Perform-
ance for Solar Energy Storage Applications. Elsevier The Journal of
Energy Storage 2019, 25, 100881.

(31) Kallenberger, P. A,; Posern, K; Linnow, K; Brieler, F. J;
Steiger, M.; Froba, M. Alginate-Derived Salt/Polymer Composites for
Thermochemical Heat Storage. Advanced Sustainable Systems 2018, 2,
1700160.

(32) Palacios, A.; Navarro, M. E.; Barreneche, C.; Ding, Y. Hybrid 3-
in-1 thermal energy storage system — Outlook for a novel storage
strategy. Elsevier Applied Energy 2020, 274, 115024.

(33) Brancato, V.; Calabrese, L.; Palomba, V.; Frazzica, A.; Fullana-
Puig, M; Sol¢, A.; Cabeza, L. F. MgSO, -7H,O filled macro cellular
foams: An innovative composite sorbent for thermo-chemical energy
storage applications for solar buildings. Elsevier Solar Energy 2018,
173, 1278—-1286.

(34) Calabrese, L.; Brancato, V.; Palomba, V.; Frazzica, A.; Cabeza,
L. F. Innovative composite sorbent for thermal energy storage based
on a SrBr, -6H,0 filled silicone composite foam. Elsevier Journal of
Energy Storage 2019, 26, 100954.

(35) Aristov, Yu.L; Restuccia, G.; Cacciola, G.; Parmon, V. N. A
family of new working materials for solid sorption air conditioning
systems. Elsevier Applied Thermal Engineering 2002 2002, 22, 191—
204.

(36) Whiting, G. T.; Grondin, D.; Bennici, S.; Auroux, A. Heats of
water sorption studies on zeolite—MgSO, composites as potential
thermochemical heat storage materials. Elsevier Solar Energy Materials
and Solar Cells 2013, 112, 112—119.

(37) Simonova, I. A;; Aristov, Yu.l. Sorption Properties of Calcium
Nitrate Dispersed in Silica Gel: the Effect of Pore Size. Russian Journal
of Physical Chemistry A 2008, 79, 1307—1311.

(38) Donkers, P. A. J.; Pel, L.; Adan, O. C. G. Experimental studies
for the cyclability of salt hydrates for thermochemical heat storage.
Elsevier Journal of Energy Storage 2016, S, 25—32.

(39) Jain, P.; Vincent, O.; Stroock, A. D. Adsorption, Desorption,
and Crystallization of Aqueous Solutions in Nanopores. American
Chemical Society Langmuir 2019, 3S, 3949—-3962.

(40) Talreja-Muthreja, T.; Linnow, K; Enke, D.; Steiger, M.
Deliquescence of NaCl Confined in Nanoporous Silica. American
Chemical Society Langmuir 2022, 38, 10963—10974.

(41) Ségiitoglu, L.-C.; Steiger, M.; Houben, J.; Biemans, D.; Fischer,
H. R.; Donkers, P.; Huinink, H. P.; Adan, O. C. G. Understanding the
Hydration Process of Salts: The Impact of a Nucleation Barrier.
Crystal Growth & Design 2019, 19, 2279—2288.

(42) Kashchiev, D. Nucleation, 1st ed.; Butterworth-Heinemann,
2000, Hardcover ISBN: 9780750646826. DOI: 10.1016/B978-0-
7506-4682-6.X5000-8.

(43) Cross, BJ. Some Capillary Condensation Studies of Pore
Structure; University of Bristol, 1969. https://books.google.nl/
books?id=tRwyzgEACAA] (accessed 07.09.2022).

(44) Lyklema, J. Fundamentals of Interface and Colloid Science;
Elsevier, 1995; Vol. 2: Solid-Liquid Interface. ISSN 1874-5679, ISBN
9780124605244, DOI: 10.1016/S1874-5679(06)80012-7.

(45) Mirabel, P.; Reiss, H; Bowles, R. K. A theory for the
deliquescence of small particles. American Institute of Physics The
Journal of Chemical Physics 2000, 113, 8200—8205.

https://doi.org/10.1021/acs.cgd.2c00821
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acs.cgd.8b01908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b01908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tca.2020.178819
https://doi.org/10.1016/j.tca.2020.178819
https://doi.org/10.1016/j.egypro.2014.02.046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2009.05.008
https://doi.org/10.1016/j.rser.2009.05.008
https://doi.org/10.1016/j.pecs.2013.05.004
https://doi.org/10.1016/j.pecs.2013.05.004
https://doi.org/10.1016/j.est.2019.101145
https://doi.org/10.1016/j.est.2019.101145
https://doi.org/10.1016/j.est.2019.101145
https://doi.org/10.1016/j.solener.2014.10.044
https://doi.org/10.1016/j.solener.2014.10.044
https://doi.org/10.1016/j.solener.2014.10.044
https://doi.org/10.11368/htsj1999.45.192_12
https://doi.org/10.11368/htsj1999.45.192_12
https://doi.org/10.11368/htsj1999.45.192_12
https://doi.org/10.1093/ijlct/cts050
https://doi.org/10.1093/ijlct/cts050
https://doi.org/10.1093/ijlct/cts050
https://doi.org/10.1252/jcej.07WE228
https://doi.org/10.1252/jcej.07WE228
https://doi.org/10.1016/j.solmat.2016.01.033
https://doi.org/10.1016/j.solmat.2016.01.033
https://doi.org/10.1016/j.solmat.2016.01.033
https://doi.org/10.1016/j.solmat.2011.01.050
https://doi.org/10.1016/j.solmat.2011.01.050
https://doi.org/10.1016/j.solmat.2011.01.050
https://doi.org/10.1016/j.micromeso.2020.110239
https://doi.org/10.1016/j.micromeso.2020.110239
https://doi.org/10.1016/j.micromeso.2020.110239
https://doi.org/10.1134/S1810232807020026
https://doi.org/10.1134/S1810232807020026
https://doi.org/10.1016/j.renene.2019.11.119
https://doi.org/10.1016/j.renene.2019.11.119
https://doi.org/10.1021/acsaem.0c00971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c00971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c00971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA03069J
https://doi.org/10.1039/C7TA03069J
https://doi.org/10.1016/j.tca.2015.04.031
https://doi.org/10.1016/j.tca.2015.04.031
https://doi.org/10.1016/j.apenergy.2017.01.041
https://doi.org/10.1016/j.apenergy.2017.01.041
https://doi.org/10.1016/j.apenergy.2017.01.041
https://doi.org/10.1016/j.est.2019.100881
https://doi.org/10.1016/j.est.2019.100881
https://doi.org/10.1016/j.est.2019.100881
https://doi.org/10.1002/adsu.201700160
https://doi.org/10.1002/adsu.201700160
https://doi.org/10.1016/j.apenergy.2020.115024
https://doi.org/10.1016/j.apenergy.2020.115024
https://doi.org/10.1016/j.apenergy.2020.115024
https://doi.org/10.1016/j.solener.2018.08.075
https://doi.org/10.1016/j.solener.2018.08.075
https://doi.org/10.1016/j.solener.2018.08.075
https://doi.org/10.1016/j.est.2019.100954
https://doi.org/10.1016/j.est.2019.100954
https://doi.org/10.1016/S1359-4311(01)00072-2
https://doi.org/10.1016/S1359-4311(01)00072-2
https://doi.org/10.1016/S1359-4311(01)00072-2
https://doi.org/10.1016/j.solmat.2013.01.020
https://doi.org/10.1016/j.solmat.2013.01.020
https://doi.org/10.1016/j.solmat.2013.01.020
https://doi.org/10.1016/j.est.2015.11.005
https://doi.org/10.1016/j.est.2015.11.005
https://doi.org/10.1021/acs.langmuir.8b04307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b04307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b01908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b01908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-7506-4682-6.X5000-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-7506-4682-6.X5000-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://books.google.nl/books?id=tRwyzgEACAAJ
https://books.google.nl/books?id=tRwyzgEACAAJ
https://doi.org/10.1016/S1874-5679(06)80012-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1315993
https://doi.org/10.1063/1.1315993
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

(46) Whiting, G. T.; Grondin, D.; Stosic, D.; Bennici, S.; Auroux, A.
Zeolite—MgCl, composites as potential long-term heat storage
materials: Influence of zeolite properties on heats of water sorption.
Elsevier Solar Energy Materials and Solar Cells 2014, 128, 289—295.

(47) Aristov, Yul; Tokarev, M. M,; Cacciola, G.; Restuccia, G.
Selective Water Sorbents for Multiple Applications, 1. CaCl,
Confined in Mesopores of Silica Gel: Sorption Properties. Springer
Link Reaction Kinetics and Catalysis Letters 1996, 59, 335—342.

(48) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. The Determination
of Pore Volume and Area Distributions in Porous Substances. 1.
Computations from Nitrogen Isotherms. American Chemistry Society
Journal of the American Chemical Society 1951, 73, 373—380.

(49) Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in
Multimolecular Layers. American Chemistry Society Journal of the
American Chemical Society 1938, 60, 309—319.

(50) Gabbott, P. Principles and Applications of Thermal Analysis; John
Wiley & Sons, 2008. Print ISBN: 9781405131711, Online:
ISBN:9780470697702, DOI: 10.1002/9780470697702.

(51) Greenspan, L. Humidity fixed points of binary saturated
aqueous solutions. Journal of Research of the National Bureau of
Standards. Section A, Physics and Chemistry 1977, 81, 89—96.

(52) Sogiitoglu, L.-C. Fundamentals of salt hydration for heat battery
application - Appendix: XRD Analysis of salt hydrates, Ph.D. thesis,
Eindhoven University of Technology, 2020. Available at https://
research.tue.nl/en/publications/fundamentals-of-salt-hydration-for-
heat-battery-application (accessed 07.09.2022).

(53) Wells, AF. 333. The Crystal Structure of Anhydrous Cupric
Chloride, and the Stereochemistry of the Cupric Atom; The Royal Society
of Chemistry, Journal of the Chemical Society 1947; pp 1670—1675.
DOI: 10.1039/JR9470001670.

(54) Burns, P. C; Hawthorne, F. C. Tolbachite, CuCl,, the first
example of Cu** octahedrally coordinated by Cl. Am. Mineral. 1993,
78, 187—189.

(55) MacGillavry, C. H; Bijvoet, J. M. Die Kristallstruktur der
Cadmium- und QuecksilberDiammin-Dihalogenide. Zeitschrift fuer
Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie 1936,
94, 231-245.

(56) Harker, D. The Crystal Structure of Cupric Chloride Dihydrate
CuCl, (H,0),. Zeitschrift fuer Kristallographie, Kristallgeometrie,
Kristallphysik, Kristallchemie 1936, 93, 136—145.

(57) Engberg, A.; Staffansson, L.-I. An X-Ray refinement of the
crystal structure of copper(Il) chloride dihydrate. Acta Chem. Scand.
1970, 24, 3510—3526.

(58) Kirsh, Y,; Yariv, S.; Shoval, S. Kinetic Analysis of Thermal
Dehydration and Hydrolysis of MgCl, -6H,, by DTA and TG. John
Wiley & Sons Journal of Thermal Analysis 1987, 32, 393—408.

(59) Dincer, L; Zamfirescu, C. Sustainable Hydrogen Production -
Chapter 4 - Hydrogen Production by Thermal Energy; Elsevier 2016; pp
163—308. ISBN 9780128015636, DOI: 10.1016/B978-0-12-801563-
6.00004-2.

(60) Thomas, D.; Baveja, N. A; Shenoy, K. T.; Joshi, J. B.
Experimental Study on the Mechanism and Kinetics of CuCl2
Hydrolysis Reaction of the Cu—Cl Thermochemical Cycle in a
Fluidized Bed Reactor. ACS Publications Industrial & Engineering
Chemistry Research 2020, 59, 12028—12037.

(61) Farsi, A,; Dincer, L; Naterer, G. F. Second law analysis of
CuClI2 hydrolysis reaction in the Cu—Cl thermochemical cycle of
hydrogen production. Elsevier Energy 2020, 202, 117721.

(62) Thomas, D.; Baveja, N. A; Shenoy, K. T. Joshi, J. B.
Mechanistic and kinetic study of thermolysis reaction with hydrolysis
step products in Cu—Cl thermochemical cycle. Elsevier International
Journal of Hydrogen Energy 2021, 46, 12672—12681.

(63) Lewis, M. A,; Masin, J. G. The evaluation of alternative
thermochemical cycles — Part II: The down-selection process. Elsevier
International Journal of Hydrogen Energy 2009, 34, 4125—4135.

(64) Ferrandon, M. S.; Lewis, M. A.; Alvarez, F.; Shafirovich, E.
Hydrolysis of CuCl, in the Cu—Cl thermochemical cycle for
hydrogen production: Experimental studies using a spray reactor

with an ultrasonic atomizer. Elsevier International Journal of Hydrogen
Energy 2010, 35, 1895—1904.

(65) Ghandehariun, S.; Rosen, M. A.; Naterer, G. F; Wang, Z.
Comparison of molten salt heat recovery options in the Cu-Cl cycle of
hydrogen production. Elsevier International Journal of Hydrogen Energy
2011, 36, 11328—11337.

(66) Engelbrekt, C.; Malcho, P.; Andersen, J.; Zhang, L.; Stahl, K;
Li, B; Hu, J; Zhang, J. Selective synthesis of clinoatacamite
Cu,(OH);Cl and tenorite CuO nanoparticles by pH control. Springer
Link Journal of Nanoparticle Research volume 2014, 16, 2562.

(67) Richter, M.; Habermann, E.-M.; Siebecke, E.; Linder, M. A
systematic screening of salt hydrates as materials for thermochemical
heat transformer. Elsevier Thermochimica Acta 2018, 659, 136—150.

(68) Glasser, L. Thermodynamics of inorganic hydration and of
humidity control, with an extensive database of salt hydrate pairs.
American Chemical Society ournal of Chemical & Engineering Data
2014, 59, 526—530.

(69) Polyachenok, O.; Dudkina, E.; Polyachenok, L. Thermal
stability and thermodynamics of copper(ii) chloride dihydrate. Elsevier
The Journal of Chemical Thermodynamics 2009, 41, 74—79.

[0 Recommended by ACS

Effects of Wax Components and the Cooling Rate on Crystal
Morphology and Mechanical Properties of Wax-Qil
Mixtures

Han Wang, Florence Dalle, et al.
FEBRUARY 06, 2023

CRYSTAL GROWTH & DESIGN READ &

Searching for Suitable Kojic Acid Coformers: From
Cocrystals and Salt to Eutectics

Renren Sun, Fabrizia Grepioni, et al.
FEBRUARY 09, 2023

CRYSTAL GROWTH & DESIGN READ &

On Shapes and Orientations of Precipitation Strengthening
Phases in an Aged Mg-La Alloy

Benzhe Sun, Jinshan Chen, et al.
JANUARY 06, 2023

CRYSTAL GROWTH & DESIGN READ &

Tetrapropylammonium Hydroxide Treatment of Aged Dry
Gel to Make Hierarchical TS-1 Zeolites for Catalysis

Zhenyuan Yang, Yilai Jiao, et al.
FEBRUARY 09, 2023

CRYSTAL GROWTH & DESIGN READ &

Get More Suggestions >

https://doi.org/10.1021/acs.cgd.2c00821
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://doi.org/10.1016/j.solmat.2014.05.016
https://doi.org/10.1016/j.solmat.2014.05.016
https://doi.org/10.1007/BF02068131
https://doi.org/10.1007/BF02068131
https://doi.org/10.1021/ja01145a126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01145a126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01145a126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780470697702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.6028/jres.081A.011
https://doi.org/10.6028/jres.081A.011
https://research.tue.nl/en/publications/fundamentals-of-salt-hydration-for-heat-battery-application
https://research.tue.nl/en/publications/fundamentals-of-salt-hydration-for-heat-battery-application
https://research.tue.nl/en/publications/fundamentals-of-salt-hydration-for-heat-battery-application
https://doi.org/10.1039/JR9470001670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1524/zkri.1936.94.1.231
https://doi.org/10.1524/zkri.1936.94.1.231
https://doi.org/10.1524/zkri.1936.93.1.136
https://doi.org/10.1524/zkri.1936.93.1.136
https://doi.org/10.3891/acta.chem.scand.24-3510
https://doi.org/10.3891/acta.chem.scand.24-3510
https://doi.org/10.1007/BF01912692
https://doi.org/10.1007/BF01912692
https://doi.org/10.1016/B978-0-12-801563-6.00004-2
https://doi.org/10.1016/B978-0-12-801563-6.00004-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-801563-6.00004-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.energy.2020.117721
https://doi.org/10.1016/j.energy.2020.117721
https://doi.org/10.1016/j.energy.2020.117721
https://doi.org/10.1016/j.ijhydene.2021.01.118
https://doi.org/10.1016/j.ijhydene.2021.01.118
https://doi.org/10.1016/j.ijhydene.2008.07.085
https://doi.org/10.1016/j.ijhydene.2008.07.085
https://doi.org/10.1016/j.ijhydene.2009.12.034
https://doi.org/10.1016/j.ijhydene.2009.12.034
https://doi.org/10.1016/j.ijhydene.2009.12.034
https://doi.org/10.1016/j.ijhydene.2010.11.093
https://doi.org/10.1016/j.ijhydene.2010.11.093
https://doi.org/10.1007/s11051-014-2562-4
https://doi.org/10.1007/s11051-014-2562-4
https://doi.org/10.1016/j.tca.2017.06.011
https://doi.org/10.1016/j.tca.2017.06.011
https://doi.org/10.1016/j.tca.2017.06.011
https://doi.org/10.1021/je401077x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je401077x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jct.2008.07.018
https://doi.org/10.1016/j.jct.2008.07.018
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00941?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01364?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01168?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01291?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1676256011&referrer_DOI=10.1021%2Facs.cgd.2c00821
https://preferences.acs.org/ai_alert?follow=1

