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ABSTRACT: Metal−organic frameworks (MOFs) are crystalline porous materials
that have been actively explored for various gas storage, separation, and conversion
applications because of their structural tunability. While the micropores (<2 nm) in
MOFs are essential for increased gas affinity, these small pores significantly decrease
the mass-transport kinetics. One way to address this challenge is to develop
hierarchically porous MOFs with interconnected micro-, meso-, and macropores.
Whereas these MOFs can be formed by using soft/hard templates or by creating
pores through postmodification, they can also be achieved by growing them on
structural templates such as porous carbons, i.e., reduced graphene oxide. The latter
strategy can enable the introduction of hierarchical porosity while creating a
synergistic effect to simultaneously improve both the mechanical property and gas
affinity by creating pores at the interface. In this direction, we demonstrated that the
coating of HKUST-1 onto a hierarchically porous reduced graphene oxide (HRGO)
led to the formation of a hierarchically porous structure, namely, HKUST-1@HRGO, with increased affinity toward H2 gas.
While the isosteric heats of adsorption (Qst) values for H2 were found to be 7.7, 6.9, and 6.7 kJ mol−1 for HRGO, HKUST-1,
and the physical mixture of HKUST-1 and HRGO, respectively, at zero coverage, that of the HKUST-1@HRGO composite
revealed a significant increase of up to 9.26 kJ mol−1, thus clearly demonstrating not only the synergetic effect between HKUST-
1 and the reduced graphene oxide but also the critical role of interfacial pores as high-affinity binding sites.
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■ INTRODUCTION

Metal−organic frameworks (MOFs) are highly crystalline
porous materials involving the linkage of preorganized metal
clusters and organic linkers. Considering the myriad of
possibilities in terms of organic linkers as well as metal
clusters, the chemical nature, size, and shape of the pores can
be tuned for the desired application such as hydrogen (H2)
storage,1−3 carbon dioxide (CO2) capture and conversion,4

methane storage,5 gas separation,6,7 water harvesting,8 enzyme
encapsulation,9 and heterogeneous catalysis.10,11 Along these
lines, efficient H2 storage at either room temperature or cooler
temperatures is still an important challenge, yet to tackled, for
porous materials in general. Growing environmental concerns
originating from increased CO2 emissions into the atmosphere
rendered H2 fuel cell cars as viable alternatives for trans-
portation. The state-of-the-art storage systems require ultra-
high pressures of up to 700 bar and entail special, rather
expensive carbon-reinforced composite tanks in a cylindrical
shape. The goal for H2 storage using porous materials is to
realize the same amount of H2 storage capacity as those of
high-pressure systems at much lower pressures, e.g., 100 bar,
thus eliminating the material, shape, and size restrictions of the
storage tanks and decreasing the overall cost significantly. The
good reversibility for H2 storage at room temperature requires

a H2 binding enthalpy in the range of 15−20 kJ mol−1.
Considering the low polarizability of H2, the structures should
involve either open metal sites12,13 or ultrafine pores near the
kinetic diameter (2.76 Å) of H2 gas or ideally a combination of
both.
In this direction, HKUST-1 containing a copper paddle-

wheel cluster and a 1,3,5-benzenetricarboxylate linker has been
actively investigated1 in H2 storage because of its open metal
sites, Cu2+, and micropores (10 and 14 Å) along with a high
surface area.14 Notably, comparative analysis of a copper
paddle-wheel-based MOF, namely, SNU-5, with/without open
metal sites, showed a 10−20% H2 uptake difference per
volume in the same structure and a 5.07 kJ mol−1 difference in
the binding enthalpy (at zero coverage), reaching up to 11 kJ
mol−1 for the one with open metal sites.15 HKUST-1 showed a
relatively modest H2 binding enthalpy of 6.9 kJ mol−1.16 In
order to further increase the H2 affinity of HKUST-1, we
recently showed that the incorporation of palladium/copper

1

ht
tp
://
do
c.
re
ro
.c
h

Published in "ACS Applied Nano Materials 3(2): 985–991, 2020"
which should be cited to refer to this work.



paddle-wheel structures into HKUST-1 increases the H2

binding enthalpy by up to 3 kJ mol−1. This particular MOF,
however, has been shown to degrade upon exposure to H2 at
room temperature.17

Generally, microporous materials do not allow fast gas
diffusion, which significantly slows gas uptake/release kinetics.
In this sense, the formation of a hierarchically porous structure
can be a good direction.18 Hierarchically porous structures
contain interconnected micro-, meso-, and macropores; while
micropores provide high affinity toward guest molecules,
mesopores facilitate fast diffusion and mass transport.
Accordingly, various synthetic strategies for the synthesis of
hierarchically porous MOFs have been developed.19−21 These
strategies include linker labilization,22 steric index control of
the linker,23 defect engineering,24 selective acid etching,25

polystyrene26 and supramolecular templation.27−29

MOF/graphene composites, i.e., graphene oxide, graphite
oxide, and reduced graphene oxide, have been investigated as
structural templates to improve the mechanical strength,
stability, conductivity, and gas affinity of MOFs.30−38 These
composite structures have been shown to inherit35 the
mechanical stability of graphene, while the extended π surface
area increased the gas affinity, electrical conductivity,31,36 and
molecule adsorption ability.34,38 Notably, these porous
graphenes also served as structure-directing agents for efficient
morphology control.31,37 In an effort to understand the impact
of interfacial pore formation between MOFs and a graphene
template on the gas affinity, herein, we report (Scheme 1) the
preparation of a hierarchically porous MOF/graphene
composite by growing HKUST-1 on a structural template,
that is, hierarchically porous reduced graphene oxide
(HRGO). The resulting HKUST-1@HRGO showed signifi-
cantly improved binding enthalpy of H2, up to 9.26 kJ mol−1,
compared to both HKUST-1 and HRGO, thus highlighting the
synergetic effect between HKUST-1 and HRGO as well as the
importance of interfacial pores in tuning the gas affinity, which
is further verified by increasing the binding enthalpy of H2 at
zero coverage with increasing HRGO content.

■ RESULTS AND DISCUSSION

First, we investigated the growth of HKUST-1 on HRGO in a
one-pot reaction. However, this approach primarily led to the
formation of individual micron-sized HKUST-1 crystals rather
than a coating on the HRGO surface. Therefore, in order to
achieve homogeneous growth of HKUST-1 on the reduced
graphene oxide surface, a two-step synthetic approach was
adopted (Scheme 1b).39 We also varied the HRGO amount
(10, 15, and 20 wt %) with a fixed amount of HKUST-1
reactants to investigate the impact of the structural template on
the textural properties and gas affinity.
We coated the HRGO surface with excess Cu(OAc)2·xH2O

in a solvent mixture of dimethylformamide (DMF), ethanol
(EtOH), and deionized (DI) water, followed by the addition of
1,3,5-benzenetricarboxylic acid (BTC) in the same solvent
mixture and triethylamine (Et3N). The resulting mixture was
stirred under ambient conditions for 24 h. Then, the reaction
mixture was centrifuged with EtOH until the solution color
became transparent. This washing step was performed in order
to remove unreacted salts and organic linkers.
In order to verify the growth of HKUST-1 on HRGO, we

conducted powder X-ray diffraction (PXRD) analysis (Figure
1). The characteristic diffraction peaks of HKUST-114,31 were
observed in all of the HKUST-1@HRGO samples, pointing to
the successful formation of crystalline HKUST-1 on HRGO.
Overall, increasing the HRGO amount in the HKUST-1@
HRGO composite led to a decrease in the intensities of the
diffraction peaks while increasing the peak broadness. We
attribute this result to the fact that the solid interphase of the
template can influence the nucleation rate and MOF growth
mechanism (heterogeneous nucleation).40 We speculate that
the curved surface of HRGO might cause a disorder in the
HKUST-1 structure.32

To evaluate the chemical connectivity and morphology of
HKUST-1@HRGO, Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and energy-dispersive X-ray
(EDX) spectroscopy analyses were performed. FT-IR analysis
of HRGO revealed a CC stretching band at 1561 cm−1

Scheme 1. (a) Schematic Representation of a HKUST-1 Coating on HRGO and (b) Two-Step Coating Mechanism of HKUST-
1 on the HRGO Surface
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along with a C−O−C stretching band at around 1200 cm−1 as
broad peaks41 (Figure 1). We were unable to observe the
carboxylic acid band in the FT-IR spectrum, but its existence
can be verified by XPS C 1s analysis (288.4 eV; Figure S1).
Following the growth of HKUST-1 on HRGO (Figure 1b),
asymmetric stretching (1652 and 1559 cm−1), symmetric

vibration (1449 and 1368 cm−1), and out-of-plane vibrational
bands of carboxylate groups (718 cm−1) were observed in the
FT-IR spectrum. Importantly, we observed a slightly decreased
C−O−C stretching band at around 1200 cm−1 in HKUST-1@
HRGOs and a Cu−O stretching band at 479 cm−1, which can
be interpreted as both the coordination of a HRGO surface
oxygen atom to copper(2+) as well as the formation of metal
clusters.30,31,34 We compared the XPS spectra (C 1s, O 1s, and
Cu 2p) of HKUST-1@HRGO with those of the physical
mixture of HKUST-1 and HRGO (Figure S2 and Table S1),
and we observed a slight shift, from 533.6 to 531.7 eV, in the O
1s binding energy for the surface oxygen atoms in HKUST-1@
HRGO, thus supporting the presence of a strong interaction
between HKUST-1 and HRGO. The oxygen content of
HRGO was analyzed by thermal gravimetric analysis (TGA)
and found to be 15.7 wt % (Figure S3). In order to quantify
the exact amount of copper(2+) in HKUST-1@HRGOs, we
conducted inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis (Table S2 and Figure S4).
We observed a decrease in the copper(2+) content (11.5, 8.5,
and 5.7 wt % for HKUST-1@HRGO-10, HKUST-1@HRGO-
15, and HKUST-1@HRGO-20, respectively) with increasing
HRGO loading. In addition, a physical mixture of HKUST-1
and HRGO showed lower copper and oxygen contents
compared to those of HKUST-1@HRGOs (Table S1),
which indicates that a two-step synthetic approach facilitates
the chemical connectivity between HKUST-1 and HRGO.

Surface Coating Mechanism of HKUST-1@HRGO. In
order to understand the surface coating mechanism, we
performed SEM analysis (Figures 2 and 3). SEM analysis of
HRGO revealed wrinkled reduced graphene oxide with
cabbage-like morphology (Figure 2a). Importantly, HRGO
showed micron-sized intrinsic voids. Following HKUST-1
growth on the HRGO surface, the cabbage-like morphology of
HRGO is retained (Figure 2b,c). EDX spectroscopy mapping
of copper(2+) in both HRGO and HKUST-1@HRGO

Figure 1. (a) PXRD and (b) FT-IR analyses of HRGO, HKUST-1,
and HKUST-1@HRGO with varying HRGO loadings.

Figure 2. SEM images of (a) HRGO and (b and c) HKUST-1@HRGO. (d) Argon adsorption (filled)−desorption (empty) isotherms of HRGO,
HKUST-1@HRGO-10, -15, and -20 at 87 K along with (e and f) PSDs calculated by NLDFT.
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showed good chemical compatibility of copper(2+) and
verified its homogeneous distribution (Figure 3). To
investigate the HKUST-1 coating mechanism, we performed
SEM analysis after 1, 2, 4, and 8 h of reaction without a
washing step (Figure S5). With increasing reaction time, we
observed a higher copper intensity in the EDX analysis. Even
after 1 h, the surface of HRGO was already coated with
nanosized HKUST-1 seeds. We can also observe growth of
HKUST-1 on the HRGO surface (after 2 h). After saturation
of the HRGO surface with HKUST-1 crystals, the HKUST-1
nanoparticles started to grow and fill the macro/mesopores in
HRGO (after 4 h). The size of the HKUST-1 particles
significantly increased after 8 h. The excess HKUST-1 particles
were removed by centrifugation and a washing process. The
fast nucleation of the HKUST-1 nanoparticles was suggested
to originate from a heterogeneous nucleation and growth
process. The defects (e.g., edges of nanopores and oxygen
functional groups) and wrinkled/curved surface of HRGO
offer multiple nucleation spots for the HKUST-1 nanoparticles,
thus leading to the formation of interfacial pores (Figures S6
and S7).
Textural Properties of HKUST-1@HRGO. To verify the

formation of a hierarchically porous structure, HKUST-1@
HRGOs were characterized by Brunauer−Emmett−Teller
(BET) analysis at 87 K using argon (Figures 2 and S8). An
argon adsorption−desorption isotherm of HRGO exhibited a
type IV isotherm with a broad H3-type hysteresis in a
desorption branch at above P/Po = 0.4, which is a characteristic
feature of the presence of mesopores. H3-loop-type hysteresis
is usually observed from slit-shaped pores and nonrigid
frameworks. In addition, the fast gas uptake at the low-
pressure range indicated the presence of micropores, thus
verifying the formation of a hierarchically porous structure with
a BET surface area of 586 m2 g−1 (Figure 2 and Table 1). The
origin of the porosity in HRGO is the evolution of gaseous
species (CO2 and CO) during thermal annealing of graphene
oxide.36 Additionally, this phenomenon led to the formation of
open, stacked 2D reduced graphene oxide layers, thus creating
hierarchical pores in HRGO (Figure 2a). Moreover, HRGO
showed a very high pore volume of 2.1 cm3 g−1 accompanied
by a low micropore volume of 0.045 cm3 g−1 calculated from

the t-plot analysis. HRGO showed (Figure 2f) an average
mesopore size of 36 Å along with micropores in the range of
10−16 Å calculated by nonlocal density functional theory
(NLDFT).
The growth of HKUST-1 on the surface of HRGO resulted

in significant changes in its textural property (Figure 2d).
Compared to HRGO, HKUST-1@HRGO-10 exhibited a type
I isotherm with a H4-type hysteresis loop, which is generally
observed for micro/mesoporous adsorbents. While HKUST-1
growth significantly increased the micropore content (<0.3 P/
P0), it simultaneously decreased the mesopore content of
HRGO (Figure S9), e.g., 136 m2 g−1 (Smicro) and 0.045 cm

3 g−1

(Vmicro) for HRGO and 751 m2 g−1 (Smicro) and 0.34 cm3 g−1

(Vmicro) for HKUST-1@HRGO-10, thus verifying the filling of
mesopores in HRGO with HKUST-1. Notably, the pore size of
9 Å was consistently observed for all of the HKUST-1@
HRGO series (Figure 2e), which is well-matched with the
small pores of HKUST-1.14 These results collectively suggest
the formation of hierarchically porous HKUST-1@HRGO
composites with interconnected micro-, meso-, and macro-
pores.
To study the effect of HKUST-1 coating on HRGO, we

systematically varied the HRGO loading (10, 15, and 20 wt %)
in HKUST-1@HRGO. After HKUST-1 coating, we observed
higher surface areas for all HKUST-1@HRGOs compared to
the surface area of HRGO. Among the HKUST-1@HRGOs,
however, increasing the HRGO amount was found to decrease
(Table 1) the surface area presumably because of the increased
number of defect sites. We also observed distinct changes in
the pore-size distribution (PSD). Whereas the percentage of 9-
Å-sized pores decreased, the 36-Å-sized pores were found to
increase (Figure 2e,f). We attributed this result to the presence
of more heterogeneous nucleation spots at high HRGO
loadings and the higher number of structural defects. Smicro/Sext
ratios were also found to decrease with increasing HRGO
loadings (4.5, 2.7, and 2.35 for HKUST-1@HRGO-10, -15,
and -20, respectively). In order to evaluate the water stability of
HKUST-1@HRGO, we immersed both HKUST-1 and
HKUST-1@HRGO in water and measured their BET surface
areas afterward. Both samples showed substantially decreased
surface areas. We believe that, because the HKUST-1 particles
primarily located on the surface of HRGO, the hydrophobicity
of the HRGO layer did not improve the water stability of the
HKUST-1 coating (Figure S10).

H2 Uptake of Hierarchically Porous HKUST-1@HRGOs.
Recently, hierarchically porous graphenes with high pore

Figure 3. SEM image of (a) Cu@HRGO (top view). EDX images of
(b) copper, (c) carbon, and (d) oxygen. (e) SEM image of HKUST-
1@HRGO (top view). (f) EDX image of copper.

Table 1. BET Analysis of the HRGO and HKUST-1@
HRGO series

sample

BETa

(m2

g−1)

Smicro
b

(m2

g−1)

Sext
c

(m2

g−1)

Vtotal
d

(cm3

g−1)

Vmicro
e

(cm3

g−1)

Vext
f

(cm3

g−1)

HRGO 586 136 450 2.1 0.045 1.97
HKUST-1@
HRGO-10

918 751 167 0.81 0.34 0.47

HKUST-1@
HRGO-15

706 515 191 1.08 0.25 0.83

HKUST-1@
HRGO-20

670 470 200 0.73 0.24 0.49

aBET surface area calculated over the pressure range (P/P0) of 0.01−
0.11. bMicropore surface area calculated using the t-plot method. cSext
= Stotal − Smicro.

dTotal pore volume obtained at P/P0 = 0.99.
eMicropore volume calculated using the t-plot method. fVext = Vtotal −
Vmicro.
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volumes were shown to exhibit improved gas uptake
capacities.42 Importantly, the synergistic effect of HKUST-1
and HRGO at the interface is expected to significantly improve
H2 affinity via the generation of interfacial pores featuring both
a highly polarized extended π surface area and open metal sites.
H2 uptake analysis is performed at 77 and 87 K. HRGO

showed 0.38 and 0.28 wt % of H2 uptake at 1.1 bar (Figure 4),
at 77 and 87 K, respectively. The desorption isotherms of
HRGO do not close, which is a characteristic feature of a
flexible porous structure. Following HKUST-1 growth in
HRGO, the H2 uptake capacity significantly increased to 1.38
wt % for HKUST-1@HRGO-10, 1.1 wt % for HKUST-1@
HRGO-15, and 1.0 wt % for HKUST-1@HRGO-20 at 77 K
and 1.1 bar (Figure 4a). The growth of microporous HKUST-
1 contributed to the improved H2 uptake capacity of a
hierarchically porous MOF/graphene composite. Compared to
HKUST-1 (from 2.18 to 3.6 wt % of H2 uptake at 77 K from 1
to 50 bar43,44), HKUST-1@HRGOs showed lower H2 uptake
capacities because of the fact that the heterogeneous
nucleation of HKUST-1 on the HRGO surface led to both
lower crystallinity and BET surface area compared to those of
the pristine HKUST-1. Isosteric heats of adsorption (Qst)
values show the affinity of gas molecules toward the sorbent.
Especially, the affinity of H2 toward HKUST-1@HRGO was
significantly improved compared to that of HRGO, 9.26 kJ
mol−1 at zero coverage of HKUST-1@HRGO-20 and 7.7 kJ
mol−1 at zero coverage of HRGO (Figure 4f). Whereas the
profile of Qst of H2 in HKUST-1@HRGO represents both
HKUST-1 and HRGO at high loadings, the difference
originating from interfacial pores becomes evident at zero
coverage, which is further supported by increasing Qst of H2
with increasing HRGO loadings in HKUST-1@HRGO.
Furthermore, we also investigated the physical mixture of
HKUST-1 and HRGO (Figure 4e). This mixture exhibited
(Figure 4f) a Qst value of only 6.7 kJ mol−1, which is similar to
that of HKUST-1 (6−7 kJ mol−1).16,43 These results show that

HKUST-1 growth, its chemical bonding with the HRGO
surface, and the formation of pores at the interface are key
steps in controlling the H2 affinity. Notably, after H2 uptake
analysis, we observed a slight increase in the BET surface area,
pointing to both the stability and flexibility of the MOF/
graphene composite (Table S3).

■ CONCLUSION

In this study, we demonstrated a facile strategy for the
preparation of hierarchically porous MOFs by using porous
reduced graphene oxide as a structural template. This approach
allowed us to tune the porosity, morphology, and gas uptake
behavior of the MOF. In addition, the critical role of the
interfacial pores formed upon the growth of HKUST-1 on the
surface of HRGO featuring both a highly polarized extended π
surface area and open metal sites in tuning the H2 affinity was
clearly demonstrated. Because of its modularity, the present
strategy can be extended to various MOFs to tune their gas
affinity and uptake characteristics.

■ EXPERIMENTAL SECTION
Materials. All purchased chemicals are used without further

purification. Graphite powder (Asbury Carbon), sulfuric acid (98%,
Simga Aldrich), potassium permanganate (99.0%), BTC (99%, Sigma-
Aldrich), Cu(OAc)2·xH2O (Sigma-Aldrich, 98%), Et3N (99%, Sigma-
Aldrich), DMF (Sigma-Aldrich), EtOH (Sigma-Aldrich), and de-
ionized (DI) water.

Characterization. SEM and EDX spectroscopy mapping analyses
were conducted using Magellan 400 (FEI). FT-IR spectra were
measured using Bruker Alpha with 64 scan times and 2 cm−1

resolution. PXRD analysis was conducted using SmartLab (Rigaku)
with Cu Kα radiation (λ = 1.5406 Å) at a generator voltage of 40 kV
and a generator current of 200 mA. Argon isotherms at 87 K and H2
isotherms at 77 and 87 K were measured using a 3Flex physisorption
analyzer (Micromeritics, USA). To analyze the pore properties from
the obtained isotherms, NLDFT adopting a carbon slit pore model
was employed. XPS analysis was conducted using multipurpose XPS

Figure 4. H2 uptake at (a) 77 and (b) 87 K. (c) Qst values of H2 in the HKUST-1@HRGO series. (d) H2 uptake of HRGO, (e) H2 uptake of the
physically mixed HRGO and HKUST-1. (f) Comparison of Qst values of H2 for HRGO, HRGO+HKUST-1, and HKUST-1@HRGO-20.
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(Sigma Probe, Thermo VG Scientific; X-ray source, monochromatic
Al Kα).
Synthesis of Graphene Oxide. Graphene oxide was synthesized

via a modified Hummers method.45 Graphite powder (1 g, Asbury
Carbon) was added to sulfuric acid (98%, 150 mL). Potassium
permanganate (99.0%, 3.5 g) was gradually poured into the graphite/
sulfuric acid solution, with vigorous stirring for 10 min at room
temperature. After stirring for 2 h in an oil bath at 35 °C, the solution
was placed in an ice bath and slowly diluted with 200 mL of DI water.
A total of 50 mL of hydrogen peroxide was slowly added to the
reaction mixture. The resulting product was filtered with filter paper
and washed several times with diluted hydrochloric acid (10 v/v %),
followed by freeze-drying to yield 1.5 g of a graphene oxide powder.
Thermal Annealing of Graphene Oxide for HRGO. We

followed a previously reported procedure.36 Graphene oxide powder
was loaded into a quartz tube under a N2 atmosphere. The quartz
tube was then placed in a furnace, which was heated up to 650 °C (3
°C min−1). The sample was kept at this temperature for 10 min, the
tube was pulled from the furnace and rapidly cooled to room
temperature.
MOF Growth on HRGO. BTC (50 mg, 0.238 mmol) was

dissolved in 1.2 mL of a mixture of solvents, 0.4 mL each of DMF,
EtOH, and DI water. The resulting mixture was sonicated for 1 min in
order to obtain a homogeneous solution. A solution of Cu(OAC)2·
xH2O (50 mg, 0.25 mmol) in 1.2 mL of a mixture of solvents (0.4 mL
each of DMF, EtOH, and DI water) was prepared, mixed with varying
amounts of HRGO (20, 15, and 10 mg to achieve 20, 15, and 10 wt %
with respect to the weight of the HKUST-1 reactants, respectively),
and stirred for 10 min. The two solutions were then combined and
stirred for an additional 10 min. At this point, Et3N (0.05 mL) was
added to the reaction mixture and stirred at room temperature for 24
h. In order to remove unreacted monomers, the reaction mixture was
centrifuged with EtOH until the solution color became transparent.
The resulting MOF composite was then dried at 40 °C for 12 h.
Preparation of Physically Mixed HKUST-1/HRGO. HKUST-1

(50 mg), which synthesized under the same experimental conditions
as those of HKUST-1@HRGO, was dispersed in 1.2 mL of a solvent
mixture of DMF/EtOH/H2O (1:1:1) and added to HRGO (10 mg)
in the same solvent mixture (1.2 mL). The resulting mixture was
stirred for 24 h at room temperature. The products were centrifuged,
washed several times with EtOH, and dried under a vacuum.
Analysis of H2 Uptake. The dual-site Langmuir−Freundlich

expression was used to fit all H2 isotherm data at 77 and 87 K, where
n is the amount adsorbed (mmol g−1), nsat is the saturation loading
(mmol g−1), bi is the Langmuir parameter (bar−vi), p is the pressure,
and vi is a constant for sites 1 and 2

=
+

+
+
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Qst was calculated for each material with the fitting plots and using the
Clausius−Clapeyron relationship, where R is the ideal gas constant, p
is the pressure, and T is the temperature.
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