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ABSTRACT: Carbon dioxide adsorption in metal−
organic frameworks has been widely studied for
applications in carbon capture and sequestration. A critical
component that has been largely overlooked is the
measurement of diffusion rates. This paper describes a
new reproducible procedure to synthesize millimeter-scale
Cu-BTC single crystals using concentrated reactants and
an acetic acid modulator. Microscopic images, X-ray
diffraction patterns, Brunauer−Emmett−Teller surface
areas, and thermogravimetric analysis results all confirm
the high quality of these Cu-BTC single crystals. The large
crystal size aids in the accurate measurement of micropore
diffusion coefficients. Concentration-swing frequency
response performed at varying gas-phase concentrations
gives diffusion coefficients that show very little dependence
on the loading up to pressures of 0.1 bar. The measured
micropore diffusion coefficient for CO2 in Cu-BTC is 1.7
× 10−9 m2/s.

The continuously increasing amount ofCO2 emissions due to
anthropogenic activities has caused a sharp rise of CO2

levels in the atmosphere.1 While the search for alternative clean
energy sources continues, developing new technologies for CO2
capture and sequestration is still necessary and has significant
impact for controlling global warming. Metal−organic frame-
works (MOFs) are highly porous crystalline networks containing
metal clusters interconnected by organic linkers.2MOFs typically
have high surface areas that exceed those of traditional adsorbent
materials.3−7 In addition, the numerous options for the metal
centers and linkers enable the rational design and synthesis of
MOF structures to achieve enhanced adsorption capacities and
catalytic properties. For example, MOFs have shown promising
performance for CO2/N2 separation for postcombustion CO2
removal from flue gas, CO2/H2 separation for precombustion
capture, CO2/CH4 separation for natural gas upgrading, and
direct capture of CO2 from air.1,8,9 MOFs also show excellent
catalytic activities for converting CO2 to valuable com-
pounds.10−13 As a result, MOFs are promising candidates for
CO2 capture and sequestration.
Despite the amount of research on CO2 adsorption and

separations and catalysis using MOFs, a major deficiency in the
literature is the measurement of diffusion rates, a critical property
that can significantly affect the overall performance for the above-

mentioned applications. CO2 diffusion constants have been
reported for a few MOFs. Salles et al.14 measured diffusion rates
ranging from 10−8 to 10−9 m2/s over a range of loadings on MIL-
47(V). Sabouni et al.15 reported a value of 7× 10−12m2/s at 298K
for CPM-5, and Saha et al.16 reported diffusion constants on the
order of 10−9 m2/s for MOF-177. Even for the same MOF
(MOF-5), the reported diffusion coefficients show a wide range
from 10−9 to 10−8 m2/s.16,17

A big challenge for obtaining accurate diffusion coefficients is
to decouple the presence of different mass transfer mechanisms
related to the adsorbent morphology. For example, the impact of
surface barriers on MOF thin films was explored by Heinke et
al.18 Fletcher et al.19 found a linear driving force behavior for CO2
in Ni2(4,4′-bipy)3(NO3)4, but macropore diffusion was deter-
mined to be the controlling resistance for Co/DOBDC and Ni/
DOBDC pellets by Hu et al.20 using zero-length column
techniques and for Cu-BTC pellets by Liu et al.21 using
concentration-swing frequency response (CSFR).
In this paper, we report a novel method to measure CO2

micropore diffusion coefficients by using CSFR to analyze
millimeter-scale MOF crystals. While large crystals have
previously been used to aid diffusion measurements in zeolites,22

this is the first such example for MOFs. We use Cu-BTC
(HKUST-1) as a model to demonstrate this approach, as it shows
one of the highest CO2 capacities (under hydrated conditions)
among all MOFs.9 High selectivity for CO2/H2 and CO2/N2
separations have also been reported for this MOF.23−26

We developed a new synthesis technique to achievemillimeter-
scale Cu-BTC single crystals, and the crystal size can be
controlled well. A solution of Cu(NO3)2·3H2O (0.49 g) and
trimesic acid (H3BTC) (0.24 g) in 9 mL of 1:1:1 (v/v/v) water/
ethanol/DMF was mixed with 12 mL of glacial acetic acid
(modulator), and the mixture was heated at 55 °C for 3 days. As
aspects such as solvent residue and crystal defects can affect the
diffusion rate, we carefully selected the crystals after the
solvothermal synthesis and fully activated the MOFs (the
detailed procedure is given in the Supporting Information).
Figure 1c−f shows optical micrographs and scanning electron

microscopy (SEM) images of the Cu-BTC single crystals.
Truncated cube and truncated octahedron shapes were observed
for this fcu-type MOF crystal. The octagon (or square) facets
represent the planes viewed down the ⟨100⟩ directions, while the
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hexagon-shaped facets correspond to the planes along the ⟨111⟩
directions. The sizes of Cu-BTC crystals obtained from 3-day
syntheses range from 500 μm to 1.3 mm (Figure S2). These
crystals were sorted by size for later CO2 diffusion studies.
The quality of the Cu-BTC single crystals was characterized

using X-ray diffraction (XRD), Brunauer−Emmett−Teller
(BET) analysis, and thermogravimetric analysis (TGA). The
XRD peak positions for the crystal planes parallel to (100) and
(111) match well with the corresponding peaks present in the
simulated diffraction pattern for Cu-BTC. The unit cell
dimension (a = 26.35 Å) refined from single-crystal XRD
measurements also agrees with the known value from the
literature.27

The BET surface area (1980 m2/g) and pore volume (0.85
cm3/g) for the Cu-BTC single crystals are comparable to those of
a Cu-BTC fine powder prepared from 85 °C solvothermal
synthesis (Figure S4) and agree well with values from the
literature.23 The decomposition temperature regime of the large
Cu-BTC crystals (300−385 °C)measured byTGA (Figure S5) is
also similar to reported values.28,29 These results all indicate the
good quality of these MOF crystals. While previous work
reported the use of nitric acid to inhibit the deprotonation of
H3BTC linker and thus reduce the crystal growth rate in order to
achieve large single crystals,30 our method using high
concentrations of the MOF reactants and an acetic acid
modulator is more effective and reproducible. The formation of
an acetate complex competes with the generation of secondary

building units in the solution, allowing the slow and steady
growth of our single crystals. By avoiding high acidity of the
precursor solution, we also obtained high crystal quality as shown
above. In addition, the crystal size can be controlled well by
varying the synthesis time (Figure S7).
Figure 2 compares the CSFR curves for a sample of large Cu-

BTC single crystals and the powder at a gas-phase concentration

of 0.5%CO2 and a total pressure of 1 bar. The CSFR curve for the
Cu-BTC powder has a steeper slope than that for the single
crystals, indicating faster CO2 uptake in the powder. This is
reasonable because the diffusion length in the powder (crystal
size∼10 μm) is much shorter than for the millimeter-scale single
crystals. We used an isothermal micropore diffusion model
reported previously31 to fit the curves and found that this model
describes the single crystals well but shows noticeable deviation
from the powder data. The micropore diffusion model fails to fit
the powder data well because other diffusive mechanisms, such as
surface barriers or external mass transfer, may also be involved in
addition to micropore diffusion. For the millimeter-scale Cu-
BTC single crystals, micropore diffusion is the dominant factor
limiting the mass transfer rate, ensuring that the measured
diffusion coefficients truly represent the diffusion inside theMOF
micropores. While heat of adsorption effects can impact diffusion
measurements, the CSFR apparatus can mitigate these effects.32

The isothermal micropore diffusion model uses two
parameters to fit the CSFR curves; the regressed values are the
local isotherm slope, K, and the micropore diffusion parameter
Ds/R

2, where R is the diffusion length scale. As the regressed
diffusion coefficient is dependent on the particle size, accurate
diffusion measurements require precise knowledge of the crystal
size, which is well-controlled by the synthesis technique. Three
batches of Cu-BTC crystals with particle sizes of 0.7 ± 0.1 mm,
1.0 ± 0.1 mm, and 1.3 ± 0.1 mm were prepared, where the
particle size corresponds to the longest crystal dimension. Each
batch was used for CSFR measurements at 0.5% CO2
concentration. Figure 3 shows the CSFR curves for each set of
crystals, and the fitted parameters for the micropore diffusion
model are given in Table 1. The regressed isotherm slopes show
good agreement among the different crystal sizes, and Ds/R

2

decreases as the crystal size increases, as expected.
The micropore diffusion coefficients were calculated by

multiplying the regressed diffusion parameter by the square of

Figure 1. (a, b)Molecular representation of theCu-BTCMOF along the
[100] direction and [111] direction. Color code: Cu (yellow); O (red);
C (black); H (not shown). (c, d) Optical microscopy and (e, f) SEM
images of Cu-BTC single crystals.

Figure 2. Amplitude ratio curves for CSFR experiments on large Cu-
BTC crystals and a powder sample.
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the diffusion length scale. However, the model assumes a
spherical particle shape, which does not accurately represent the
crystals. We found that the height of the crystals is approximately
half of the longest dimension (L), indicating that the effective
diffusion length should be smaller than L. We measured the
average mass per crystal and correlated it as a function of L
(Figure S6). A power law fit the data well with an exponent of 2.14
instead of the expected cubic function for a perfect sphere. To
account for the shape factor, an effective diffusion length (Reff)
was defined as

ρ π α= =R Lmass
4
3 eff

3
meas

2.14

(1)

where Lmeas (in units of mm) is the length of the longest crystal
dimension, ρ (in units of g/cm3) is the crystal density, and α =
0.52 mg/mm2.14. For single crystals, the measured density is 1.29
g/cm3, similar to reported values for Cu-BTC.1,10 When
normalized by Reff, the micropore diffusion coefficients agree
within experimental error and give an average value of 0.0017
mm2/s (or 1.7 × 10−9 m2/s). This value is on the same order of
magnitude as several other CO2 diffusion rates reported for other
MOFs.
An important aspect of diffusion in nanoporous materials is the

impact of the surface concentration on the diffusivity. Figure 4
shows the CSFR curves measured at various gas-phase
concentrations using 18 mg of Cu-BTC single crystals with
diameters of ∼0.7 mm. The steady-state CO2 concentrations
used in this series of experiments were 0.1%, 0.5%, and 10%. We
found that the micropore diffusion model accurately fits the data
at each tested CO2 concentration. The curves are nearly identical
for the 0.1% and 0.5% experiments, while the 10% curve is shifted
to higher amplitude ratios, indicating a decrease in the local
isotherm slope.
Table 2 summarizes the fitted parameters for the CSFR curves

at each concentration as well as for a similar set of experiments on

BPL activated carbon (Figure S9), a predominantly microporous
material that follows the micropore diffusion model well for
various adsorbates.33 For comparison, we also calculated the K
values from the Toth fit of a CO2 isotherm for the Cu-BTC
crystals (Figure S10) and listed them in Table 2. The K values
measured from CSFR experiments are slightly higher than those
from the CO2 isotherm, but the trends are very similar. For the
0.1% and 0.5% experiments, the isotherm slopes are similar,
which agrees with the nearly linear shape of the CO2 isotherm at
such low concentrations. For the 10% experiment, the K value
significantly decreases for both the CSFR and adsorption
isotherm measurements.
It is very interesting that the diffusion coefficients for Cu-BTC

single crystals and BPL activated carbon particles show
completely different trends. For the single-crystal Cu-BTC
samples, there is no significant difference in tests using CO2
concentrations from 0.1% to 10%. However, for BPL activated
carbon, the diffusion coefficient increases dramatically as a
function of CO2 concentration. These different trends are
reasonable since the Cu-BTC single crystals have a narrow
distribution of pore sizes, an ordered lattice structure, and
therefore more homogeneous adsorption sites. At low pressure,
CO2 preferentially adsorbs at coordinatively unsaturated Cu
sites.34 After normalization of theCO2 isotherm by the number of
sites in the Cu-BTC structure, a per-site loading shows that all of
the CSFR experiments were performed at pressures where there
is less than one CO2 molecule adsorbed per site. Thus, the
adsorbate−adsorbent interaction remains similar as the CO2
concentration increases. This also agrees well with experiments in
the literature, asWang et al.35 reported that the heat of adsorption
of CO2 remains virtually constant as the loading increases after an
initial decrease. In contrast, the BPL activated carbon is very
heterogeneous, so the first CO2 molecules will associate with
stronger adsorption sites and will diffuse more slowly than at
higher pressures.
In comparison with the MOF, the BPL activated carbon

particles were larger (∼2 mm in diameter). After normalization
by the diffusion length scale, the diffusion coefficient for the single
MOF crystals is significantly lower than that for the activated
carbon. This could be due to strong intermolecular interactions
between CO2 and the open metal sites of Cu-BTC. It could also
be due to the small, ordered pore structures of Cu-BTC, whereas
the activated carbon has a wide distribution of pore sizes.

Figure 3. CSFR curves for different Cu-BTC crystal sizes at 0.5% CO2
concentration.

Table 1. Micropore Diffusion Fitting Parameters for Various
Cu-BTC Crystal Sizes at 0.5% CO2

crystal size
(mm)

K
(mol kg−1 bar−1) Ds/R

2 (s−1) Ds (mm2/s)

0.7 7.1 0.0110 ± 0.0012 0.0014 ± 0.0003
1.0 7.1 0.0082 ± 0.0009 0.0017 ± 0.0003
1.3 6.6 0.0066 ± 0.0005 0.0020 ± 0.0002

Figure 4. CSFR curves for various CO2 concentrations on Cu-BTC
crystals of approximately 1.5 mm.
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In conclusion, a new synthesis procedure to produce large
millimeter-size single crystals of Cu-BTC has been reported. The
crystal size could be accurately controlled by varying the synthesis
time. Properties measured by XRD, BET analysis, TGA, and CO2
isotherms on the Cu-BTC crystals agree well with those of Cu-
BTC powders produced by traditional solvothermal synthesis.
The increased length scale of the microporous domain makes
diffusion measurements easier as it limits the impact of multiple
mass transfermechanisms. CSFR experiments verifiedmicropore
diffusion as the rate-controlling diffusive mechanism. Diffusion
coefficientsmeasured at varying concentrations showed very little
dependence on the loading up to about 0.1 bar, the highest
pressure considered. At 0.5% gas-phase concentration of CO2 in
He at 1 bar, the measured diffusion coefficient is approximately
1.7 × 10−9 m2/s.
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