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A microdroplet-based spray process has been recently developed for the synthesis of metal-organic frameworks
(MOFs) which features a short processing time and scalable manner. In this process, atomized microdroplets of
the MOFs precursor solution undergo well-controlled physiochemical transformations with each droplet serving
as a microreactor. Droplet transformation is closely related to the flow patterns of the spray system. A con-
ventional spray system is operated at atmospheric pressure (under the continuum flow regime). By lowering the
operating pressure, the spray system is transitioned to a free-molecular flow regime, where the transport phe-
nomena of the microdroplet become distinct due to the discrete surrounding gas. It is hypothesized that the MOFs
formed under this condition could have unique morphological and structural features. Nevertheless, this topic
has rarely been investigated. This work studies the formation of the copper 1,4-benzenedicarboxylate (Cu-BDC)
MOF under changing flow regimes by modulating the operating pressure. Specifically, changes in crystal size,
morphology, and orientation, as well as surface oxidation state, are observed with decreasing operating pressure.
Heat and mass transfer calculations, accounting for the transition of flow regimes, suggest that these variations
are related to different evaporation rates of the microdroplets. Our study also suggests that the dissociation of
solvent molecules from Cu-BDC under sub-ambient pressure increases open metal sites which lead to a strong
CO» binding affinity. This work illustrates the synthesis of MOFs under substantially low operating pressures and

offers many new opportunities in the controlled synthesis of MOFs for selective gas adsorption.

1. Introduction

Metal-organic frameworks (MOFs) emerged as an attractive class of
crystalline porous material for a variety of applications [1]. In MOFs,
precisely designed structures and properties are achievable by judi-
ciously adjusting the geometry and composition of the building blocks,
which endows them with great potential for applications in which
preferential adsorption or molecular sieving is important, e.g., liquid
and gas separation, carbon dioxide (CO2) capture and sequestration
(CCS), and hydrogen storage [2]. In particular, the use of MOFs and
related materials for CCS technology has revealed its potential for
improving the energy efficiency of CO, capture systems [3,4]. The
capture and concentration of low partial pressure CO in air and flue gas
is critical to CO4 abatement strategies [5]. With respect to enhancing the
CO; capture performance, the modification of MOFs-based adsorbents
allows the adjustment of the open metal sites [6], inorganic secondary
building units [7], interactions originating from the organic functional
groups [8], and the combination of MOFs with porous composites [9]
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(see SI S1 for the material comparison table). Current research interests
are directed toward developing materials to adsorb CO5 under optimal
conditions yet still be economically viable at industrial scales [10]. For
further information regarding MOFs in CCS the reader is referred else-
where [11-14].

The synthesis of MOFs with tunable dimensions and properties is
critical for this specific practical purpose [15]. For example, the size of
MOF filler crystals can affect the performance of the CO2 selective
membrane in terms of permeability and selectivity [16]. In this regard,
understanding the role of synthesis conditions for MOFs is important
since it offers the ability to precisely adjust the material properties at
their genesis. MOFs are conventionally synthesized via the solvothermal
method typically conducted by heating the precursor solution in a closed
system (Fig. 1B) [17]. However, shortcomings such as long reaction
durations, inhomogeneous mixing, and limited batch processes are often
associated with this method [18]. To overcome these limitations, a
microdroplet-based aerosol approach, or the so-called spray route could
be an appropriate strategy for synthesis of MOFs in a rapid manner
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[19-21]. The spray route causes a rapid solvent phase transition upon
heating the micrometer-sized aerosol droplets in a flow system, which
enables the ultrafast synthesis of MOFs in seconds. In this process,
atomized microdroplets of the MOF precursor solution are carried by a
hot gas stream for fast solvent evaporation, nucleation, and growth of
MOFs crystals (see Fig. 1A for a typical spray process) [21]. As an initial
step in converting the aerosol microdroplets to MOFs crystals, solvent
evaporation plays an important role in the subsequent chemical trans-
formations within the confined microdroplets. Precursor (solvent, con-
centration, etc.) and process (time, temperature, pressure, etc.)
parameters have strong influences on the solvent evaporation, and
eventually, affect the rates of nucleation and growth of MOFs [22].

Among precursor parameters, the vapor pressure of the solvent,
which affects the evaporation rate, is important for the synthesis of
MOFs. Solvents with high vapor pressure were found to be responsible
for synthesizing phase-pure HKUST-1 crystals by lowering the solvent
evaporation rate [23]. Other than precursor parameters, the tempera-
ture is a critical process parameter because it directly affects the rates of
solvent evaporation and solute diffusion, which causes changes in su-
persaturation ratios and affects the growth unit formation and features
of the materials (Fig. 1B). As observed by He et al., [21] a high operating
temperature not only decreased crystal sizes of HKUST-1 due to the
increased number of seed nuclei but also affected the accessible open
metal sites. Upon optimized operating temperature, suitable evapora-
tion rates and crystallinity could be obtained, resulting in high specific
surface area and large pore volume [24]. However, the temperature
parameter cannot be adjusted outside the thermal stability range of
target MOFs (e.g., HKUST-1 decomposes at 400 °C and above) [21].
Alternatively, the operating pressure is another important process
parameter to vary the solvent evaporation rate without the thermal
decomposition of MOFs.

The operating pressure is a vital process parameter controlling sol-
vent evaporation in a flow system, such as an aerosol reactor, based on
the ideal gas law. The solvothermal reactor, by contrast, has a closed
environment where the solvent molecules vaporized by heat accumulate
in the headspace. The differences between the two systems are high-
lighted in Fig. 1B. Such differences show that the operating pressure is
an essential parameter to be investigated for the spray system. Our
initial study suggested that the kinetics of solvent evaporation and MOF
growth could be controlled by adjusting operating pressure [25], which
exhibited similarities with inorganic nanoparticle formation. However,
unlike inorganic materials, the crystallization of MOFs is often struc-
turally more complex [26]. This is particularly true in the aerosol sys-
tem, where the crystallization kinetics (i.e., reaction rate constants and
activation energies) and crystal properties (e.g., size and structural pa-
rameters) are extremely sensitive to the local environment of the
evaporative droplets (Fig. 1B) [27]. Typically, the evaporative envi-
ronment of droplets is described by a continuum model under ambient
pressure. However, under substantially low operating pressures, dis-
tance scales defined by the Knudsen number indicate that the transport
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processes occur in the free-molecular regime (K, > 1) [28]. Droplet
evaporation in this flow regime can only be described by statistical
methods instead of traditional continuum fluid dynamics [29]. Hypo-
thetically, the formation of fundamental growth unit and their self-
assembly into final MOF crystals should be challenging in a discrete
fluid due to weak supramolecular interactions [30]. However, the role of
operating pressure in the rapid formation of MOFs is still poorly
understood.

To determine the extent to which transition of the flow regime by
lowering the operating pressure impacts the formation of MOFs and
whether the synthetic products exhibit different physicochemical
properties, we presented, for the first time, a systematic study aimed at
advancing understanding of this topic. To showcase the applicability of
the analysis above, we selected the copper 1,4-benzenedicarboxylate
(Cu-BDC) MOF as an example. This material, initially synthesized by
Mori [31], exhibits a layered crystalline structure and is promising for
CO4, selective adsorption [32]. In this work, Cu-BDC MOFs were syn-
thesized under different pressures ranging from 50 to 760 torr. First,
systematic material characterization and numerical simulations of
microdroplet evaporation were conducted to assess the impact of
operating pressure on material properties. Then, gas adsorption data of
Cu-BDC MOFs were carefully evaluated in terms of COy adsorption
enthalpy and selectivity. Finally, the correlation between gas adsorption
behavior and material properties was given based on the key findings.

2. Materials and methods
2.1. Precursor Solution Preparation

The Cu-BDC precursor solutions were prepared by dissolving 0.4348
g of copper(Il) nitrate trihydrate (Cu(NO3)y-3H20, >98%, Sigma-
Aldrich), and 0.1994 g of benzene-1,4-dicarboxylic acid
(CgH4(COOH)2, >98%, Sigma-Aldrich, hereafter BDC) in 30 mL of N,N-
dimethylformamide (HCON(CHs)y, >99%, Alfa Aesar, hereafter DMF).
The chemicals were all used without further purification. The Cu-BDC
precursor solutions were prepared at room temperature and stable for
8 h at least (see Figure S1).

2.2. Material Synthesis Process

As shown in Fig. 1A, Cu-BDC MOF was synthesized by using a
microdroplet-based spray method. This process consisted of a carrier gas
feeding system (a mass flow controller and a diffusion dryer), a Collison
nebulizer, a tube furnace, a sample collector (i.e., an impinger), and an
Edwards RV3 rotary vane pump for controlling the pressure. The pre-
cursor solution was first atomized by the nebulizer into microdroplets
(R4 ~ 1 pm). The microdroplets were then carried by air (1.5 L min )
through the furnace at 200 °C. During the flying process, the micro-
droplets underwent solvent evaporation, nucleation, and crystallization
to form final MOF products. The sample powders were collected
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Fig. 1. (A) Schematic illustration of the synthesis of Cu-BDC in a pressure-controlled spray system. (B) Comparison of the spray method and the conventional
solvothermal method in terms of crystallization mechanisms and the potential variations in properties of Cu-BDC crystals.
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downstream of the furnace by using an impinger filled with DMF. During
the synthesis process, the pressure inside the tube was adjusted within
the range of 50 to 760 torr. In addition, bulk Cu-BDC crystals were
prepared via a solvothermal method for comparison (SI S3).

2.3. Sample Washing and Activation Procedures

The as-collected samples were precipitated by centrifuging at 7000
rpm for 5 min. The separated solid was washed thoroughly with DMF to
remove any non-coordinated linkers. Throughout the washing step, the
MOF was resuspended into 10 mL DMF before centrifugation. This dis-
persion—centrifugation process was carried out twice. The purified
samples were finally dried in the vacuum oven at 50 °C. Before the gas
adsorption experiment, the samples were degassed at 150 °C under
vacuum for 10 h.

2.4. Material Characterization

The particle size and morphology were characterized by scanning
electron microscopy (SEM, Su-70, Hitachi). The structure and crystal-
linity of Cu-BDC were determined from powder X-ray diffraction (PXRD,
X’Pert PRO, PANalytical). Surface chemistry was characterized by
Fourier transform infrared (FT-IR) spectroscopy (Nicolet iS50, Thermo
Scientific). The chemical state of the elements was investigated by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250, Thermo Scientific).
Charge-correction of all spectra was performed by adjusting the
adventitious carbon signal of aliphatic compounds (C-C) to 284.8 eV.
CasaXPS software (v2.3.25) was used to perform all signal processing
and deconvolution. Gas adsorption experiments were performed using
Autosorb iQ (Quantachrome Instruments). The specific surface area and
the pore size distribution were calculated from adsorption data with
nitrogen collected at 77 K. Pure component gas adsorption isotherms of
Nj and CO5 were performed at 273 K and 293 K from 0 to 1 bar.
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3. Results and discussion
3.1. Morphology and Chemical Analysis

As the first demonstration of MOFs formation under different flow
regimes via the microdroplet-based spray route, four Cu-BDC samples
were prepared by adjusting the operating pressures in the range of 50 —
760 torr. These samples will be termed hereafter by the operating
pressures. Under otherwise identical synthesis conditions, the transition
of flow regime was predicted to occur at the operating pressure of 90 torr
when the Knudsen number equals unity. Scanning electron microscopy
of the 760 torr Cu-BDC crystals under the continuum regime (Fig. 2A)
reveals square lamellae exhibiting lateral dimensions in the range of 600
to 900 nm and mean thicknesses of 77 nm (i.e., aspect ratios exceeding
7.8). Interestingly, the square lamellar morphologies of the 760 torr Cu-
BDC are different from their bulk counterparts which exhibit predomi-
nantly well-defined cubic MOF crystals consisting of multiple closely
packed lamellae with edge dimensions ranging from 2 to 10 pm
(Figure S2). Decreasing the pressure resulted in a reduction in the
crystal size and the aspect ratios (Fig. 2B,C) while the sheet-like mor-
phologies were maintained. As the pressure further decreases, the SEM
image taken of the 50 torr Cu-BDC crystals (Fig. 2D) shows a needle-like
morphology, which is substantially different from the sheet-like
morphology associated with the continuum regime. The median cross-
sectional area of the crystals synthesized under 760, 250, 125, 50 torr
were found to be 318,950; 53,600; 20,750 and 6,350 nm?, respectively
(Fig. 2E). Notably, 760 torr Cu-BDC crystals have a broad size distri-
bution, while the size distribution of the crystals becomes more uniform
as pressure decreases. Upon decreasing the operating pressure, solvent
evaporation occurred more rapidly, leading to a higher supersaturation
and faster nucleation rate, which gave rise to a decreased crystal size and
narrower size distribution [33]. Furthermore, the area/thickness ratio of
the Cu-BDC crystals was affected by pressure as well. The highest area/
thickness ratio was observed to be ~ 10* at 760 torr while the lowest
was calculated to be ~ 10 at 50 torr (Fig. 2F). Thus, our synthesis
strategy of decreasing the operating pressure to reach the free-molecular
regime dramatically changed crystal morphology. The Cu-BDC naturally
crystallizes into a two-dimensional (2D) sheet-like structure due to the
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Fig. 2. (A-D) Scanning electron microscopy (SEM) images of Cu-BDC synthesized under various pressures at (A) 760 torr, (B) 250 torr, (C) 125 torr, and (D) 50 torr.
Scale bars in SEM images are 500 nm. (E) Particle size distribution of Cu-BDC calculated from SEM images. (F) Evolution of the ratio between cross-section area and
vertical dimension with respect to pressure. Error bars in F correspond to the standard deviations.
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intrinsic structure anisotropy [34]. Due to the nature of crystallization,
the high-pressure samples favor sheet-like morphologies similar to those
formed by wet-chemistry methods [35]. The low-pressure condition
created a faster nucleation rate, but a considerably shorter residence
time [28,36], significantly affecting the crystallization process. This is
particularly important for polymer crystals since they require high-
molar-mass blocks to assemble into the crystalline state [37]. But this
process is limited in the confined, fast-evaporating microdroplet,
resulting in the morphological transition due to the limited supply of
building blocks under a fast-evaporating environment.

The chemical properties of the Cu-BDC crystals were further inves-
tigated to assess the impact of the operating pressure on crystallinity. X-
ray diffraction of the bulk Cu-BDC showed that all the Bragg diffractions
could be detected, indicative of the successful synthesis of bulk MOF
structures without preferential orientation. The diffractogram of Cu-
BDC structure synthesized via the spray process still has the character-
istics of the predicted powder diffraction pattern based on the corre-
sponding crystal structure (CCDC-687690, Fig. 3A), implying the
successful crystallization of the Cu-BDC via the spray process despite
drastically reduced reaction time. The two major peaks in the XRD
pattern of bulk material correspond to the (110) and (201) planes
(Figure S4) of Cu-BDC. The bulk Cu-BDC showed little crystal plane
orientations as the relative intensities of all peaks were expected based
on the simulated diffraction pattern of the bulk powder. In contrast, the
XRD pattern of the 760 torr Cu-BDC exhibits partial preferred orienta-
tion as the relative intensity of the (201) peak starts to increase. The
powder XRD data of the Cu-BDC synthesized via the spray method are
similar to Cu-BDC nanosheets reported previously, although this effect
of preferential orientation was enhanced when applied to nanosheets
[38]. Such orientation differences can be partially attributed to the
morphological changes because sheet-like crystals tend to have
preferred alignment, which agrees well with the microscopy data.
Likewise, the XRD patterns of Cu-BDC synthesized under lower pressures
oriented along the (201) direction. Moreover, the relative intensities of
the (201) crystallographic plane in the powder pattern appear to grow
stronger with decreasing pressures, suggesting that the fraction of flat
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(201) faces of Cu-BDC increased [34]. The variations in powder XRD of
Cu-BDC may be ascribed to different ways of orienting depending on the
quality and size of the various particle shapes [39]. The crystalline
structure of Cu-BDC consists of Cu(II) dimers with a square-pyramidal
coordination geometry interconnected by benzenedicarboxylate an-
ions. Besides the carboxylic ligands, one terminal dimethylformamide is
also coordinated with the copper ions. Copper sites in Cu-BDC are ready
to lose their reversibly coordinated DMF solvent upon activation [40],
causing some of the peak positions in the XRD patterns of 50 torr Cu-BDC
to drift. The presence of the coordinatively unsaturated copper sites (or
open copper sites) may lead to shifts in the bonding environment within
the Cu-BDC samples, which was investigated further with spectroscopic
analysis.

We collected FT-IR spectra to examine the chemical bonding char-
acteristics of Cu-BDC. The samples synthesized under various operating
pressures showed the expected characteristic bands stemming from the
organic ligands, DMF solvent, and the copper coordination groups
within the frameworks (Figure S5). The observed bands for bulk Cu-
BDC and the 50 torr counterpart are almost identical (Fig. 3B), indi-
cating they have the same functional groups. The similarity shared be-
tween the measured spectra of Cu-BDC and DMF indicates that copper
sites in the Cu-BDC are coordinated with DMF through the carbonyl
group. Specifically, IR peaks at 1663 cm™!, 1438 cm™!, 1385 cm ™},
1255cm™}, 1104 cm™}, 882 cm ™}, 675 cm ! can be assigned to the DMF
vibrational modes of vs(CO), 8(CHs), 86(CH), va(CN), p(CHs), vs(CN),
8(OCN), respectively [40]. Notably, after coordination of DMF to the Cu
(I) center, some peaks seem to redshift a bit to higher wavenumbers
compared with free DMF molecules (Fig. 3B). Besides, the -COO- group
in Cu-BDC is characterized by the two bands at 1604 and 1385 cm ™!
belonging to the asymmetric and symmetric stretching modes, respec-
tively [34]. FT-IR measurements confirmed the coordination of solvate
molecules to the Cu(Il) center in Cu-BDC. However, labile solvate mol-
ecules can be removed from the coordinating metal atoms to form open
metal sites [41]. It is therefore likely that dissociation of coordinated
solvate molecules under 50 torr will generate more open copper sites. An
examination of Cu-BDC synthesized under various pressures by XPS was
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Fig. 3. (A) X-ray diffractograms of the bulk Cu-BDC sample and Cu-BDC samples synthesized under various pressure conditions. The crystallographic data used to
simulate the powder diffraction pattern were obtained from the Cambridge Crystallographic Data Centre (CCDC-687690). (B) FT-IR spectra of the two Cu-BDC
samples and DMF. Highlighted regions show the shift of IR peaks upon DMF coordination. (C-D) The Cu2p spectrum changes based on the %Cu(l) in the probed
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performed to elucidate the chemical state information.

We found that all the Cu-BDC samples have similar elemental com-
positions, as shown in Figure S6, with the main differences being
changes in the surface oxidation state of copper. Based on the elemental
components found, high-resolution scans were collected, and the Cu2p
spectra for the 760 and 50 torr samples are shown in Fig. 3C,D. The
presence of Cu(Il) can be found in Cu2p spectra at a characteristic
binding energy of 933.8 eV. In addition to the main 2p3,, peak, the well-
known shake-up satellite at roughly 944 and 940 eV can also validate the
presence of Cu(Il) species [42]. Shake-up peaks occur when the kinetic
energy of the emitted photoelectron is reduced, which can be seen at
higher binding energy than the main photoelectron line [42]. The total
intensity of Cu(Il) species is represented in the combination of the sig-
nals from the direct and shaken-up photoemission. The main emission
line also contains the Cu(I) contribution identified by the characteristic
peak at 932.4 eV [43]. The oxidation state of copper at the surface of the
50 torr Cu-BDC (Fig. 3D) was different from the 760 torr sample
(Fig. 3C), evidenced by a large Cu(I) peak derived from the curve fitting
results of the Cu2p XPS spectrum, in agreement with the expectation
that oxidation state of copper can be reduced through dissociation of the
coordinated DMF molecules. In the 760 torr Cu-BDC, the percentage of
Cu(l) was identified to be 1% suggesting that copper was nearly all
divalent Cu(II) species when coordinated with organic linkers (i.e., BDC)
[34]. However, in the 50 torr Cu-BDC, the percentage of Cu(I) was 10%,
which suggests that low operating pressure resulted in changes in the
coordination environment of copper. The observed variation in the
oxidation state of copper in Cu-BDC suggests that DMF molecules are
more likely to dissociate from the copper sites under low operating
pressures, which can give rise to differing surface characteristics.

Collectively, the results demonstrate that the crystal size,
morphology, and orientation, as well as surface oxidation state of Cu-
BDC, are strongly dependent on the operating pressure in an aerosol
reactor. This suggests that changes in droplet evaporation induced by
pressure variations are the major cause. Therefore, it will be necessary to
conduct a numerical simulation of microdroplet evaporation accounting
for the transition of flow regime to understand the material formation
process.

3.2. Droplet Evaporation Modeling

Evaporation of aerosol droplets of MOF precursor inside the furnace
is simulated under various operating pressures. Under atmospheric
pressure, fluid dynamics of aerosol droplets can be described as a con-
tinuum flow because the droplet diameter is much larger than the mean
free path of the surrounding gas. Aerosol dynamics practically transition
from continuum to the free-molecular flow regime. Specifically, the
Knudsen number (K, = 2)/d,) relates the mean free path of gas mole-
cules (1) with the particle dimensions (d,) and identifies free-molecular
flow by K, > 1. The transition of flow regime will occur if local pressure
is reduced further. For example, if the local pressure reduces to 50 torr,
the mean free path of DMF molecules is about 2 pm, and the mean
aerosol droplet radius in our aerosol system is about 1 pm. Therefore, the
droplet evaporation under such conditions must be modeled differently
for the continuum regime.

In this modeling, we made some necessary assumptions. (1) Aerosol
droplets contain DMF solvent only, which are monodisperse and have an
initial radius of 1 pm. (2) The characteristic time to reach thermal
equilibrium (Rﬁ /a, where a is the thermal diffusivity) is in the order 10
s for R4 = 1 pm, which is much shorter than the evaporation time. Also,
the Biot number is smaller than 0.1 for the evaporation stage; therefore,
the temperature inside a droplet is uniform and the thermal gradient
applies only to the droplet surface. (3) The Kelvin effect is negligible
because the droplet size is much larger than 0.1 pm. (4) Evaporation of
DMF droplets is the only phenomenon responsible for mass and heat
transfer. Droplet diffusion, coagulation, thermophoresis, and chemical
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reactions are not important. (5) Other necessary details are provided in
SIS7.

Solvent evaporation of aerosol droplets in a heated flow reactor is
modeled as a function of reactor wall temperature, reactor pressure,
droplet number density, and initial droplet size.

The change in droplet temperature (T) versus time (t) is given by
solving the energy conservation equation in which the heat transfer from
the surrounding air is equal to the enthalpy of vaporization and the
amount of heat to cause the change in droplet temperature:

dr. 3 [2h dd

) = =(r-r1,)+H—L 1
<dt>ct CPdP|:pp( )+ Ldt:| ()
dr, 3 [PCT-T, dd,

s — i s H_p 2
<d’ >fm Gy |:/)p T M dt} @

where T; is the droplet surface temperature (K), T is the reactor wall
temperature (473.15 K), h; is the coefficient of heat transfer around the
droplet given by Equation S1 (Wem 2.K™!), H; is the enthalpy of
vaporization for DMF (J -kgfl), d, is droplet diameter (m), and P is the
air pressure (Pa). The droplet surface temperatures are given in Equa-
tions (1) and (2) for continuum regime (ct) and free-molecular regime
(fm), respectively [44].

Theoretically, the change in droplet diameter (d,) with time (t) can
be derived from the law of mass conservation in which the mass of DMF
vapor that flows through the droplet surface during a unit time interval
is formulated by Fick’s first law of diffusion:

dd,\ _ 4D,m (n—ny)
( dt ) - ppdh (3)

where D, is the diffusion coefficient of DMF vapor calculated by
Equation S2 (m?/s), m; is the molecular mass of DMF (kg), n is the
volume number density of DMF vapor (1 m3). n; is the volume number
density of DMF vapor at the droplet surface (1 m) by Equation S3. p,
is the density of DMF (kg/mg) [45].

By accounting for the increase in DMF vapor density by droplet
evaporation, the growth rate of DMF vapor number density over time
(dn/dt) is.

di
<J> = 270d,D,No(n, — 1) @
dat/,,
dn 7d2CNy
- = s >
(d[ > fm 4 (n n) N

V wm,

where N, is the droplet number output of the single-jet Collison
nebulizer. C is the mean molecular speed (m/s) of DMF by Equation (6).
Equation (4) gives the expression for the continuum (ct) regime, and the
needed adaptation for the free-molecular (fm) regime is given in
Equation (5) [44].

Equations (1) to (6) are coupled ordinary differential equations with
initial conditions T; = 298.15K, d, =2 pm, andn =0 m~3. This system
of equations is solved simultaneously, and the simulation results are
shown in Fig. 4. Interestingly, a distinct difference in droplet tempera-
ture evolution can be found in Fig. 4A. For the continuum regime,
droplet temperature can reach thermal equilibrium within an extremely
short time (i.e., milliseconds), which is beneficial for the homogeneous
synthesis of MOF crystals, but can hardly be achieved in bulk solutions
[21]. Notably, certain discrepancies exist between the reactor wall
temperature (473.15 K) and the droplet surface temperature due to the
evaporative cooling effect [28]. The equilibrium droplet temperature is
found to be lower at 0.5 atm compared with 1 atm, but both are still
higher than the initial droplet temperature. For the free-molecular
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Fig. 4. (A-C) Evaporation kinematics of aerosol microdroplets under various
pressures, characterized by the (A) droplet temperature T, (B) droplet diameter
dp, and (C) DMF vapor number density n as functions of time.

regime, the evaporative cooling effect becomes even more pronounced.
At 50 torr, the droplet temperature decreases immediately. The cooling
rate of microdroplets is about 6 x 10° K/s under 50 torr. After the
minimum temperature is approached, the droplet temperature slowly
increases. The DMF droplets behaved predictably, in that they remain
above the freezing point (212.2 K) in this simulation. It is important to
recognize whether DMF droplets will enter the freezing zone because it
can fundamentally switch the crystallization mechanism of MOFs.

As a result of droplet evaporation, the DMF vapors diffuse into the
surrounding air, and hence drastically increase the DMF vapor number
density. For the continuum regime, a lower operating pressure increased
the diffusion coefficient of DMF vapor (Equation S2), which would
accelerate the evaporation of DMF droplets and thus lead to a higher
DMF vapor number density and a lower droplet diameter (Fig. 4B,C). In
the free-molecular regime, ultrafast cooling of the microdroplets alters
the heat and mass transfer process, creating different evaporation pro-
files than the continuum regime. The analytical estimation gives lower
droplet temperature yet even slower evaporation of DMF droplets due to
the smaller DMF vapor concentration gradient. Specifically, at the
evaporation time of 0.03 ms, the droplet diameter was assessed to be
1.74 pm under 760 torr but increased to 1.9 pm under 50 torr (Fig. 4B).
For the same duration, the droplet temperature increased by 59 K under
760 torr but dropped by 21 K under 50 torr. As shown in Figure S7, the
supersaturation ratio of the solute at 0.03 ms under 50 torr was 3.5 times
higher than that under 760 torr. The improved supersaturation ratio
thermodynamically promotes nucleation and crystal growth [21], which
is in agreement with the SEM images in Fig. 2.

Taken together, it is evident that drastic change in evaporation ki-
nematics of precursor droplets occurs due to the pressure variations and
thus gives rise to different nucleation rates. Therefore, Cu-BDC grows
into various final crystalline materials with notable differences in crystal
size and orientation as well as surface characteristics. These differences
are surmised to impact the porosity of Cu-BDC, yielding different per-
formances in gas adsorption.

3.3. Gas Adsorption Analysis

Fig. 5A shows the N sorption isotherms (77 K) for the herein
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Fig. 5. (A) Nitrogen adsorption and desorption isotherms at 77 K for Cu-BDC
synthesized under different pressures. Adsorption capacity is in units of cm>/
g. Filled symbols correspond to adsorption and open symbols to desorption. The
inset shows linear derivative pore size distributions of Cu-BDC calculated based
on a Non-Local Density Functional Theory (NLDFT) slit-pore model. (B)
Different views of the Cu-BDC crystalline structure showing the pore systems
along (110) and (201) stacking directions. Copper, oxygen, and carbon atoms
are shown in blue, red, and grey, respectively. 3D crystalline structure of Cu-
BDC is shown in Figure S4.

synthesized Cu-BDC MOFs under various pressures. As expected, the Cu-
BDC MOFs exhibited type II Ny sorption isotherms (77 K), consistent
with the previous report [46]. The rapid increase in Ny adsorption
isotherm on 760 torr, 250 torr, and 125 torr Cu-BDC at low relative
pressure (P/Pgy < 0.01) resulted from the filling of micropores (<20 A).
Concurrently, the occurrence of hysteresis and the observed increase at
relative pressures greater than 0.1 were associated with the filling of
mesopores (20 to 500 A). The calculated pore size distribution (inset of
Fig. 5A), determined by the density functional theory, verifies the
coexistence of micropores and mesopores. A bimodal size distribution
with two peaks centered at ca. 8 and 15 A was observed for 760 torr Cu-
BDC. Effective blockage of nitrogen probe molecules from the micro-
porous structure indicates the Cu-BDC with pore apertures smaller than
the crystallographic value of 5.2 A are obtained following our synthesis
and activation procedures. Similar pore size distributions were observed
in the case of 250 torr and 125 torr Cu-BDC but with fewer micropores.
The adsorption isotherm of 50 torr Cu-BDC shows slow nitrogen uptake
at low relative pressure, and the obtained pore size distribution suggests
the elimination of micropores below 14 A, which might be ascribed to
the structural and orientational changes due to the pressure variations.
MOF materials feature highly flexible pore apertures. In particular,
microstructures of 2D MOFs (including thickness, preferred orientation,
and interlayer structures) usually have a significant influence on their
gas adsorption performance [47]. As shown in Fig. 5B, Cu-BDC MOF has
a lamellar geometry that forms 2D tunnels along the (110) stacking
direction, while the (201) orientation is anticipated to expose reduced
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pore apertures. The ordered arrangement of apertures on the exposed
(110) plane is beneficial for reducing the diffusion path lengths so that
the 760 torr Cu-BDC exhibited reasonably higher N, adsorption capacity
than that of 50 torr Cu-BDC. The Brunauer-Emmett-Teller (BET) theory
has been justified to be applicable for gas adsorption in MOFs by Snurr
et.al and has been widely accepted in MOFs-related studies [48]. Anal-
ysis of the Nj sorption isotherms with the BET method revealed specific
surface areas of 471 m?/g for the 760 torr sample, comparable to those
reported for related MOF structures. The obtained result for the 50 torr
sample was 79 m?/g, indicating that the intrinsic sorption abilities of Cu-
BDC were weakened with decreasing operating pressure. The bulk Cu-
BDC can achieve a BET surface area of 352 mz/g (see SI S9). The
changes in both pore structure and surface area of the framework are
attributable to the generation of MOFs with different crystal
morphology and orientation under various operating pressures.

The variations in the porosity and surface properties of Cu-BDC lead
to different performances in gas adsorption as demonstrated with gas
adsorption isotherms in the 760 torr and 50 torr samples. The experi-
ment of pure component gas adsorption was performed with N (Fig. 6A)
and CO, (Fig. 6B) at 273 K and 293 K from O to 1 bar (0 to 101.3 kPa),
after which in-depth calculations were conducted to derive the isosteric
enthalpy of adsorption AH,qs through virial analysis or the Clausius-
Clapeyron approach [49]. The actual amount of adsorbed CO3 or Ny
in a unit mass of Cu-BDC adsorbent depends on the relative pressure and
the temperature together with adsorbate-adsorbent interaction energy.
All experimental adsorption results followed type I isotherms. The Ny
uptake capacity of 760 torr Cu-BDC at 1 bar and 273 K (0.96 mmol/g)
was high than that of 50 torr Cu-BDC (0.63 mmol/g). The uptakes of Na
at 293 K in 760 torr Cu-BDC and 50 torr Cu-BDC were much lower,
accounting for 0.1 mmol/g only. Interestingly, both Cu-BDC materials
showed high CO, uptake capacity (2.44 and 1.64 mmol/g) over Nj at 1
bar and 273 K, suggesting their suitability for the selective removal of
CO3 from COy/N; gas mixtures (see SI S9 for the bulk Cu-BDC sample).
To clarify the nature of CO5 adsorption, we fitted the isotherms at 273 K
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and 293 K simultaneously in Fig. 6B with Equation S6 to calculate
adsorption enthalpy based on Equation S7, which should be sufficient
for comparing the interaction of the adsorbed CO, with the Cu-BDC
materials. Fig. 6C shows the isosteric enthalpy of adsorption AHags
plotted against the amount of adsorbed CO,. The detailed calculation
procedure of AH,45 can be found in SI S10. The adsorption enthalpy data
show that the isosteric enthalpies for CO5 at/near-zero coverage were
—28.5 and —31.9 KJ/mol for 760 torr and 50 torr Cu-BDC, respectively.
These values reflect a strong effect of physisorption but remain below
the chemisorption energy, which enables facile COy release [50]. A
further positive feature of the 50 torr sample is the ratio of Henry’s
constant Ky for CO; and Ny adsorption is 29 (see Equation S8), indi-
cating its thermodynamic selectivity necessary for effective CO2/Ng
separation [51]. The optimization of the CO,-framework interaction is
an important factor to consider when targeting high adsorption selec-
tivity. Given that the Lewis acidic open metal sites can interact with the
oxygen atoms in CO, [52], more open copper sites in 50 torr Cu-BDC
implied by XPS analysis may be attributed to the stronger adsorption
affinity toward CO» than that of 760 torr Cu-BDC. Fig. 6C also suggests
an increase in the magnitude of AH,qs at high loadings of CO5, which can
be attributed to increasing CO,-CO; interactions [53,54]. The compar-
ison between the Clausius-Clapeyron approach and the virial analysis
for the calculation of the adsorption enthalpy of CO3 in 50 torr Cu-BDC is
presented in Fig. 6D. The Clausius-Clapeyron calculation seems to
deviate from the virial result at low and high relative loadings. To
conclude which approach is closer to the real values, direct calorimetric
measurements are mandatory. However, few systems have been
analyzed calorimetrically owing to the complexity of the experimental
procedure [55].

To further evaluate the CO5 capture selectivity, we applied the ideal
adsorbed solution theory (IAST) to analyze the adsorption behavior for
CO5, from a realistic gas mixture (15% CO, and 85 % N2, mimicking flue
gas composition [56,57]). The ideal adsorbed solution theory is a well-
established thermodynamic model to readily predict mixed-gas
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Fig. 6. (A-B) The pure component N, (A) and CO, (B) adsorption isotherms at 273 K and 293 K for metal-organic frameworks 760 torr Cu-BDC and 50 torr Cu-BDC.
(C) Isosteric enthalpy of adsorption of CO, for 760 torr Cu-BDC and 50 torr Cu-BDC from the virial analysis of CO, adsorption isotherms. (D) Isosteric enthalpy of
adsorption of CO; for 50 torr Cu-BDC from the virial analysis and Freundlich-Langmuir fit together with the Clausius-Clapeyron equation.
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adsorption isotherms from a set of pure-component adsorption iso-
therms [58-60]. The accuracy of the IAST method for evaluating
selectivity properties of a wide variety of porous materials has been
validated by comparing it with grand canonical Monte Carlo (GCMC)
simulations [61-63]. Using pure component isotherm data in Fig. 6A,B,
we obtained the adsorption selectivity defined by Saqs = (x1/%2)(y1/y2)
via the IAST calculations (SI S11). As shown in Fig. 7A, different sce-
narios for CO2/Nj selectivity were found with 760 torr and 50 torr Cu-
BDC MOFs owing to the variations of material properties caused by
operating pressure. Remarkably, 50 torr Cu-BDC showed an increase in
COy/Njy selectivity at 293 K with increasing absolute gas phase pressure,
while the selectivity factor at 273 K was insensitive to absolute pressure.
In contrast, CO2/Nj selectivity factors for 760 torr sample were smaller
than those of 50 torr sample at both 273 K and 293 K. Specifically, the
IAST selectivity of a CO2/Ng binary mixture (P = 100 kPa and T = 293 K)
is 29.5 for the 50 torr sample, which is higher than that of the 760 torr
sample by 32% and comparable to those selectivity values of CuBDC-
NOs-a (28) [64], UiO-66(Zr)-NO; (26.4) [65] and MIL-125-NH; (27)
[66]. As shown in Fig. 7B, the IAST calculation (P = 100 kPa and T =
293 K) yields a COy uptake of 0.84 mmol/g for the 50 torr Cu-BDC,
which is five times that of the Ny uptake. Since CO, and N5 molecules
have similar kinetic diameters (3.64 and 3.30 A, respectively) [67], the
observed high selectivity of the adsorbent is likely due to thermody-
namic separation correlated to the differences in physical properties of
the constituent gases (e.g. polarizability, quadrupole moment) which
affect the isosteric heat of adsorption [68]. Finally, the IAST calculation
was performed on the 50 torr Cu-BDC at P = 100 kPa and T = 293 K for
varying CO, composition. Fig. 7C shows that the component uptakes
follow opposite trends with increasing CO5 mole fraction. The result
reveals that co-adsorption of N3 could be minimized and selectivity
maximized in the 50 torr sample over the range of CO5 mole fraction

A
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above 0.3. Because the polarizability (a) and quadrupole moment (q) of
CO5 (a = 26.5 x 107 cm 4 3 x 102 esu”! em?) are greater than
those of Ny (a =17.6 x 10~ 25 cm?; ;q=1.52 x 1026 u! cm?) [69], a
high thermodynamic selectivity could be achieved through selective
discrimination between the gas molecules and Lewis acidic open metal
sites. Overall, these results indicate that 50 torr Cu-BDC has a strong
molecular sieving effect on CO2/N; mixtures, which might be attributed
to the generation of coordinately unsaturated metal sites and modifi-
cation of exposed pore structures.

Based on the above gas adsorption analysis, it can be concluded that
Cu-BDC synthesized at a substantially low operating pressure of 50 torr
exhibits decreased BET surface area, yet increased CO2/N> selectivity.
Under low operating pressure, increased diffusivity of DMF molecules
(Equation S2) caused dissociation of DMF molecules from the coordi-
nating metal atoms, generating pore-trapping species, while variations
in the heat and mass transfer kinematics caused changes in crystal
morphology and orientation, as suggested by results in Figs. 3 and 4. The
decreased BET surface area may be ascribed to the trapped DMF mole-
cules and the variations in the crystal structure. The open copper sites in
50 torr Cu-BDC concomitant with dissociation of DMF species poten-
tially led to a strong binding affinity toward CO, molecules. As sug-
gested by many prior studies, the presence of open copper sites would
increase the binding strength of CO adsorbate through electrostatic
interactions [70-72], which would improve CO, adsorption selectivity.
The increase in the magnitude of AH,4s together with the reduced
oxidation state of copper observed with 50 torr Cu-BDC implies the
existence of open copper sites. In a wider context, the described syn-
thesis strategy in this paper offers an effective way to fine-tune the
thermodynamics and kinetics of CO; capture materials, achieved by in
situ modification instead of pre- and post-synthetic modification, and
thus can help devise potential adsorbent materials toward highly
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selective CO; capture. As for deploying the MOF adsorbents for the end-
goal of scalable CO3 capture, we note that selectivity, capacity, lifetime,
and many other factors need to be balanced. These considerations will
be investigated more deeply in the follow-up work.

4. Conclusions

The synthesis of MOFs by a microdroplet-based spray route at sub-
stantially low operating pressures has been demonstrated for the first
time. The simulation of droplet evaporation suggests that operating
pressure can effectively modulate the evaporative environment and thus
impact the crystal growth. The successful synthesis of a series of Cu-BDC
MOFs in this study exemplifies that controlling the crystallization pro-
cess of MOFs under sub-ambient pressure is a viable approach to form
MOFs with excellent properties for CO, capture, such as massive open
metal sites and high CO; adsorption enthalpy. The proposed method not
only significantly reduces synthesis time, but also offers an effective way
to fine-tune the thermodynamics and kinetics of MOFs-based adsor-
bents. Thus, the presented research will enrich the fundamental un-
derstanding of the synthesis of nanoscale MOFs with controlled
structures and properties for adsorptive gas separation.
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