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ABSTRACT: We studied the effects of various surfactants on
the shape and morphology of three metal organic frameworks
(MOFs), i.e., Co-MOF, Cu-MOF, and In-MOF, which were
synthesized under microwave irradiation. The as-synthesized
materials were characterized by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), thermogravi-
metric analysis (TGA), and nitrogen sorption. The effects of
microwave irradiation time, temperature, and surfactant
template were investigated. The synthetic parameters,
including the type of surfactant template and the reaction
temperature, played crucial roles in the size, shape, and
morphology of the MOF microcrystals. We also evaluated these MOFs as sorbents for capturing CO2. Of the synthesized
materials, Cu-MOF demonstrated the highest CO2 capture capacity, even at atmospheric pressure and ambient temperature.
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■ INTRODUCTION

Materials with high porosity and low density have attracted
significant attention recently because they offer the combined
advantages of high surface area, high pore volume, and larger
pore size. In recent years, metal−organic frameworks (MOFs)
have emerged as a new class of hybrid, highly nanoporous
crystalline materials with extremely high porosity.1−9 MOFs
also possess tailorable molecular cavities, adjustable function-
ality, and extremely large surface area. They have been shown
to have potential applications in gas storage and separation,10

catalysis,11 drug delivery,8,12,13 and CO2 capture.
14−16

The surfactant-templating method has been widely used to
control the size and shape of metals and metal oxides.17,18

Recently, it was observed that surfactant templates can play a
decisive role in the preparation of mesoporous MOFs.19−26

The surfactant, which acts as a capping reagent during the
synthetic process, can decrease the surface energy and total
system energy via dipole−dipole interactions or van der Waals
forces that can control the crystal growth and facilitate the
formation of various morphologies. Despite the continuous
progress in this field, a rapid, shape-controlled synthetic
method for fabricating MOFs remains unavailable. Therefore,
a sustainable and effective shape-controlled synthetic route to
MOFs is highly desirable.
As a continuation of our work on shape- and morphology-

controlled nanomaterial synthesis and catalysis27−35 and a step
toward the development of novel CO2 sorbents,32 we report
the synthesis of MOFs with various shapes and morphologies
along with their application as sorbents for capturing CO2 at
atmospheric pressure. Three surfactants as structure-directing

agents, i.e., cetyltrimethylammonium bromide (CTAB), sodium
dodecyl sulfate (SDS), and pluronic triblock copolymer (P-
123), were used to construct Co-MOF, Cu-MOF, and In-MOF.
We used ligands bipyen (trans-1,2-bis(4-pyridyl)ethylene); ndc
(2,6-naphthalenedicarboxylic acid) for Co-MOF; BTC (1,3,5-
benzenetricarboxylic acid) for Cu-MOF; and Himdc (4,5-
imidazoledicarboxylate), H2dach (4,5-imidazoledicarboxylic),
and DMF (N,N-dimethylformamide) for In-MOF. We
obtained different shapes and morphologies for these MOF
microcrystals depending on the reaction conditions and
template used (Figure 1).

■ EXPERIMENTAL SECTION
Synthesis of Co-MOF. In a typical synthesis, the template (CTAB,

SDS, and P123) (0.5 g) was dissolved in water (25 mL) and stirred for
30 min. A mixture of Co(NO3)2.6 H2O (0.32 g), H2ndc (0.24 g), and
bipyen (0.20 g) in a molar ratio of 1:1:1 was stirred in an additional 25
mL of water for 30 min at room temperature. This mixture was then
added to the first solution with continuous stirring for 30 min. The
reaction solution was then transferred to a 60-mL Teflon-sealed
microwave reactor. The reaction mixture was exposed to microwave
(MW) radiation (800 W maximum power) at 180 °C for 4 h. To
determine the growth mechanism of the MOF crystals, we conducted
a series of experiments with varying reaction temperatures and times.
After the reaction mixture cooled to room temperature, the product
was isolated by centrifugation and washed thoroughly thrice with
water, thrice with ethanol, and once with acetone prior to air drying at
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room temperature. To completely remove the surfactant from the
pores, the product was refluxed in ethanol 6 times at 80 °C for 2 h.
Synthesis of Cu-MOF. To synthesize monodisperse Cu-MOF

nanocrystals, 0.314 g of Cu(NO3)·3H2O was dissolved in water (25
mL). BTC (0.1 M) in pure ethanol (13.3 mL) was added to this
aqueous solution. The mixture was stirred for 30 min at room
temperature, slowly added to the aqueous template solution, and then
stirred for an additional 30 min at room temperature. The reaction
solution was then transferred to a 60-mL Teflon-sealed microwave
reactor. The reaction mixture was exposed to microwave (MW)
radiation (800 W maximum power) at 120 °C for 4 h. The product

was then collected using the procedure described above for microwave
synthesis of the Co-MOF microcrystal.

Synthesis of In-MOF. To synthesize In-MOF nanocrystal rods, a
mixture of 4,5-imidazoledicarboxylic acid (0.014 g, 0.087 mmol),
In(NO3)3·2H2O (0.015 g, 0.0435 mmol), DMF (1 mL), CH3CN (1
mL), 1,2-diaminocyclohexane (0.1 mL, 10.75 M in DMF), and HNO3

(0.5 mL, 3.5 M in DMF) dissolved in water (25 mL) was stirred for 30
min prior to slow addition to the aqueous template solution and
stirring for an additional 30 min at room temperature. The reaction
solution was then transferred to a 60-mL Teflon-sealed MW reactor
and exposed to microwave (MW) radiation (800 W maximum power)

Figure 1. SEM images of the as-synthesized MOF microcrystals: (a and b) Co-MOF, (c) Cu-MOF, and (d) In-MOF. The images in the insets are
close-up views of the various MOF microcrystals.

Figure 2. SEM images of as-synthesized Co-MOF microcrystals with and without a surfactant: (a) without a surfactant, (b) CTAB, (c) SDS, and (d)
P123. The images in the insets are close-up views of the Co-MOF microcrystals. (MW at 120 °C for 0 min, ramp time 5 min.)
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at 120 °C for 4 h. The product was then collected by using the same
procedure described above for the microwave synthesis of Co-MOF
microcrystals.

■ RESULTS AND DISCUSSION

It is well-established that microwave (MW) heating promotes
rapid, uniform nucleation and crystallization in supersaturated
substrate solutions via a molecular rotation heating mecha-

nism.33−35 We therefore used a MW-assisted synthesis to

synthesize the MOFs. Microcrystals of various shapes and sizes

were prepared by tuning both the reaction time and

temperature in the presence of three different surfactants.

Figure 1 shows the scanning electron microscopy (SEM)

images of as-synthesized cobalt (Co), copper (Cu), and indium

(In) MOFs with various shapes.

Figure 3. SEM images of as-synthesized Co-MOF microcrystals in the presence of the CTAB surfactant. (a) MW at 120 °C for 5 min with a ramp
time of 5 min; (b) MW at 160 °C for 5 min with a ramp time of 30 min; (c) MW at 180 °C for 30 min with a ramp time of 30 min; and (d) MW at
180 °C for 4 h with a ramp time of 30 min. The insets show close-up views of Co-MOF microcrystals.

Figure 4. SEM images of as-synthesized Co-MOF microcrystals in the presence of SDS surfactant. (a) MW at 120 °C for 5 min, ramp time of 5 min;
(b) MW at 160 °C for 5 min, ramp time of 30 min; (c) MW at 180 °C for 30 min, ramp time of 30 min; and (d) MW at 180 °C for 4 h, ramp time
of 30. The images in the insets are close-up views of the Co-MOF microcrystals.
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A series of experiments with different reaction times and
temperatures were conducted to investigate the growth
mechanism of the MOF microcrystals. Time-resolved inves-
tigations of MOF crystallization allowed the detection of
crystalline intermediates under the individual reaction param-
eters. The shapes and morphologies of the MOF structures
were monitored using SEM. The material was also charac-
terized via thermogravimetric analysis (TG-DTA) and nitrogen

sorption. To determine the effect of the surfactant on the shape
and size of the product, contrasting experiments were
conducted in both the absence and presence of the various
surfactants. The SEM images in Figure 2 show the morphology
of as-synthesized Co-MOF microcrystals obtained at 120 °C
using a 5-min ramp time with and without the three surfactants
and clearly reveal that three different shapes exist for the Co-
MOF microcrystals. Figure 2 indicates that Co-MOF

Figure 5. SEM images of as-synthesized Co-MOF microcrystals in the presence of P123 surfactant. (a) MW at 120 °C for 5 min, ramp time of 5
min; (b) MW at 160 °C for 5 of min, ramp time 30 min; (c) MW at 180 °C for 30 min, ramp time of 30 min; and (d) MW at 180 °C for 4 h, ramp
time of 30 min. The images in the insets are close-up views of the Co-MOF microcrystals.

Figure 6. SEM images of as-synthesized Co-MOF microcrystals in the absence of a surfactant. (a) MW at 120 °C for 5 min, ramp time of 5 min; (b)
MW at 160 °C for 5 min, ramp time of 30 min; (c) MW at 180 °C for 30 min, ramp time of 30 min; and (d) MW at 180 °C for 4 h, ramp time of 30
min. The images in the insets are close-up views of the Co-MOF microcrystals.
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synthesized without a surfactant (no template) had a spindle-
like microrod crystalline structure, whereas small crystal flakes
(nanosheets/nanoplates) formed when the Co-MOF was
prepared using CTAB. Nanosheets with relatively consistent
sizes were observed when SDS was used as the surfactant.
Nanorod-like shapes formed for the Co-MOF samples prepared
in the presence of the P123 surfactant.
A detailed study was conducted to determine the effects of

the template, reaction temperature, and time on the size, shape,
and morphology of MOF microcrystals. The surfactants had a
pronounced effect on the size and morphology of the materials.
The surface layers of the crystals were found to incorporate the
surfactants, provided that there was a degree of complemen-
tarity between the charge and size of the guest ions and
interstices in the structure of the crystal boundary layers. Figure
3 shows as-synthesized Co-MOF microcrystals prepared using
CTAB as the surfactant. The addition of the CTAB surfactant
created distinctive differences in the size and morphology of the
products. The figure clearly indicates that layer-by-layer growth
from small primary nanosheets to the final layered microrods
occurred as the temperature was increased from 120 to 160 °C
and as the time increased from 5 to 30 min (Figure 3a and b).
Further increases of the reaction temperature and time to 180
°C and 30 min, respectively, led to the continuous growth of
the microcrystals (Figure 3c and d).
Scanning electron microscopy (SEM) images of the as-

synthesized Co-MOF microcrystals obtained using SDS as a
template are shown in Figure 4. This figure shows the 3D
growth process of the primary nanosheets/nanoplates into
larger multilayered microcubes after the temperature was
increased from 120 to 160 °C and the time was increased
from 5 to 30 min (Figure 4a and b). A further increase in the
reaction temperature to 180 °C and reaction time to 30 min led
to the continued growth of the microcubes into larger Co-MOF
microcrystals. This finding suggests that relatively large Co-
MOF microcrystals may grow from aggregated nascent
nanosheets and that the presence of SDS is crucial for forming
Co-MOF microrods with a relatively uniform size and shape.
The polymeric P123 surfactant yielded aggregated nanorods.

Figure 5 clearly shows the growth process of the primary
nanothreads into the larger multilayered microcrystals. A closer
inspection of these nanorods (Figure 5d) reveals that they are
composed of a large number of layered nanorods that are both
interconnected with each other and self-organized in three
dimensions to form Co-MOF microcrystals.
To determine the role that the various surfactants play in the

growth mechanism of the Co-MOF microcrystals into different
shapes and morphologies, time and temperature dependency
was evaluated without the use of a surfactant by increasing the
temperature from 120 to 160 °C and the time from 5 to 30
min. SEM images (Figure 6a and b) suggest that the growth
process begins with small rectangular nanorods and eventually
forms micrometer-sized rods. Increasing the reaction temper-
ature and time further to 180 °C and 30 min, respectively, led
to the continuous growth of these microrods (Figure 6c).
Increasing the time to 4 h did not increase the size of the
microrods further (Figure 6d).
As shown in Figure 6, primarily large, irregular microcrystals

in the size range of 5−10 μm were obtained without a
surfactant. The addition of various surfactants resulted in
distinct variations in the size and morphology of the products.
This finding clearly suggests that relatively large MOF
microcrystals may be grown from aggregated primary nano-

sheets. The presence of a surfactant template is crucial for
forming nanorods/nanosheets with relatively uniform sizes and
shapes.

Textural Properties of the MOF. The textural properties
of as-synthesized Co, Cu, and In MOFs were investigated by N2
adsorption−desorption analysis. The N2 adsorption and
desorption isotherms presented in Figure 7 show that more

N2 gas was absorbed by Co-MOF samples prepared using the
SDS template than those prepared using the CTAB and P123
templates. A comparatively low amount of N2 gas was absorbed
by Co-MOF samples prepared without any surfactant template
(Figure 7). In addition, the larger hysteresis loops observed for
the samples synthesized without a surfactant template indicate
these samples had more pores with restricted access. All of the
samples prepared without a template produced type-I
isotherms, which are characteristic of microporous materials.
The samples prepared using the CTAB, SDS, and P123
templates produced type IV isotherms, which are characteristic
of mesoporous materials.
Table 1 (see the Supporting Information, Figures S3 and

S11) shows the physical and textural properties of Co-MOF
and In-MOF samples, and Table 2 (also see Supporting
Information, Figure S6) shows the same properties for Cu-
MOF samples. Table 1 shows a slight decrease in BET surface
area for Co-MOF samples with increasing MW irradiation time
(from 5 min to 4 h) and temperature (from 120 to 180 °C).
This decrease may be the result of the increased size of the Co-
MOF microcrystals.
Additionally, the effect of washing with ethanol on the

textural properties of the Cu-MOF samples was also studied.
Table 2 shows (see Supporting Information, Figure S6) the
effect of varying the number of ethanol washes at 80 °C for 2 h.
As the number of washes increased, the Brunauer−Emmett−
Teller (BET) surface area and pore volume of the Cu-MOF
samples increased. This increase in BET surface area and pore
volume was associated with the removal of residual organic
components (surfactant) from the pores of the MOF
microcrystals. A similar trend was observed for Cu-MOF
samples prepared using CTAB or P123 (Table 2).
The as-synthesized MOFs were also studied using powder X-

ray diffraction (XRD) and thermogravimetric-differential
analysis (TG-DTA). Figure 8 shows the XRD and TG-DTA

Figure 7. N2 adsorption/desorption isotherms for the Cu-MOF
microcrystals synthesized under microwave irradiation in the absence
and presence of surfactants: (a) without surfactant, (b) CTAB, (c)
SDS, and (d) P123. (MW at 120 °C for 0 min, ramp time of 5 min.)
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patterns of Co-MOFs synthesized under microwave irradiation
with and without the various surfactants using varying MW
irradiation times and temperatures (Supporting Information,
Figure S1). The main peak at 2θ = 9.86 corresponding to the
Co-MOF microcrystal plane was observed in all samples, which
confirms that Co-MOF crystals were successfully synthesized
via microwave irradiation in the absence and presence of
various surfactants. In addition, all of the samples were
confirmed to be crystalline, and the relative crystallinity
increased as the irradiation time increased (Supporting
Information, Figure S1 (V)). A comparison of the powder X-
ray diffraction results for Cu-MOFs to the standard XRD peaks
of BTC (Supporting Information, Figure S7) indicated that the
microcrystals obtained in the presence and absence of various
surfactants were Cu-BTC MOFs.
The TG-DTA results for Co-MOF microcrystals synthesized

using various surfactants and different MW irradiation times
and temperatures were compared to those for samples prepared
in the absence of any surfactant template. Figure 8 clearly
demonstrates negligible weight loss in all of the Co-MOF
samples at approximately 120 °C that arose from water
molecules trapped in the micropores. There was no weight loss
up to 325 °C for the samples prepared using CTAB and SDS.
Both for samples prepared without a surfactant and for those
prepared using P123, a steady, negligible weight loss was
observed up to 350 °C. The sharp decrease in weight at 350 °C
for all of the Co-MOF samples can be attributed to the thermal
decomposition of the organic frameworks in the Co-MOF
microcrystals. The sharp exothermic peaks in the DTA curves
above 350 °C indicate the oxidation of the organic groups.
These results were consistent for samples obtained using
different MW irradiation times and temperatures (Supporting
Information, Figure S2 (II−V)). Furthermore, we compared
the TG-DTA results for the Cu-MOF and In-MOF samples
synthesized in the absence of any surfactant to those for
samples synthesized using the various surfactants. We observed
a similar trend for all of the samples, regardless of the absence
or presence of the various surfactants (Supporting Information,
Figures S5 and S9).

Carbon Dioxide (CO2) Capture. CO2 is one of the major
sources of the greenhouse effect, and significant efforts are
currently directed to capturing CO2 and preventing it from
entering the atmosphere. Conventionally, such CO2 sequester-
ing has been accomplished via physical or chemical absorption

Table 1. Textural Properties of Co-MOF and In-MOF
Microcrystals Synthesized Using Different Microwave
Heating Times and Temperatures

sample ID
BET surface area

(m2/g)
average pore
diameter (Å)

BJH pore volumes
(cm3/g)

Cobalt-MOF (MW-120 °C for 0 min, ramp time of 5 min)
no template 226 10.23 0.063
CTAB 293 11.26 0.078
SDS 317 11.59 0.072
P123 280 13.41 0.065
Cobalt-MOF (MW-120 °C for 5 min, ramp time of 5 min)
no template 193 9.50 0.061
CTAB 281 11.04 0.073
SDS 279 11.49 0.069
P123 273 13.09 0.064
Cobalt-MOF (MW-160 °C for 5 min, ramp time of 30 min)
no template 179 10.21 0.057
CTAB 276 12.10 0.069
SDS 271 12.39 0.065
P123 267 13.47 0.062
Cobalt-MOF (MW-180 °C for 30 min, ramp time of 30 min)
no template 174 10.79 0.051
CTAB 267 12.51 0.063
SDS 264 13.82 0.059
P123 253 14.12 0.063
Cobalt-MOF (MW-180 °C, for 4h, ramp time of 30 min)
no template 162 11.61 0.054
CTAB 257 13.10 0.068
SDS 249 14.33 0.079
P123 235 15.30 0.064
Indium-MOF (MW-120 °C for 4 h, ramp time of 30 min)
no template 320 11.86 0.061
CTAB 432 12.10 0.071
SDS 530 11.39 0.065
P123 327 10.17 0.057

Table 2. Textural Properties of Cu-MOF Microcrystals
Synthesized by Microwave Heating

sample ID
BET surface area

(m2/g)
average pore
diameter (Å)

BJH pore volumes
(cm3/g)

Cu-MOF series (no template)
1st wash 904 27.85 0.069
2nd wash 912 28.16 0.071
3rd wash 953 29.23 0.074
4th wash 977 29.67 0.075
5th wash 981 29.81 0.076
6th wash 984 29.83 0.078
(CTAB)
1st wash 1098 33.10 0.058
2nd wash 1160 33.38 0.065
3rd wash 1243 33.57 0.076
4th wash 1336 33.74 0.079
5th wash 1339 33.76 0.086
6th wash 1344 33.79 0.087
(P123)
1st wash 967 29.87 0.063
2nd wash 1098 30.05 0.064
3rd wash 1193 30.91 0.068
4th wash 1245 31.74 0.074
5th wash 1263 32.61 0.078
6th wash 1265 33.19 0.081

Figure 8. Powder X-ray diffraction patterns and TG-DTA curves for
Co-MOFs synthesized with and without surfactants: (a) without
surfactant, (b) CTAB, (c) SDS, and (d) P123. (MW at 120 °C for 0
min, ramp time of 5 min.)
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using aqueous basic solvents, such as amine solutions, with
limited success because of the thermal instability of the
solvents. Solid sorbents such as functionalized silica, zeolites,
and carbon-based materials were then used because of their
improved stability. In this regard, MOFs represent an important
class of high-surface-area materials for CO2 capture with high
capture capacity and good thermal stability.14−16,36 These
properties led us to investigate as-synthesized Cu, Co, and In
MOFs for the capture of CO2.
Figure 9 shows the CO2 adsorption/desorption performance

of the as-synthesized MOFs up to a pressure of 10 bar at 25 °C

using a volumetric technique. Cu-MOF showed better CO2
capturing capacity than In- or Co-based MOFs. For all three of
the MOFs, the CO2 capture capacity increased with increasing

pressure, which is indicative of the typical physisorption
behavior for these materials.
MOFs were synthesized using an organic ligand (BTC)

linked through metal joints (Cu, Co, and In) to form a porous
framework. The specific metal used can significantly affect the
adsorption capacity.14,37 The nature of the interactions of CO2
with the MOF depends on the bond between the metal center
and the organic ligand, which dictates the electrostatic factor
with the metal center having a partial positive charge. Increased
exposure of these positive charges, even to the inner surface of
the MOF, increases their interactions with CO2, which
increases the CO2 capture capacity. To study this phenomenon,
we tried to expose more of the metal center by repeatedly
washing the MOF. Because the Cu-MOF samples exhibited the
highest CO2 capturing capacity of the studied materials, we
chose this MOF to study the effects of repeated washing. Figure
10 shows the effect of washing on the CO2 capture capacity for
Cu-MOFs synthesized using different surfactants and without a
surfactant. In all cases, the capture capacity increased for the
first 3 washes. This number of washes also increased the surface
area of the samples (Table 2). Thus, we concluded that, during
these 3 washes, the removal of the surfactant (Supporting
Information, Table S1) exposed an increasing number of
cationic sites,14,37 which resulted in increased CO2 capture
capacity. Similar observations were obtained for the Co- and In-
MOFs (Figure 11).

■ CONCLUSION
In summary, we studied the effects of three surfactant templates
(CTAB, SDS, and P123) on the size, shape, and morphology of
three MOF (Co, Cu, and In) microcrystals. These surfactants
strongly influenced the textural properties, morphology, and
CO2 capturing capacity of the as-synthesized MOF microcrystal
samples. MOF microcrystals synthesized in the presence of a
surfactant had highly porous nanostructures, whereas those
synthesized without a surfactant had less porous nanostruc-
tures. We also studied the CO2 capture capacity of the as-

Figure 9. CO2 adsorption isotherms of as-synthesized Co-, In-, and
Cu-based MOFs.

Figure 10. Effect of washing on the CO2 adsorption isotherms for Cu-MOF (a) without using template, (b) using CTAB, and (c) using P123.
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synthesized MOF microcrystals. Of the synthesized materials,
the Cu-MOF samples exhibited the highest CO2 capture
capacity.
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