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ABSTRACT: Ammonia has emerged as a potential working fluid in adsorption heat pumps (AHPs) for clean energy conversion. It
would be necessary to develop an efficient adsorbent with high-density ammonia uptake under high gas pressures in the low-
temperature range for waste heat. Herein, a porous nanocomposite with MIL-101(Cr)-NH2 (MIL-A) and reduced graphene oxide
(rGO) was developed to enhance the ammonia adsorption capacity over high ammonia pressures (3−5 bar) and low working
temperatures (20−40 °C). A one-pot hydrothermal reaction could form a two-dimensional sheet-like nanocomposite where MIL-A
nanoparticles were well deposited on the surface of rGO. The MIL-A nanoparticles were shown to grow on the rGO surface through
chemical bonding between chromium metal centers in MIL-A and oxygen species in rGO. We demonstrated that the nanocomposite
with 2% GO showed higher ammonia uptake capacity at 5 bar compared with pure MIL-A and rGO. Our strategy to incorporate
rGO with MIL-A nanoparticles would further be generalizable to other metal−organic frameworks for improving the ammonia
adsorption capacity in AHPs.

1. INTRODUCTION

Ammonia has emerged as an alternative tool to realize carbon-
free energy conversion.1−4 Ammonia is composed of three
hydrogen atoms and one nitrogen atom, and it can be utilized
as a potential hydrogen carrier for fuel cells.5−7 Ammonia can
be stored and transported more efficiently and safely than
hydrogen because of its easy liquefication and high specific
mass density of hydrogen atoms.8 In addition, ammonia has
become a great candidate as a working fluid in adsorption heat
pumps (AHPs).1,4,9 In contrast to conventional heat pumps
that adapt an electrical condenser with hydrofluorocarbon as a
refrigerant, environmentally friendly heat sources such as waste
heat and solar heat are applied to the AHPs with water,
alcohol, or ammonia as working fluid.10 Ammonia is
considered as the most advantageous working fluid for
achieving high performance in the AHPs, in terms of its high
vapor pressure and mass transfer.11 Developing an adsorbent
with high ammonia uptake capacity under high pressures and
low temperatures will help to realize carbon-free energy
conversion systems.

Inorganic materials such as metal halides, zeolites, and silica
have been commonly used as adsorbents for ammonia.11−14

Metal halides could easily form metal−ammine complexes with
ammonia through chemical equilibrium.3 In spite of their high
adsorption capacity for ammonia, metal halides showed low
durability to repeated ammonia adsorption and desorption
cycles because of salt swelling and agglomeration.15 Zeolite
and silica have shown improvement in structural durability,16,17

while the adsorbed amount of ammonia could not exceed that
of metal halide salts.11,12 Therefore, it is necessary to develop
an efficient adsorbent that accommodates both advantages,
structural stability and high adsorption capacity for ammonia.
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There has been much effort to seek metal−organic
frameworks (MOFs) that can have high ammonia uptake
capacity and durability at various ammonia pressures.18−20

MOFs are composed of metal nodes and organic linkers, and
they have shown great specific surface area in contrast to
conventional inorganic porous materials.21 A variety of these
building units provide diversity in the pore size, geometry, and
chemical property. Precise control of complex interactions
between MOFs and ammonia molecules in terms of specific
surface area, functional groups in the linker, and open metal
sites in the secondary building unit would be considered for
improving the ammonia adsorption performance.22−26 How-
ever, the ammonia adsorption capacity by MOFs has not been
superior to that reported by metal halide salts, and there have
been a few reports that investigated ammonia uptake
performance with MOFs at high ammonia pressures at low
working temperatures corresponding to waste heat.
Herein, we introduced graphene oxide (GO) to MIL-

101(Cr)-NH2 (MIL-A) and developed a nanocomposite that
consisted of MIL-A nanoparticles and reduced graphene oxide
(rGO) sheets. MIL-A/rGO nanocomposites with different
contents of GO were investigated for ammonia uptake capacity
under high ammonia pressures (3−5 bar) and low working
temperatures (20−40 °C). MIL-A was selected because of its
high specific surface area and ammine group on its linker that
could function as an adsorption site for ammonia through
hydrogen bonding.27−29 The introduction of GO or rGO on
MOFs has shown synergistic effects on gas adsorption,
separation, and sensing due to unique interfacial nanostruc-
tures and enhanced conductivity.30−35 A composite between a
copper-based MOF and GO could have more unsaturated
copper sites and small micropores at the heterogeneous
interfaces, which allowed excellent CO2 uptake.

32 In addition,
polypyrrole-coated rGO could improve the electrical con-
ductivity of Cu-BTC MOF for ammonia sensing, where BTC
stands for benzene-1,3,5-tricarboxylate.34 Thus, such structural
properties would be anticipated in the MIL-A/rGO nano-
composite for high-pressure ammonia adsorption. It was found
that incorporation of rGO sheets to MIL-A nanoparticles could
generate mesoscale interfacial cavities between MIL-A and
rGO, which eventually allowed the nanocomposite to have the
highest ammonia uptake at 5 bar than homogeneous MIL-A
and rGO, respectively.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Chromium nitrate nonahydrate (99%,

Cr(NO3)3·9H2O, Sigma-Aldrich), 2-aminoterephthalic acid
(99%, C8H7NO4, Alfa Aesar), sodium hydroxide (99.99%,
NaOH, Sigma-Aldrich), 1% graphene oxide aqueous solution
(10 g/L, Grapheneall Co., Ltd.), methyl alcohol (99.5%,
CH3OH, Daejung), N,N-dimethylformamide (>99.8%,
HCON(CH3)2, Daejung), and ammonia gas (99.9995%,
NH3, Daesung Industrial Gases Co., Ltd.) were purchased
and used without further purification. Deionized water (18.2
MΩ·cm at 25 °C) purified by a Merck Millipore Direct Q3 UV
Water Purification System was used for all washing and
aqueous solution preparation. Autoclave Teflon containers
were treated with aqua regia (a mixture of HCl and HNO3
with a volume ratio of 3:1) and 3 M NaOH repeatedly, washed
with deionized water, and dried immediately before use.
2.2. Synthesis of MIL-A/rGO Nanocomposites.MIL-A/

rGO nanocomposites with different GO ratios were prepared
according to the literature method with modifications.36 An

aqueous solution of GO was diluted with deionized water in a
200 mL Teflon container, where the volume of the GO
solution was set as follows: 0 mL for MIL-A/rGO (0%), 1 mL
for MIL-A/rGO (1%), 2 mL for MIL-A/rGO (2%), 4 mL for
MIL-A/rGO (4%), 8 mL for MIL-A/rGO (8%), and 100 mL
for MIL-A/rGO (100%). The total volume of the diluted GO
solution was adjusted to 80 mL under each condition by
adding deionized water, excluding MIL-A/rGO (100%).
Cr(NO3)3·9H2O (5.334 g for 0%, 5.281 g for 1%, 5.175 g
for 2%, 4.968 g for 4%, and 4.571 g for 8%) and 2-
aminoterephthalic acid (2.400 g for 0%, 2.376 g for 1%, 2.328 g
for 2%, 2.235 g for 4%, and 2.057 g for 8%) were added to the
diluted GO solution and dissolved well, respectively. Each
solution was mixed well by a homogenizer at 8000 rpm for 10
min. NaOH (1.332 g for 0%, 1.319 g for 1%, 1.306 g for 2%,
1.279 g for 4%, and 1.226 g for 8%) in 20 mL of deionized
water was added into the mixture during the homogenizing.
After 2 min, the mixture in a Teflon container was sealed in a
stainless steel autoclave. It was placed in an oven at 150 °C for
12 h for the hydrothermal reaction. Then, it was cooled down
at room temperature for 6 h and transferred into six 50 mL
conical tubes by ∼16 mL. It was centrifuged at 5000 rcf for 10
min, and the supernatant was removed as much as possible.
The remaining product was dispersed with 40 mL of N,N-
dimethylformamide and centrifuged at 5000 rcf for 10 min.
After the supernatant was removed, the remaining product was
dispersed with 100 mL of methyl alcohol and transferred into a
200 mL Teflon container. It was sealed in a stainless steel
autoclave and placed in an oven at 100 °C for 24 h. Then, it
was cooled down at room temperature for 6 h. It was
transferred into six 50 mL conical tubes by ∼16 mL. It was
centrifuged at 5000 rcf for 10 min, and the supernatant was
removed as much as possible. The remaining product was
dispersed with 40 mL of methyl alcohol and centrifuged at
5000 rcf for 10 min. The wet product was transferred into a 50
mL vial and dried in an oven at 80 °C for 12 h. Note that the
nanocomposite with the GO ratio higher than 8% was formed
as aerogels instead of particulates. MIL-A/rGO (100%) was
broken into pieces as much as possible before characterization
to avoid any influence from the macroscopic difference.

2.3. Characterization. All samples were characterized after
being treated at 80 °C under vacuum for 6 h. An FEI Tecnai
TF30ST transmission electron microscope (TEM) with a
ZrO/W(100) Schottky emitter at 300 kV was used for material
characterization. A JEM-ARM200F Cs-corrected scanning
transmission electron microscope (JEOL) was used for
elemental mapping. A small amount of sample was dispersed
in 1 mL of ethyl alcohol by sonication for 5 min, and the
sample solution (10 μL) was dropped and dried on a TEM
grid before TEM imaging. A TESCAN S8000 scanning
electron microscope (SEM) was used for analyzing morphol-
ogy. The sample solution (20 μL) was dropped and dried on a
silicon wafer (0.5 cm × 0.5 cm) before SEM imaging. A D8
Advanced A25 (BRUKER) was used for powder X-ray
diffraction (XRD) measurement. Infrared (IR) spectra were
obtained using a Nicolet iS5 FTIR spectrometer (Thermo
Fisher Scientific) with iD7 ATR Accessory. Raman spectra
were measured by a DXR2xi Raman imaging microscope
(Thermo Fisher Scientific) with a DXR 532 nm filter. A
Belsorp-mini II (MicrotracBEL) was used to analyze the
Brunauer−Emmett−Teller (BET) surface area and the
Barrett−Joyner−Halenda (BJH) pore distribution. N2 adsorp-
tion and desorption were measured at 77.5 K.
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2.4. Ammonia Adsorption Measurement. All samples
were characterized after being treated at 80 °C under vacuum
for 6 h. The dried sample (0.2 g) was placed and sealed tightly
in a 125 mL chamber of our customized high-pressure gas
sorption analyzer. The chamber temperature was adjusted to
39.95 ± 0.32 °C by heating tape connected to a proportional−
integral−differential (Hanyoung Nux, VX7-USNA-A2) (PID)
controller with a thermocouple (Omega Engineering, ±0.2%
FS) while ammonia gas flowed into the chamber. The initial
charge pressure was adjusted to between 3 and 5 bar, and it
was sufficiently held until stabilized at the targeted pressure.
After stabilization of the gas pressure, the heating tape was
turned off and the chamber was cooled with water at 20.02 ±
0.18 °C driven by a bath circulator (Jeio Tech, RW3-3025P,
±0.05 °C). When the gas pressure in the cooled chamber was
stabilized, the ammonia pressure drop in the chamber was
measured by a pressure sensor (Sensys, PSCD0015BCPG-W,
0−15 bar, ±0.25% FS) and acquired by a data acquisition
system (Keysight, DAQ970A). Manometric measurements
between 40 and 20 °C were converted as the mass of adsorbed
ammonia by the ideal gas law. Note that any ammonia pressure
drop by the chamber wall from 40 to 20 °C was excluded in
calculating the amount of adsorbed ammonia.

3. RESULTS AND DISCUSSION

MIL-A/rGO nanocomposites were synthesized with different
GO ratios, and their nanoscale structures were characterized by
electron microscopic measurements (Figures 1, S1, and S2). As
the GO ratio increased, MIL-A/rGO nanocomposites trans-
formed from particulate-like to sheet-like agglomerates. Pure
MIL-A without GO was formed as particulate-like agglomer-
ates with 131.0 ± 96.4 nm in diameter, which were composed
of individual polyhedral nanoparticles with 30.7 ± 11.8 nm in
length (Figures 1a and S3). On the other hand, MIL-A/rGO
(8%) was formed as two-dimensional (2D) sheet-like
agglomerates (Figure 1b), which resembled the shape of 2D
rGO sheets without MIL-A (Figure 1c). Unlike pure rGO
sheets without MIL-A, MIL/rGO (8%) contained rough
surfaces that corresponded to the MIL-A nanoparticles. MIL-A
nanoparticles in MIL-A/rGO (8%) seemed to be mingled well
with the rGO sheets. Elemental mapping also demonstrated
the uniform distribution of chromium from MIL-A nano-

particles over the rGO sheets in MIL/rGO (8%) (Figure S4).
MIL-A nanoparticles could be readily nucleated and grown on
the rGO sheets during the hydrothermal reaction, resulting in
the facile deposition of MIL-A nanoparticles on the rGO
surface. The size of MIL-A nanoparticles in MIL-A/rGO (8%)
was measured as 27.6 ± 8.8 nm (Figure S3), slightly smaller
than that of pure MIL-A. The presence of GO may have an
influence on the nucleation and growth of MIL-A nano-
particles.
The crystallinity of MIL-A/rGO nanocomposites with

different GO ratios was confirmed by XRD (Figure 2). All

nanocomposites showed the representative XRD peaks for the
porous periodic framework of MIL-A, at 5.1° for {511}, 5.8°
for {531}, 8.5° for {660}, and 9.0° for {753}.37 The full width
at half-maximum (FWHM) between 8.5 and 9.0° appeared to
increase as the GO ratio in the nanocomposite increased,
implying the size decrease of MIL-A nanoparticle.38 It could be
ascribed that the GO sheets provided more nucleation sites for
MIL-A than in the absence of GO and consequently promoted
the formation of smaller MIL-A nanoparticles. According to
the literature,39,40 GO could induce distortion in the MOF
growth when the nanocomposite between MOF and GO was
formed. We assumed that such interruption could lead to
changes in MIL-A nanoparticle size along with the MIL-A
crystallinity.

Figure 1. Electron microscopy images of MIL-A/rGO nanocomposites with different GO ratios (0% for (a), 8% for (b), and 100% for (c)). TEM
images are in the upper row, and SEM images are in the bottom row. Scale bar: 30 nm in TEM images and 300 nm in SEM images.

Figure 2. XRD patterns of MIL-A/rGO nanocomposites with
different GO ratios (from bottom to top: 0, 1, 2, 4, and 8%).
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Bonding interactions between MIL-A and rGO in the
nanocomposite were investigated by IR spectroscopy (Figures
3a and S5). The characteristic vibration modes of the amine
group in the linker of MIL-A were shown at 1340 cm−1 for CN
stretching, 1618 cm−1 for NH bending, 3350 cm−1 for
symmetric NH stretching, and 3462 cm−1 for asymmetric
NH stretching (Figure S5),36,41 and there was no significant
shift in these peaks of the nanocomposites with different GO
ratios. Since the amine group could be sensitive to
intermolecular interaction such as hydrogen bonding or
acid−base reaction,42 we could presume that the chemical
environment inside the micropore of MIL-A was not affected
by the compositing with GO. However, the asymmetric
stretching mode of the carboxylic acid group in the linker was
shown to red-shift from 1592 cm−1 for pure MIL-A to 1569
cm−1 for the nanocomposite with 8% of GO (Figure 3a). The
interfacial interaction between MIL-A and rGO was likely to
emerge in the nanocomposite with higher GO ratios, led by
additional bonds formed between carboxylates on the surface
of rGO and undercoordinated chromium metal center from
MIL-A. Our control experiment from the hydrothermal
reaction between chromium precursor and GO revealed an
apparent redshift of the asymmetric stretching mode of a
carboxylic acid group to 1560 cm−1 (Figure S6). This
supported that the redshift of the asymmetric stretching
mode in the MIL-A/rGO nanocomposite could be attributed
to coordination between carboxylates of GO and chromium of
MIL-A formed during the hydrothermal reaction, implying that
GO served as nucleation sites for MIL-A nanoparticles.
In addition, we examined the characteristic signals of rGO in

the nanocomposites with different GO ratios via Raman
spectroscopy (Figure 3b). Pure rGO clearly displayed the D
band at 1347 cm−1 and the G band at 1593 cm−1, originating
from the aromatic ring in the rGO sheets.43 The relative
intensity ratio of the D and G bands, ID/IG, could be
investigated to evaluate the structural deficiency of rGO
(Figure 3c).44 The D band intensity is known as proportional
to the degree of defects in graphene, and the G band refers to
sp2 carbon atoms in the six-membered aromatic ring.45,46 The
ID/IG value increased from 0.88 with MIL-A/rGO (1%) to
1.11 with pure rGO, demonstrating that the rGO structure in
the nanocomposite has fewer defective sites than pure rGO. In
other words, the presence of MIL-A nanoparticles could
reduce the formation of defects on the GO sheet during the
hydrothermal reaction, in that predominant incorporation
between GO and MIL-A could prohibit chemical reduction of
GO with more defects on the six-membered ring structure in
the hydrothermal process.

The porous properties of the nanocomposites with different
GO ratios were examined from N2 physisorption (Figure 4).

The N2 isotherms of the nanocomposites showed that their
porosity belonged to type I with micropores mostly originating
from MIL-A,47 whereas the porosity of pure rGO was classified
as type IV with dominant mesopores (Figure 4a).48 As the GO
ratio in the nanocomposite increased, its BET surface area
gradually decreased, e.g., by ∼58% from 1934 m2/g for pure
MIL-A to 812 m2/g for MIL-A/rGO (8%) (Table S1). The
addition of GO gave rise to a decrease in the number of
micropores in MIL-A, while the mass fraction of GO in the
nanocomposite could not be more dominant than that of MIL-
A. Such large reduction in the BET surface area of MIL-A/
rGO (8%) could be attributed to the increase in the
mesoporosity of rGO as well as distortion in the micropores
of MIL-A by the addition of GO. Although the BET surface
area decreased upon compositing MIL-A with GO, the
adsorption capacity, excluding that by the micropores in the
low relative pressures up to 0.3 in P/P0, was shown as the
highest for MIL-A/rGO (2%), 501 cm3/g, followed by pure
MIL-A, 321 cm3/g, and MIL-A/rGO (4%), 319 cm3/g. Such
high adsorption capacity in MIL-A/rGO (2%) was also
represented with its larger pore diameter and total pore
volume than the other nanocomposites (Figure 4b and Table
S1). According to the literature,49−51 the adsorption at the
relative pressure from 0.300 to 0.962 could occur through
capillary condensation of adsorbates, where mesoscale cavities
would play a critical role. We anticipated that such mesoscale
cavities would be beneficial for increasing adsorption capacity,
facilitating the storage of gas molecules.
Ammonia adsorption capacity by the nanocomposites with

different GO ratios in the temperature range (20−40 °C),
corresponding to waste heat utilization was measured by our
customized high-pressure gas sorption analyzer (Figure 5 and
Table S2). We could measure the amount of ammonia

Figure 3. (a) IR spectra of MIL-A/rGO nanocomposites with different GO ratios (from bottom to top: 0, 1, 2, 4, and 8%). (b) Raman spectra of
MIL-A/rGO nanocomposites with different GO ratios (from bottom to top: 0, 1, 2, 4, 8, and 100%). (c) Correlation plot with the peak intensity
ratios between the D band and G band as a function of the GO ratio. The dotted lines are a guide to the eye.

Figure 4. (a) Isotherm linear plots for N2 physisorption with MIL-A/
rGO nanocomposites (GO ratio: 0, 1, 2, 4, 8, and 100%). (b) Pore
diameter distribution with MIL-A/rGO nanocomposites (GO ratio:
0, 1, 2, 4, 8, and 100%).
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molecules that reversibly adsorb and desorb at temperature
swings under a high ammonia pressure (Figure 5a). The initial
ammonia gas pressure in the chamber was first adjusted to
between 3 and 5 bar at 40 °C, and pressure drop during
cooling to 20 °C was measured and transformed to the amount
of adsorbed ammonia molecules. Note that there was little
influence of GO in MIL-A/rGO (2%) for the ammonia
adsorption since most GO could be reduced to rGO during the
hydrothermal reaction (Figure S6). As the initial ammonia
pressure increased from 3 to 5 bar (Figure 5b), the ammonia
uptake increased for MIL-A/rGO (2%) and pure rGO.
However, pure MIL-A showed a gradual decrease in the
adsorption capacity according to the increase in the ammonia
pressure. It was presumed that such discrepancy in the
ammonia adsorption capacity could be attributed to the
pressure-relevant interplay between the ammonia and micro-
pores of MIL-A and mesoscale cavities at the interface between
MIL-A and rGO. Thus, we supposed that the ammonia
adsorption capacity in the pressure range between 3 and 4 bar
at 20 °C could be highly dependent on the specific surface
area, as pure MIL-A retained more micropores than MIL-A/
rGO (2%) and pure rGO. On the other hand, MIL-A/rGO
(2%) with more mesoscale cavities displayed the highest
ammonia uptake capacity in the pressure range between 4 and
5 bar, where dispersive forces would play a significant role in
the increase of the ammonia adsorption capacity.31,34 In
addition, we assumed that preadsorbed ammonia molecules at
40 °C under 4−5 bar could be more in pure MIL-A than MIL-
A/rGO (2%) (Figure S7), contributing to the higher ammonia
uptake of MIL-A/rGO (2%). The nanocomposite of MIL-A/
rGO (2%) could contain the mesoscale cavities formed
between the MIL-A nanoparticle and the rGO sheet along
with the micropores from MIL-A, which gave rise to a
synergistic effect on the ammonia adsorption at higher
pressures in the temperature range for waste heat utilization.
The IR spectra before and after the ammonia adsorption on
MIL-A/rGO (2%) were almost identical, demonstrating its
structural stability (Figure S8).

4. CONCLUSIONS
The nanocomposite of MIL-A and rGO could be developed
with different GO ratios through a one-pot hydrothermal
reaction. As the GO content increased, the morphology of
MIL-A/rGO transformed from particulate-like aggregates to
2D sheet-like aggregates. During the formation process of
MIL-A, the GO sheets could function as nucleation sites for
MIL-A nanoparticles, resulting in their deposition on the rGO
surface and slight size reduction. There was a gradual redshift

of the asymmetric stretching mode of the carboxylic acid group
of the linker in MIL-A when the GO ratio increased, which
could indicate chemical bondings between uncoordinated
chromium metal centers of MIL-A and oxygen species on the
surface of rGO. The presence of MIL-A also played a role in
suppressing the formation of defects on the six-membered
carbon rings in the GO against further reduction by
hydrothermal reaction. As the GO ratio in the nanocomposite
increased, its BET surface area decreased due to the
nonmicroporosity of the rGO. However, the total pore volume
and the capillary condensation-based adsorption became the
highest with MIL-A/rGO (2%) compared to pure MIL-A.
Furthermore, MIL-A/rGO (2%) showed the highest ammonia
uptake capacity at 5 bar in the low-working-temperature range.
Such outstanding performance could be attributed to the
unique hybrid porous structure in the nanocomposite,
mesocavities generated at the interfaces between MIL-A and
rGO along with the micropores from MIL-A, which appeared
to allow higher dispersive force for ammonia molecules under
high pressures. Our demonstration would help find a way to
improve high-pressure ammonia uptake capacity with MOFs
by incorporating graphene oxides.
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