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Abstract

A serial of metal-organic frameworks (UTSA-16)—graphene oxide (GO) composites were synthesized, which is
the first example of core-shell type MOF composite armored with GO film. The parent materials (UTSA-16 and
GO) and the nanocomposite were characterized using X-ray diffraction, SEM, TEM, TGA and gas adsorption,
which show up a greatly improved thermal stability. At the same time, UTSA-16-GO19 has the CO,/CH,4
selectivity of 114.4, which is three times more than that for UTSA-16 and only lower than polyamine incorporated
amine-MIL-101(Cr) among the reported MOFs materials. The GO composites provide a new direction for making
practical MOF materials with high performance.

1. Introduction

Because of the limitations in energy from fossil oil resources and the constant increase of world energy needs,
much attentions have been paid to renewable and environmentally friendly energy sources in both developed and
developing countries nowadays. Biogas is one of the most promising candidates for the energy power solution
with its environmental and economical attraction. As of 2012 Europe has already over 13800 biogas plants and
more than 7400 MW, of installed capacity.' Since 2006 Renewable Energy Law came into operation in China, the
biogas industry has been growing fast, the annual amount reaching of 15.5 billion m’ in2011.7 It is pity that, apart
from main component methane, biogas often contains significant amounts of CO, (20—45 vol%), with some water
vapor, H,S, and other minor impurities. Due to the low quality, the use of biogas is limited mainly in rural
household heating and electricity, despite of the low energy utilization efficiency. The unsmooth market
circulation leads to excess generating capacity for the regional biogas. Some rural plants have to release part of
gaseous fuels to avoid the overflow of biogas slurry. It has been realized that the selective removal of CO, for
biogas updating to biomethane is important and urgent for both environmental and economic reasons. In view of
environmental regulations, methane is the most important non-CO, greenhouse gas (GHG), accounting for 10% of
total GHG emissions in developed countries and almost 20% in developing countries.” The greenhouse warming
potential of methane is 21 times higher and the lifetime of methane molecules in the atmosphere is 10 times
longer than CO, molecules. On the other hand, the presence of CO, reduces its energy content and leads to the
corrosion of biogas pipelines. Prior to pipeline transportation, CO, should be removed to meet the typical
specification on CO, of 3%.
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Current technologies for biogas upgrading are often multi-stage processes to remove the impurities, and thus
costly. Beyond the state-of-the-art amine-scrubbing technology for acid gas removal suffering from high energy
penalty for the solvent regeneration,’ physical adsorption over porous solids provides alternative to the easy-on
and easy-off carbon capture and separation.s'18 Among the porous solids,'**’ spurred enthusiasm for crystalline
microporous metal-organic frameworks (MOFs) working as carbon capture materials has spread quickly,g’o41
because their designable framework structures, crystallinity and high surface areas provide great opportunities to
enable diffraction experiments to uncover specific binding sites for CO, in pores, as well as to systemically
modify adsorption capacity, enthalpy and selectivity toward CO,. It is worth noting that the poor resistibility to
heat, water and chemicals is widely considered to be a major weakness of MOFs that could negate potential
advantages of the MOFs materials from an applications perspective. Recently, a new tendency to hybrid the
MOFs with various species has emerged, resulting in the composites with an improved performance unattainable
by the individual constituents for carbon capture.” Such species include metal nanoparticles/nanorods, oxides,
quantum dots, polyoxometalates, polymers, graphene and graphene oxide (GO), carbon nanotubes and
biomolecules. After the pioneered work reported by T. J. Bandosz, ™" the GO composites based on some MOFs,
including MOF-5,%*** MIL-100(Fe),* HKUST-1***"***" and MIL-101(Cr),”" have been synthesized by simply
dispersing GO powder into the MOF synthesis mixtures. In all cases above, grapheme oxide constituents are
highly dispersed in the composites and no core-shell type is observed. Although the MOF-GO composites show
great resistibility to the toxic gases and can be developed as their potential storage media, but the researches on
biogas purity have not been studied. Only the HKUST-1 composite has been demonstrated a higher capacity of
CO, at 1 atm and 273 K.¥

In our previous work, UTSA-16 with diamondoid cages are promising in the carbon capture, showing low
adsorption enthalpy (34 kJ/mol) and high capacity for CO, due to the synergistic effect of the weak
adsorbent-adsorbate interactions.*” However, it is still challenge for UTSA-16 to be used in industrial world
because its poor thermal stability with collapse temperature at 139 °C as well as its relatively low selectivity (29.8)
for equimolar CO,/CH,4 mixture. Inspired the speculation that the carboxylate O atoms on the surface of UTSA-16
may interact with the plentiful —OH and carboxyl groups of GO to produce the composites with novel
performance (scheme 1), we synthesized and then characterized a serial of hybridized UTSA-16-GO composites
with various GO contents. Their features, including the morphology, selective adsorption and thermal stability, are

compared with the parent materials.

UTSA-16 UTSA-16-GO

Scheme 1. A schematic diagram showing the formation of the UTSA-16-GO composites

2. Experiment section

2.1 Materials and Characterization

All reagents and solvents used in synthetic studies were commercially available and used as supplied without
further purification. X-ray powder diffraction data were recorded on a Rigaku MultiFlex diffractometer at 40 kV,
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40 mA for Cu Ka (A = 1.5406 A), with a scan speed of 10 deg/min. A Micromeritics ASAP 2020 surface area
analyzer was used to measure gas adsorption. The sorption measurement was maintained at 77 K with liquid
nitrogen and at 273 K with an ice-water bath (slush), respectively. A water bath was used for adsorption isotherms
at 296 K. The FTIR (KBr pellets) spectra were recorded in the range of 500~4000 cm™ on a Thermo Nicolet
5700 FT-IR instruments. Thermal analysis was carried out on a METTLER TGA/ SDTA 851 thermal analyzer
from 30 to 600 °C at a heating rate of 10 °C/min under nitrogen atmosphere. The surface morphology of the
samples was observed by using a JSM-7500F (Japan) scanning electron microscope (SEM) after gold deposition.
The morphologies of sample were studied using a JEOL-2010 transmission electron microscope (TEM) working
at 200 KV. The samples were prepared by placing a drop of product in ethanol onto a continuous carbon-coated
copper TEM grid.

2.2 Syntheses

UTSA-16 was prepared by hydrothermal reaction,” which is carried out in teflon-lined 23 ml Parr acid
digestion bomb. Co(Ac), 4H,0 (0.249 g 1 mmol), C¢HgO,-H,O (0.21 g, 1 mmol), KOH (0.168 g, 3 mmol), H,O
(2.5 ml) and C,HsOH (2.5 ml) in molar ratio 1:1:3:139:43 are placed in the bomb. The bomb is then placed in a
furnace that is heated from room temperature to 120 °C in half an hour, kept at 120 °C for 2 days, and then slowly
cooled to room temperature at a rate of 4 °C/h. And violet prismatic crystals UTSA-16 are obtained which were
filtered, washed with Et,O and dried at room temperature.

GO was synthesized by a modified Hummer’s method.”® Briefly, The mixture of graphite powder (3.0 g ,
synthetic, 1-2 micron and 30 micron) and NaNOs (1.5 g) is stirred with cold concentrated sulfuric acid (69 ml at
0 °C) in an ice bath for 30 min. Then, potassium permanganate (9.0 g) is added slowly to the suspension to
prevent a rapid rise in temperature (less than 20 °C), then, the mixture is stirred for 120 min below 20 °C. The
reaction was warmed to 35 °C and stirred for 60 min. Distilled water (138 ml) is slowly added to the reaction
vessel to keep the temperature under 98 °C. External heating was introduced to maintain the reaction temperature
at 98 °C for 15 min, then the heat was removed and further diluted with distilled water (420 ml), before adding
hydrogen peroxide (10 ml). The mixture is left overnight and washed with diluted hydrochloric acid (5%).
Graphene oxide particles are separated from the excess liquid by centrifugation and washed with distilled water
before it is then freeze-dried to remove water. A fine brown powder of the initial GO was obtained.

The composite materials UTSA-16-GO was prepared by using a similar method employed in synthesis of
UTSA-16. The GO powder (9.5, 19 and 28.5 mg) is dispersed in reactant mixture of Co(Ac),-4H,0, C¢HgO;-H,0,
KOH, H,0 and C,HsOH with the same doses of all reagents with that of synthesis of UTSA-16. The resulting
suspensions were subsequently sonicated sufficiently and subjected to the same synthesis procedure as for
UTSA-16. The synthesized composites are referred to as UTSA-16-G0O9.5, UTSA-16-GO19 and
UTSA-16-GO28.5, respectively.

2.3 Virial Equation Analysis

54,55

The virial equation can be written” ™ as follows:

In() = 4, + An+ An® +... (0,
p

where 7 is the amount adsorbed (mol g'l) at pressure p (Pa). At low surface coverage, the 4, and higher terms can
be neglected and the equation becomes

In() = 4, + An ).
p

A linear graph of In(n/p) versus n is obtained at low surface coverage and this is consistent with neglecting higher
terms in equation (2). 4, is related to adsorbate-adsorbent interactions, whereas 4; describes adsorbate-adsorbate

interactions. The Virial parameters are given in Table S1.
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2.4 Enthalpies of Adsorption

Zero Surface Coverage. The isosteric enthalpies of adsorption at zero surface ¢ over age (Qy, n =0) are a
fundamental measure of adsorbate—adsorbent interactions, and these values were obtained from the A, values
obtained by extrapolation of the virial graph to zero surface coverage.

Van’t Hoff Isochore The isosteric enthalpies of adsorption as a function of surface coverage were calculated
from the isotherms using the van’t Hoff isochore, which is given by the following equation,

AH AS
1 = —_-— _— 3.
n(p) RT+ R 3)

A graph of InP versus 1/T at constant amount adsorbed (1) allows the isosteric enthalpy and entropy of adsorption
to be determined. The pressure values for a specific amount adsorbed were calculated from the adsorption
isotherms by the following methods: 1) assuming a linear relationship between adjacent isotherm points starting
from the first isotherm point, 2) using the virial equation at low surface coverage. The agreement between the two
methods is shown in Figures S12~S14 for the three composites.
2.5 Prediction of the Gas Adsorption Selectivity by IAST

The experimentally measured excess isotherm loadings on pure component isotherms for CO,, CHy4 at 273K
and 296K in materials are converted to absolute loadings using

qabs — qexeess +pV /ZRT (4)5

pore

where Z is the compressibility factor. The Peng-Robinson equation of state was used to estimate Z. The accessible
pore volume within the materials, V., is taken to be equal to experimentally determined value.

IAST (ideal adsorption solution theory)® was used to predict binary mixture adsorption from the
experimental pure-gas isotherms. In order to perform the integrations required by TAST, the single-component
isotherms should be fitted by a proper model. In practice, several methods to do so are available. We found for this

set of data the single-site Langmuir-Freundlich equation was successful in fitting the data.

bPl/n

N:Nmaxx—l/
1+b6P""

)
Here, P is the pressure of the bulk gas at equilibrium with the adsorbed phase (kPa), N is the adsorbed amount per
mass of adsorbent (mmol/g), N™™ is the saturation capacities of sites 1 (mmol/g), b is the affinity coefficients of
sites 1 (1/kPa), and n represents the deviations from an ideal homogeneous surface. The fitted parameters were
then used to predict multi-component adsorption with IAST. The selectivity Sap in a binary mixture of
components A and B is defined as Sap =(xa/ya)/(xs/ys), Where x; and y; are the mole fractions of component i (i =
A, B) in the adsorbed and bulk phases, respectively.
3. Results and discussion
3.1 Preparation. The composite materials are prepared by dispersing various amounts of GO powder into the
mixture of Co(Ac),"4H,0, citrate, KOH, H,O and C,Hs;OH under the hydro(solvo)thermal reaction. Both citrate
and GO contain abundant hydroxyl and carboxyl groups. The conformational flexibility of citrates promotes to
chelate cobalt and potassium ions to form the MOF cores before GO wrapping. As reported in our previous
work,” UTSA-16 is a three-dimensional framework supported by infinite three-dimensional heteronuclear
M-O-M connections. There are four crystallographically-dependent terminal water molecules within each of its
diamondoid cage of 4.5 A in diameter. Interestingly, there are plentiful carboxylate O atoms on the surface of
UTSA-16 framework, which will interact with —OH and —COOH groups on GO to form O-H---O hydrogen
bonding interaction to support the growth of GO shell.
3.2 Morphology and powder diffraction

The core-shell type MOF composite armored with GO film may be achieved, which has been confirmed by

the surface morphology of the samples shown in SEM and TEM micrographs (Figure 1). It can be seen from
4
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Figure 1(a) that the synthesized GO materials look like seriously corrugated sheets, which tightly stacked together
as a result of dispersive forces and strong specific interactions between the surface groups on the graphene-like
layers. The SEM and TEM micrographs of UTSA-16 present the unique and well-defined polyhedron crystals
(Figures 1b & S3). After hybridization, UTSA-16-GO19 composites (Figures 1c & 1d) keep the original crystal
shape, meanwhile, the crinkled GO films un-uniformly cover on the surface of MOF crystals to produce core-shell
type composites. The same texture of the composite with the MOF precursor is also visible in TEM micrographs.
As shown in Figures le and 1f, the edges of composites are surrounded by the filmy GO sheets. These suggest
that the GO sheets are dispersed and conjunct to MOFs in nanoscale level, and the growth and wrap of GO sheets
on the surface of MOFs do not destroy the crystalline of MOFs. The “core-shell” structural character for the
UTSA-16-GO19 composite with the border GO shell and smaller UTSA-16 core is further confirmed by the
HAADF-STEM image and EDS element mapping images (Figure 2). EDS mapping images reveal the different
distribution of elements C, O, K and Co in the particle, the distribution C and O are more border than that of K
and Co, which is in agree with the EDS line scanning profiles. It is the first example of core-shell like MOFs
composites observed with GO. The armor with GO may bring better performance to the composite.

Figure 1. SEM images for GO (a), UTSA-16 (b) and the composite UTSA-16-GO19 (c, d). TEM images for the
composite (e) and (f).
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(b)

100 200 300 400
Position (nm)

Figure 2. (a) HAADF-STEM image of UTSA-16-GO19 composite with core-shell structure. (b) EDS C-K (red),
0O-K (orange), K-K (yellow), Co-K (green) mapping images of a single particle, and (c) EDS line scanning
profiles as labeled in (a).

The hybrid is further confirmed by the X-ray diffraction patterns of the composites UTSA-16-GO9.5,
UTSA-16-GO19 and UTSA-16-GO28.5 as well as their parent materials, as shown in Figure 3. The similar
diffraction patterns of the composites to UTSA-16 indicate the existence of the well-defined MOF units, which
thus proves that GO did not prevent the formation of linkages between cobalt cations and citrate. A single peak
around 20 of 12.2° for GO reveals a distance between the carbon layers of 7.2 A, as determined by Bragg's law.
But a new peak of 12.4° is observed in the composites, corresponding to GO lattice. The right shift of the GO peak
indicates that the GO sheets are incompletely peeled off, although the distance between the carbon layers reduces
to 7.1 A during the composites with UTSA-16.

——UTSA-16-G028.5
—— UTSA-16-GO19
——UTSA-16-G09.5
—GO

—— Simulated UTSA-16

i ———

5 10 15 20 25 30
260 ()

Intensity(a.u.)

Figure 3. X-ray diffraction paltterns of the parent materials and the composites.

3.3 Thermal stability

The thermogravimetry enables to monitor the mass loss as a function of temperature and the curves of
UTSA-16, GO and their composites analyzed by heating under N, atmosphere from room temperature to 600 °C
at a rate of 10 °C min" are shown in Figure 4a. For the parent GO, significant weight loss before 120 °C is
observed, likely due to evaporation of trapped water. In agreement with previous reports,”’ GO is thermally
unstable and suffers rapid mass loss upon heating to about 200 °C. For UTSA-16, it will gradually lose its mass
upon heating to 100 °C following with the decomposition and collapse upon 139 °C. For the composites, after the
removal of solvents between 100~139 °C, they can keep their mass up to 340 °C followed with the sharp decrease,

6
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corresponding to the decomposition of the frameworks. Obviously, the composites, particularly UTSA-16-GO19,
have the higher decomposition and collapse temperature than their parent materials.

(a)100 —= () ~
——UTSA-16 s
80 —— UTSA-16-G09.5 =
=Y ——UTSA-16-GO19 Z
S —— UTSA-16-G028.5| H
£ 604 =
e
g
« 40 300
= A A o
=) # zwde%
Q
220 \w &
, ok
o MM 25
100 200 300 400 500 600 5 10 15 20 2 30
Temperature (°C) 260)

Figure 4. (a) Thermogravimetry analysis of as-synthesized UTSA-16, GO, UTSA-16-GO9.5, UTSA-16-GO19
and UTSA-16-GO28.5. (b) Variable temperature PXRD patterns for UTSA-16-GO19.

It is well-known that TGA is based solely upon combustion of the sample and cannot take into consideration
the crystallinity or porosity of the system. TGA studies may not provide the entire picture when investigating
thermal stability of porous materials. In-situ variable-temperature PXRD studies, allowing for the observation of
the crystallinity of the structure and confirmation of the porous structure, are further employed to evaluate the
thermal stability for the representative composite UTSA-16-GO19 in Figure 4b. UTSA-16-GO19 can keep its
crystallinity unchanged up to 280 °C. In agreement with the results from the thermogravimetry analysis, the
composite shows higher thermal stability than its parent components. Above 300 °C, and the composite is
destroyed and lose its crystallinity. UTSA-16-GO composites present the first examples reported with the
enhancing thermal stability by the GO hybrid approach. The explanation for such reversal in thermal stability may
be considered that the existence of strong interactions between GO and MOF framework reinforce the stability of
the composite, and the armor of GO films allows for less disruptive movements in the crystal structure with the
input of thermal energy, leading to the robust of the crystalline framework. Additionally, the improving thermal
stability of the composites may partly be contributed to the increasing thermal conductivity resulted from the
graphene introduction.”® It is worthy to note that there is still rare report to improve the thermal stability of the
MOFs materials by the composite approach, although the thermal stability is one of great concerns to their
practical applications.

3.4 Gas adsorption

In order to demonstrate the effect of GO armor on the gas adsorption of the composites, N, adsorption
measurements at 77 K were carried out, and the isotherms are plotted in Figure 5. All the composites display a
type I isotherm, indicating the predominant microporous character. With the GO amount added from 9.5 mg, 19
mg to 28.5 mg, the BET surface areas for these composites are of 325, 529 and 487 mz/g, respectively, all smaller
than that of 628 mz/g for UTSA-16. The GO addition decreases the surface area and pore volume of the
composites, but the decrease is not linearly occurred, which is also observed in most of MOF-GO composites
#4830 UTSA-16-GO19 with the moderate GO amount has the highest BET surface area among the
composites. We thus examined its potential application on the gas selective separation. The adsorption of CO, and

reported.

CH,4 on the composites at 296 K and 273 K are investigated. As shown in Figs. 5b and 5c, the composites can take
up differential amount of CO, and CH,4, meaning that the selectivities of CO,/CH,4 can be adjusted via altering
their GO amounts. UTSA-16-GO19 can adsorb CO,; (81 cmS/g) and CHy (11 cm3/g) at 296 K and 1 atm, slightly
lower than the respective values of 96 cm3/g (CO,) and 12 cm3/g (CHy4) for UTSA-16. The well-known ideal
adsorbed solution theory (IAST) is employed to evaluate the CO,/CH, separation selectivities on the three

7
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composites for CO, capture and separation from equimolar CO,/CH; mixtures and maintained at isothermal
conditions at 296 K and pressures up to 200 kPa, as shown in Figure 5d. The separation selectivity on the
UTSA-16 composites can be significantly improved due to the GO armor. UTSA-16-GO19 shows the
CO,/CHyselectivity of 114.4, three times more than that for the parent UTSA-16, higher than the one (105) for
Mg-MOF-74,4o’59 and only lower than the ones (278 and 931) for two polyamine-decorated amine-MIL-101 (Cr)
materials® among the reported MOFs (Table S2). As calculated based on virial method, a well established and
reliable methodology from fits of their adsorption isotherms at 273 and 296 K,>*** the adsorption enthalpies of
UTSA-16-GO19 to CO, and CH, gases at low coverage are of 42.1 and 11.7 kJ/mol (Table S1), respectively, both
higher than the corresponding values for UTSA-16.* The enhanced selectivity may be in virtue of the increasing
adsorption potential resulted from the GO coverage on the core-shell composites.
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Figure 5. (a) N, adsorption isotherms of GO and the UTSA-16 composites with various amount of GO at 77 K.
Adsorption isotherms of carbon dioxide (solid) and methane (half left solid) on UTSA-16-GQO9.5 (blue diamond),
UTSA-16-GO19 (red circle) and UTSA-16-GO28.5 (oliver triangles) at 296 K (b) and 273 K (c). (d) Selectivities
of CO, over CH, predicted for UTSA-16 and its composites by IAST for CO, (50%) and CHy4 (50%) at 296 K.

Conclusion

In summary, we have developed an approach to prepare the core—shell nanocomposites, based on MOFs as
core armored with controllable grapheme oxide shells. With the assistance of the grapheme oxide shells, the
thermal stability and CO,/CHjy selectivity of the MOF's have been improved significantly, which demonstrates the
GO composites provide a new direction for making practical MOF materials with high performance.
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