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Reduction of the anthropogenic emission of CO, is currently
a top priority because CO, emission is closely associated with
climate change. Carbon capture and storage (CCS)!"! and the
development of renewable and clean energy sources are two
approaches for the reduction of CO, emission. One of the
most promising alternative fuels is CH,, which is the major
component of natural gas. The efficient storage of CH, is still
one of the main challenges for its widespread application.
Accordingly, the development of more efficient approaches
for CO, capture and CH, storage is critically important.

Recently, metal-organic frameworks (MOFs, e.g., MOF-
210 and NU-100) have shown great potential for gas storage
because of their high specific surface area (SSA) and
functionalized pore walls. However, most MOF materials
still show relatively low CO, and CH, uptakes. To enhance
CO, and CH, adsorption, it is imperative to develop new
materials, such as covalent organic frameworks (COFs),?! or
to modify MOFs by using postsynthetic approaches.”>*
Herein, we focus on the latter strategy. One of the modifi-
cation approaches is incorporation of carbon nanotubes
(CNTs) into MOFs in order to achieve enhanced composite
performance, because of the unusual mechanical and hydro-
phobicity properties of CNTs.”! Another approach is doping
MOFs or COFs with electropositive metals.

Recent studies indicate that the surface carboxylate
functional groups of a substrate could act as nucleation sites
to form MOFs by heterogeneous nucleation and crystal
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growth.’! Both experimental and theoretical investigations
indicate that the H, adsorption capacities of MOFs can be
enhanced significantly by doping alkali-metal ions, in partic-
ular Li* ions, to the frameworks, owing to the strong affinity
of Li* ions towards H, molecules.?*7) Similarly, Lan et al. also
showed theoretically that doping of COFs with Li* ions can
significantly enhance the CH, uptake of COFs.®! Most
recently, the multiscale simulations performed by Lan et al.
indicate that Li is the best surface modifier of COFs for CO,
capture among a series of metals (Li, Na, K, Be, Mg Ca, Sc
and Ti).’! Furthermore, their simulations show that the excess
CO, uptakes of the lithium-doped COFs can be enhanced by
four to eight times compared to the undoped COFs at 298 K
and 1 bar."”

Motivated by these experimental and theoretical results,
we synthesized hybrid MOF materials by using the two
modification techniques outlined above, that is, 1) incorpo-
ration of CNTs into [Cu;(CyH;04),(H,0)s]-xH,O ([Cus-
(btc),], HKUST-1; btc =1,3,5-benzenetricarboxylate), which
is an important MOF material owing to its open metal sides
and high thermal stabilities, as well as its sorption proper-
ties,”!% and 2) doping [Cus(btc),] with Li* ions. We used
lithium naphthalenide (Li*CyyHg") to introduce Li* ions into
the [Cus(btc),] frameworks. These frameworks have Cu®*
sites that become available for interaction with other
molecules after removal of H,0O in from Cu?" carbonyl
complexes, and can also be easily rehydrated without change
of the crystalline nature of the material after exposure to
airl! (see Figure S1 in the Supporting Information).
Although the btc ligand can not act as an electron receptor
for the electron transfer from the naphthalenide radical
anion,l" the rehydration of the Cu®" sites in the framework
makes the electron transfer possible because of the strong
nucleophilicity of lithium naphthalenide, which is the main
reason for selecting this complex. Furthermore, we also
proposed a hypothetical hybrid composite, in which the CNTs
with carboxylic groups provide homogeneous nucleation sites
to support a continuous copper framework growth, and the
Li* ions were subsequently introduced into the frameworks.
To better explore the cooperative effects of CNT incorpo-
ration and Li doping on the uptakes of CO, and CH,, we have
prepared four different MOF materials. The first two MOFs
are unmodified [Cu,(btc),] MOF (1); lithium-doped [Cus-
(bte),] (Li@[Cus(btc),]). The sample of Li@[Cu;(btc),] with
Li/Cu=0.07 is denoted as 1-Li, which exhibits the greatest gas
uptake of the investigated samples with various Li contents.
We also prepared a carboxylic CNT hybrid composite
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(CNT@[Cu,(btc),], 2) and lithium-doped CNT@ [Cus(btc),]
(Li@CNT@[Cus(btc),]; the sample with Li/Cu=0.001 is
denoted as 2-Li.)

Unmodified [Cus(btc),] was synthesized by following our
previously reported procedure.'® To obtain homogeneous
nucleation sites, we treated multiwalled CNTs (MWCNTs)
with a mixture of nitric acid and sulfuric acid (1:1 v/v) to
introduce carboxylic groups into the CNT surface, which is
confirmed by IR and X-ray photoelectron spectroscopy
(XPS; Figures S2 and S3 in the Supporting Information).
MOF 2 was synthesized by reaction of carboxylic multiwalled
CNTs (0.2 mg), Cu(NO;),:3H,0 (5 g), and btc (2.5g) in a
mixture of DMF/water/ethanol 1:1:1 at 85°C. The frame-
works were immersed in a solution of lithium naphthalenide
in tetrahydrofuran (THF). The powder X-ray diffraction
patterns (PXRD; Figure S4 in the Supporting Information) of
1, 1-Li, 2, and 2-Li are consistent with the simulated
patterns,'® thus indicating that incorporation of CNTs and
the introduction of Li" ions do not disrupt or destroy the
crystal structure of [Cuj(btc),]. Thermogravimetric (TG)
analysis (Figure S5 in the Supporting Information) shows
that all four compounds possess high thermal stability, and the
deformation of these framework structures occurs after
300°C (Figure S5 in the Supporting Information). Weight
loss is hardly observed in the range 200 < 7'< 300°C for 1-Li,
2, and 2-Li, while the TG trace of 1 gradually decreases before
300°C, thus indicating that the guest solvent is released more
effectively from 1-Li, 2, and 2-Li than from 1.

The PXRD patterns of 2 (Figure S4 in the Supporting
Information) show a high-intensity [Cus(btc),] peak that
masks the characteristic CNT (002) peak, which normally
appears at 20 =26-27°. However, transmission electron
microscopy (TEM) reveals that the CNTs are indeed well
admixed with [Cu,(btc),]. The CNTs, which act as composite
fillers in the microcrystal, can be seen from the TEM image at
low magnification (Figure 1a). High-resolution hybrid com-
posite lattice images (Figure 1b,c) also show two distinctive
lattice spacings of 0.203 and 0.33 nm, which correspond to the
interlayer spacing values for the (1082) plane of [Cus(btc),]
and the (002) plane of the multiwalled CNTs, respectively.
These results therefore indicate that the CNTs are incorpo-
rated in [Cus(btc),]. It is assumed that the [Cus(btc),] crystals
are formed by heteronucleation and crystal growth on the
carboxylic groups of the CNT.* However, it is very difficult
to characterize the interface region of CNTs in the frame-
works by using available techniques. The profile of the N,
adsorption isotherm of 2 is similar to that of 1 (Figure S6 in
the Supporting Information). As shown in Table 1, the BET

Table 1: Summary of adsorption properties of 1, 1-Li, 2 and 2-Li.

Figure 1. TEM images at a) low magnification and b) high magnifica-
tion (white and black arrows represent lattice images of [Cus(btc),] and
multiwalled CNTs, respectively). c) Expansion of the boxed area in (b).

SSA of 2 (1458 m?g ") is close to that of 1 (1587 m*g™?).
However, the pore volume of 2 (0.87 cm®g™!) is larger than
that of 1 (0.73 cm®g™"). This result further suggests that the
crystal growth on the MWCNTs with carboxylic groups
subsequently provides a route for removal of guest solvent
molecules during activation and leads to a larger pore
volume. !

To determine how modification by CNTs affected the CO,
and CH, capacities of [Cus(btc),], we carried out the gas
adsorption measurements by using an intelligent gravimetric
analyzer (IGA-003). Both CO, and CH, isotherms for 1 and 2
show good reversibility without hysteresis and are not
saturated (Figure 2). At 298 K and 18 bar, the CO, uptake
of 2 is 595mgg~!, which is about twice the uptake of 1
(295 mgg ") under the same conditions (Table 1). Similarly,
the same behavior occurs for the CH, adsorption. At 298 K
and 18 bar, the capacity of 2 for CH, reaches 120 mgg™',
which is higher than the value for 1 (72 mgg™'). Thus, the

Materials Li/Cu BET SSA®  Pore co, CO, uptake o CH, uptake!!  CH, uptake
[molmol™  [m?g ] volume®  uptakel per effective [Kfmol™  [mgg ] per effective SSA
[em’g™] [mgg] SSA[mgm~] [mgm™’]
1 (unmodified [Cus(btc);]) O 1587 0.73 295 0.19 28.0 72 0.05
1.Li (Li®@[Cus (btc),]) 0.07 795 0.51 469 0.59 35.7 9% 0.12
2 (CNT@®[Cus (btc),]) 0 1458 0.87 595 0.41 34.0 120 0.08
2.Li (LiI@CNT@[Cus(btc);])  0.001 857 0.69 660 0.77 36.8 130 0.15

[a] BET SSA calculated in the region P/P,=0.05-0.3. [b] Determined at P/P,=0.9997. [c] Uptake at 298 K and 18 bar. [d] Isosteric heat of CO,

adsorption at zero loading.

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 491494


http://www.angewandte.org

CO, uptake/mg g-1

CH,4 uptake/mg g‘1

0 4 8 12 16 20
Plbar

Figure 2. a) CO, and b) CH, adsorption isotherms of 1, 1-Li, 2, and
2.Li at T=298 K and P <18 bar. Solid and open symbols represent
adsorption and desorption, respectively.

incorporation of CNTs in [Cu;(btc),] enhances the CO, and
CH, adsorption capacities of 1 significantly.

Prior to exploring the enhancement of Li* ions for CO,
adsorption, we investigated the effect of the Li content on the
BET SSA of Li@[Cu,(btc),] (Table S1 in the Supporting
Information), and observed that the BET SSA of Li@[Cus-
(btc),] decreased rapidly as the Li/Cu ratio increased. More-
over, the PXRD patterns of the samples with Li/Cu =16 and
73.9 are different and show new peaks at 260 =32° (Figure S7
in the Supporting Information), thus indicating that an excess
of Li* ions may destroy the frameworks, while the PXRD
patterns of the samples with Li/Cu=0.12 and 0.07 are
consistent with that of the unmodified sample. This observa-
tion suggests that the Li content must be maintained at an
appropriate low concentration in order to achieve the
enhancement of gas adsorption. This conclusion is further
supported by the experimental CO, uptake data for
Li@CNT@|[Cu,(btc),] with various Li contents (Figure S8 in
the Supporting Information). Although it is very difficult to
characterize the position of the Li centers owing to the
inherent difficulty of obtaining single crystal of lithium-doped
materials and impossibility of performing "Li NMR measure-
ments (as Cu?* ions are paramagnetic),’¥ the following
explanation may be reasonable: 1) At low Li contents, the
H,O molecules in the framework Cu®" sites react with the
lithium naphthalenide complex to produce the thermody-
namically stable lithium alkoxide species, and the two
remaining hydrogen atoms combine with two naphthalenide
radical anions that are present in the solvent. This hypothesis
is valid as the PXRD patterns of the lithium-doped samples
are unchanged compared to the unmodified [Cuy(btc),]."
2) At high Li contents, the excessive strong nucleophilic
lithium naphthalenide complex may oxidize Cu*" into Cu* or
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substitute Cu®" sites, which results in the collapse of the
frameworks. Thus, the PXRD patterns of samples with high Li
contents are different and show new peaks. This collapse of
the frameworks significantly reduces the BET SSAs and
subsequently inhibits the gas adsorption properties of the
system.

Both CO, and CH, isotherms of 1-Li, and 2-Li show good
reversibility without hysteresis between adsorption and
desorption (Figure 2). This observation suggests that CO,
and CH, are reversibly physisorbed in lithium-doped materi-
als, similar to hydrogen storage.’*! The CO, uptake increases
from 295 mgg™' (1) to 469 mgg™' (1-Li) at 298 K and 18 bar,
while the CH, uptake increases from 72mgg™ (1) to
96 mgg ' (1-Li) under the same conditions. The enhancing
effect of Li doping on gas adsorption is also observed for 2. At
298 K and 18 bar, the CO, and CH, uptakes of 2-Li reach 660
and 130 mgg ', respectively, while the uptakes are 595 and
120 mgg ' in 2, respectively, under the same conditions.

The changes in the porous properties of lithium-doped
[Cus(btc),] compared to unmodified [Cus(btc),] were also
studied by the N, adsorption isotherms at 77 K (Figure S6 in
the Supporting Information). The isotherms exhibit com-
pletely reversible type I behavior, which is consistent with
permanent microporosity. The BET SSAs of lithium-doped
materials are only about half those of unmodified materials
(1587 vs. 795 m*g ! for 1 and 1-Li, and 1458 vs. 857 m*g ' for 2
and 2-Li). Moreover, the pore volume of 1 drops from
0.73cm’*g™! to 0.51 cm®g™! after Li doping, and the pore
volume of 2-Li (0.69cm®g') is smaller than that of 2
(0.87 cm®g™"). The Li dopant may occupy the micropores of
the frameworks, thus leading to the reduction of BET SSA.
However, the CO, and CH, adsorption enhancement by Li
doping are clearly seen in Figure 3. The CO, uptake per
effective SSA increases from 0.19 mgm™ (1) to 0.59 mgm™
(1'Li; 211 % increase), and the CH, uptake increases from
0.05 mgm 2 (1) to 0.12 mgm * (1-Li; 140 % increase), both at
298 K and 18 bar. Under the same conditions, the CO, uptake
per effective SSA is increased from 0.41mgm~—= (2) to
0.77 mgm 2 (2-Li; 8% increase), and the CH, uptake is
increased from 0.08 mgm~2 (2) to 0.15mgm™ (2-Li; 88%
increase). Thus, it is believed that the enhanced CO, and CH,
uptakes of 1-Li and 2-Li are attributed to the strong affinity of
the doped Li towards gas molecules, which has been
confirmed by theoretical calculations.”

To better understand the observed enhancement, we
calculated the isosteric heat of CO, adsorption (Qy) for 1,
1-Li, 2, and 2-Li by using the Clausius—Clapeyron equation
with the adsorption data (Figure S9-S12 in the Supporting
Information) collected at T=298, 303, 308, and 313 K and
P <1 bar. The Q, value of 1-Li was significantly larger than
that of 1, while the O, value of 2-Li was slightly larger than
that of 2 (Figure S13 in the Supporting Information): At zero
loading, the Q, values for 1 and 1-Li are 28.0 kImol ' and
35.7 KImol ™', respectively, (27.5% increase), while the Q,
values for 2 and 2-Li are 34.0 and 36.8 kI mol ™', respectively
(8.2% increase). As the Li content in 2-Li (Li/Cu=0.001) is
lower than that in 1-Li (Li/Cu=0.07), these results further
prove that the strong affinity of Li* ions for CO, molecules is
the main contribution to the gas adsorption enhancement.
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Figure 3. a) CO, and b) CH, adsorption isotherms per effective SSA of
1, 1-Li, 2, and 2-Li at T=298 K and P < 18 bar. Solid and open symbols
represent adsorption and desorption, respectively.

In summary, we have shown that incorporation of CNTs in
MOFs can enhance the uptakes of CO, and CH, by MOFs.
Importantly, our results show that the CO, and CH,
adsorption capacities are improved by doping the CNT-
modified MOFs with Li. However, excessive Li doping leads
to deformation of the frameworks. In particular, the hybrid
Li@CNT@[Cu;(btc),], which is formed by the combination of
Li doping and CNT incorporation, shows CO, and CH,
uptakes per effective SSA that are increased by about
305 % and 200 %, respectively, compared to the unmodified
MOF. To achieve the enhancement, the Li content must be
maintained at an appropriately low concentration. The
combination of modification with CNTs and Li doping has
provided a new strategy for enhancing the CO, and CH,
uptakes of MOFs.

Experimental Section

CNT@[Cus(btc),] was synthesized by solvothermal method. To obtain
Li@CNT@[Cus(btc),], a precise quantity of prepared lithium naph-
thalenide was transferred by syringe to a precise amount of CNT@
[Cuy(BTC),] in THF (30 mL) in a dry flask. The mixture was stirred
for 4 h and then the product was isolated by filtration and rinsed with
THEF, and then immersed in THF for 1 day to remove any weakly
adsorbed naphthalene. Detailed experimental procedures are given in
the Supporting Information.
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