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on molecularly ordered
2-methylimidazole/single-walled carbon
nanotubes to form highly porous, electrically
conductive composites†
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The combination of porosity and electrical conductivity in a single nanomaterial is important for a variety of

applications. In this work, we demonstrate the growth of ZIF-8 on the surface of single-walled carbon

nanotubes (SWCNTs). The growth mechanism was investigated and a molecularly ordered imidazole

solvation layer was found to disperse SWCNTs and promote crystal growth on the sidewalls. The

resultant ZIF-8/SWCNT composite demonstrates high microporosity and electrical conductivity. The

ZIF-8/SWCNT composite displayed semiconducting electrical behavior and an increase in sensor

sensitivity toward ethanol vapors versus pristine SWCNTs.
Introduction

A material that combines the physical properties of periodic
porosity and electrical conductivity is an appealing candidate
for a variety of applications including sensors, photovoltaics,
thermoelectrics, electrocatalysts, and electrical energy storage
materials. Electrically conductive metal–organic frameworks
(MOFs) contain both of these physical properties;1 however, the
mechanism of electrical conductivity found in most conductive
MOFs, described as charge hopping, results in a much lower
charge mobility than band transport materials. Charge hopping
limits MOF electrical conductivity to high electrical elds and
short distances, thus limiting their eld of application. A
potential solution to the low charge mobility inherent to
conductive MOFs is to hybridize MOFs with band transport
materials like carbon nanotubes (CNTs), thus improving elec-
trical transduction in MOF-based sensors and electrocatalysts.

In this study, a zeolitic imidazolate framework (ZIF-8) was
chosen as the model MOF because of its water stability, ease of
synthesis, and well-documented characterization. ZIF-8 is
composed of Zn(II) ions and 2-methylimidazole (2mIM) linkers,
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and has been studied as both a gas storage material as well as
a biomimetic mineralization layer material.2–5 First reports of
ZIF-8 employed a solvothermal synthesis in DMF or DEF;6,7

however, room temperature aqueous syntheses that yield
highly-crystalline ZIF-8 have recently been investigated.8,9

Several examples of MOF/CNT hybrid composites have been
synthesized. Early reports found that the inclusion of CNTs into
large MOF crystals enhance gas adsorption compared to the
pristine MOF species.10,11 Shim and coworkers were the rst to
demonstrate a core–shell composite material through homo-
geneous decoration of small ZIF-8 crystals on PVP-dispersed
multi-walled carbon nanotubes (MWCNTs).12 MOF/MWCNT
hybrids have been applied toward electrocatalysis and energy
storage because they are electrically conductive, high surface
area materials.13–16 A pyrolysis step is added to some MOF/
MWCNT composites in order to convert the MOF shell into
catalytically active metal nanoparticles and heteroatom-doped
carbon domains.17–19 A MIL-101/single-walled carbon
nanotube (SWCNT) composite has been synthesized by add-
ing SWCNTs to the MOF precursor components.20 An H2 storage
improvement was observed for the composite. Unlike
MWCNTs, which have metallic electrical characteristics,
smaller diameter SWCNTs can have either a metallic or
semiconducting electronic structure depending on their
chirality.21 For this reason, they are puried based on chirality
and applied toward electrical devices such as sensors and
eld-effect transistors.22–27 SWCNTs have excellent electrical
characteristics (charge mobility, charge carrier concentration,
etc.) and consist almost entirely of surface atoms, thereby
making their electronic structure extremely sensitive to the
Chem. Sci., 2019, 10, 737–742 | 737
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Table 1 Experimental parameters of synthesized materials

Material
Zinc
source

[Zn]
(mM)

Zn : 2mIM mol.
ratio

Zn : SWCNT
(mmol : mg)

1 Zn(NO3)2 20 1 : 32 1 : 7.5
2 Zn(OAc)2 20 1 : 40 1 : 1
3 Zn(NO3)2 20 1 : 40 1 : 1
4 Zn(NO3)2 20 1 : 8 1 : 1
5 Zn(OAc)2 20 1 : 8 1 : 1
6 Zn(OAc)2 10 1 : 40 1 : 1
7 Zn(OAc)2 6.6 1 : 40 1 : 3.3
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surrounding chemical environment. To our knowledge, only
two MOF/single-walled carbon nanotube (SWCNT) composite
has been synthesized;20,28 however, no investigation of MOF
growth on the surface of SWCNTs has been reported. Gassen-
smith and coworkers investigated the growth of ZIF-8 on
tobacco mosaic virus,29 a one-dimensional bionanoparticle, and
discovered that careful control of the MOF precursor ligand/
metal ratio signicantly affects the resulting morphology of
the composite.30 For this reason we chose to composite ZIF-8
with SWCNTs to fabricate a porous, semiconducting nanowire
that could serve as a promising material for chemical sensing.

Results and discussion

In this work, all reactions were performed in ambient and
aqueous conditions. Oxidized SWCNTs (ox-SWCNTs) were used
in order to obtain well-dispersed carbon nanotubes in aqueous
solution. Ox-SWCNTs are approximately 3 atomic% of oxygen in
the form of hydroxyl and carboxyl groups on their sidewall and
termini. Sonication of ox-SWCNTs in polar solvents promotes
dispersive forces, allowing separation of large carbon nanotube
agglomerates into smaller bundles and individual ox-SWCNTs.
A typical ZIF-8 synthesis involves careful control of zinc salt and
2-methylimidazole (2mIM) concentrations and Zn : 2mIM
molar ratio. The addition of ox-SWCNTs as a template adds
a complicating factor to the synthesis, wherein the order in
which the precursors are added plays an important synthetic
role. When ox-SWCNTs are mixed with the zinc salt rst or both
precursors simultaneously, they immediately re-agglomerate
and precipitate out of solution before any ZIF-8 forms. This
effect is caused by salt-mediated contraction of the hydration
layer around the charged ox-SWCNTs. However, when ox-
SWCNTs are rst mixed with 2mIM, they remain dispersed in
solution for minutes aer adding Zn salt (Fig. S1†). It has been
previously observed through molecular dynamics simulations
that 1-ethyl-3-methylimidazolium tetrauoroborate (EMI+BF4

�)
forms an external solvation layer around SWCNTs through p–p

interaction between the SWCNTs and EMI+.31 Raman spectros-
copy demonstrated that 2mIM-saturated ox-SWCNTs undergo
a G peak shape change and red-shi as compared to pristine ox-
SWCNTs (Fig. S2†). The ox-SWCNT spectrum has a single G
peak which is indicative of SWCNT bundling; in contrast, the G
peak of the 2mIM/ox-SWCNT material splits into G� and G+

peaks, which is a signature of single, unbundled SWCNTs.32,33 A
redshi in carbon nanotube G peak is an indication of n-
doping, which may be the result of charge transfer between
2mIM and ox-SWCNTs.34 Zeta potential measurements indicate
that 2mIM does not diminish the negative surface charge of
SWCNTs (Table S1†).

A synthesis was performed with a large excess of ox-SWCNT
to determine whether a similar solvation layer formed between
2mIM and SWCNTs could be coordinated and crystalized by
zinc ion addition (Table 1, material 1). If a 2mIM solvation layer
forms around ox-SWCNT through p-stacking, then an excess
amount of ox-SWCNTs should nucleate all available Zn2+ ions
within the solvation layer and prevent the formation of ZIF-8
crystals in solution. The ox-SWCNTs and 2mIM solutions were
738 | Chem. Sci., 2019, 10, 737–742
rst combined prior to adding the zinc nitrate hexahydrate
solution. The reaction was le unstirred for 4 hours. The reac-
tion suspension was centrifuged to remove the mother liquor,
then washed with water andmethanol. TEM of material 1 shows
dispersed nanotubes with a thick (�10 nm) diameter (Fig. S3†).
Powder X-ray diffraction (PXRD) of this material showed
a dominant single peak at 2q ¼ 17.78� (d-spacing ¼ 4.98 Å) and
very small peaks relating to ZIF-8 formation (Fig. S4†).
Fukushima et al. have previously reported the molecular
ordering of molten salts (in their case, imidazolium-based ionic
liquids) by SWCNTs.35 They observed a single XRD peak with d-
spacing of 4.60 Å, which they attributed to unimodal long-range
molecular ordering of plane-to-plane separated imidazolium
ions without polycrystalline character. A similar molecular
ordering phenomenon occurs between SWCNTs, 2mIM, and
Zn2+. According to XRD, the d-spacing of this material is 4.98 Å,
which is large for p-stacked 2mIM. When ox-SWCNTs were
mixed with the same amount of 2mIM, but zinc nitrate was not
subsequently added, no XRD peak was detected. This observa-
tion, in addition to the larger than expected d-spacing, implies
that the Zn2+ ions play a role in the long-range ordering of 2mIM
around the ox-SWCNTs. Raman spectroscopy of the crystalline
2mIM/ox-SWCNT material 1 demonstrated the same G peak
shape change and red-shi as the 2mIM-saturated SWCNTs
compared to untreated ox-SWCNTs (Fig. S2†).

Scheme 1 illustrates the effect order of precursor addition
has on ox-SWCNT. The agglomeration of ox-SWCNTs caused by
addition of zinc salt before 2mIM affects the resulting
morphology of the ZIF-8/SWCNT, such that large ZIF-8 crystals
grow on islands of agglomerated ox-SWCNTs rather than along
the nanotube axis (Fig. S5†). In all later syntheses described in
this work, 2mIM-saturated ox-SWCNTs are used as the
precursor material in order to prevent agglomeration, to
promote nucleation of ZIF-8 crystals according to pathway #2
(Scheme 1), and to prevent 2mIM from further p-stacking on ox-
SWCNTs, which would alter the Zn : 2mIM ratio.

Factors that are known to inuence ZIF growth, size, and
morphology in water-based synthesis include zinc precursor
source, zinc concentration, zinc to 2mIM ratio, and tempera-
ture.9,36 In this work, zinc(II) acetate and zinc(II) nitrate hexa-
hydrate were used as zinc sources. In order to synthesize a ZIF-8/
SWCNT composite, a 1 : 40 Zn : 2mIM ratio and total zinc
concentration of 20 mM was used for each zinc source (mate-
rials 2 and 3). The zinc to ox-SWCNT ratio used was 1 mmol
Zn : 1 mg ox-SWCNT. The reactions were le unstirred at room
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The effect of precursor order. Pathway #1 results in ox-
SWCNT agglomeration and precipitation, which results in a decreased
ZIF-8/SWCNT interface. Pathway #2 results in a 2mIM solvation layer
around ox-SWCNTs, which promotes ZIF-8 crystal growth on the
sidewall. Not drawn to scale. Fig. 2 Calculated PXRD pattern of ZIF-8 (bottom); experimental PXRD

pattern of ZIF-8/SWCNT synthesized from zinc acetate (middle) and
zinc nitrate hexahydrate (top).
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temperature for 24 hours. The reaction precipitates were
collected with centrifugation and washed in water and meth-
anol. The morphology of the resulting products of these
syntheses can be described as large ZIF-8 crystals (1–1.5 mm)
threaded with SWCNTs (Fig. 1 and S6†). TEM images show
crystal growth occurs along a linear path, which is consistent
with growth along a CNT axis. XRD of the ZIF-8/SWCNT
composites made from both zinc sources contain character-
istic ZIF-8 diffraction peaks (Fig. 2). The product composition of
each synthesized material determined by PXRD is listed in
Table S2.† The peak widths of the ZIF-8/SWCNT composite
made with zinc nitrate hexahydrate are �3 times broader than
the composite made with zinc acetate. The XRD peak broad-
ening of ZIF-8/SWCNT synthesized from zinc nitrate can be
attributed to the smaller crystal domain size of the composite.
TEM and SEM of the zinc nitrate ZIF-8/SWCNT composite
Fig. 1 TEM and SEM of ZIF-8/SWCNT. (a and b) Material 2 and (c and d)
material 3. Scale bars are (a and c) 5 mm and (b and d) 1 mm.

This journal is © The Royal Society of Chemistry 2019
clearly show crystallites that are coalescing into larger crystals
(Fig. 1c and d). This observation is consistent with the fast
nucleation rate of zinc nitrate with 2mIM to form clusters,
which are more likely to form small crystallites compared to
zinc acetate.37 A time-dependent experiment was done on
material 3 (ZIF-8/SWCNT synthesized from zinc nitrate hexa-
hydrate) to observe the growth mechanism of ZIF-8 on SWCNTs
(Fig. S7†). Within 15 minutes, most SWCNTs are covered with
small crystals around 50 nm in diameter (Fig. S7,† 15 min). At
30 minutes, the crystals have grown 10-fold in size and smaller
crystal domains seem to be agglomerating into large crystals
(Fig. S7,† 30 min). At the 2 hour and 20 hour time points, the
ZIF-8 crystals have reached their characteristic size (1–1.5 mm),
but remain in a linear conguration along SWCNTs (Fig. S7,†
2 h and 20 h).

The zinc : 2mIM ratio controls what type of polymorph/
pseudopolymorph is produced in water-based syntheses. ZIF-L
and dia(Zn) are polymorphs comprised of Zn(II) and 2mIM,
but with different crystal topologies than ZIF-8.36,38,39 Control of
Zn(II) : 2mIM ratio and temperature allows one polymorph to be
favored over the other two during aqueous synthesis. The crystal
morphology of ZIF-L resembles a thin, almost two-dimensional
leaf-like shape, while ZIF-8's crystal morphology is rhombic
dodecahedral. Unlike ZIF-8, ZIF-L and dia(Zn) are nonporous at
77 K; however, at 298 K, ZIF-L outperforms ZIF-8 in CO2 uptake
and selectivity over N2 and CH4.38 High ratios (1 : 35 and above)
produce ZIF-8, while lower ratios produce ZIF-L, dia(Zn), or
a mixture of one with ZIF-8. A low zinc : 2mIM ratio (1 : 8) using
zinc acetate produces pure dia(Zn) while zinc nitrate produces
pure ZIF-L.9 A low ratio synthesis was performed with 2mIM-
saturated ox-SWCNTs (material 4). XRD of this material yields
a mixture of ZIF-8 and ZIF-L peak features (Fig. S8†); moreover,
TEM shows large (>3 mm) crystals (Fig. S9†) with a morphology
unlike ZIF-8 (rhombic dodecahedron) or ZIF-L (thin, leaf-
Chem. Sci., 2019, 10, 737–742 | 739
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shaped) (Fig. S14B†). This product can be interpreted as the
result of two different reaction environments, solution and
ox-SWCNT surface, which contain different precursor ratios.
2mIM is expected to concentrate at the surface of ox-SWCNTs
through p-stacking, which will promote ZIF-8 crystal growth.
In contrast, the solution zinc : 2mIM ratio remains 1 : 8,
leading to ZIF-L crystal growth. It has been previously reported
that when separately synthesized ZIF-8 and ZIF-L crystals are
combined into a single solution, they will coalesce into a new
core–shell composite.40 The addition of ox-SWCNTs into low
zinc : 2mIM ratio solutions produces similar ZIF-L/ZIF-8/
ox-SWCNT composites in a one-pot synthesis. When the 1 : 8
Zn : 2mIM synthesis was done with zinc acetate as precursor
(material 5), the morphology was pure dia(Zn). Zinc acetate has
a slower rate of cluster nucleation, which may explain why only
a single morphology was observed for material 5.37

Decreasing the overall precursor concentration slows the
kinetics of the reaction and achieves smaller ZIF-8 coverage on
the surface of ox-SWCNTs. 10 mM and 6.6 mM zinc acetate
reactions (1 : 40 zinc : 2mIM ratio) were done with 2mIM-
saturated ox-SWCNTs and collected aer 24 hours (materials 6
and 7, respectively). Both syntheses produced a smaller ZIF-8
crystal shell growth (approximately 90 nm and 50 nm, respec-
tively) on the ox-SWCNTs (Fig. S10 and S11†). However, the
decrease in precursor concentration also lowers the pH, such that
pseudopolymorph dia(Zn) (Fig. S14A†) forms in solution if the
reaction is le for more than 24 hours (Fig. S12, S13, and S15†).

The gas adsorption performance of ZIF-8/SWCNT (shown in
Fig. 1a and b) was tested (Fig. 3). ZIF-8/SWCNT displayed a type-
I isotherm and the BET surface area of ZIF-8/SWCNT was
calculated to be 1792 m2 g�1, which is near the reported BET
surface area of pure ZIF-8 (1851 m2 g�1).41 The CO2 vs. N2 uptake
at 298 K was tested and showed the same preference for CO2

uptake as pure ZIF-8 (Fig. S16†), indicating that these composite
materials may exhibit selectivity for specic gases. In order to
test I–V performance, a 3 mL droplet of ZIF-8/SWCNT solution
Fig. 3 N2 adsorption (black) and desorption (white) isotherm of ZIF-8/
SWCNT at 77 K.

740 | Chem. Sci., 2019, 10, 737–742
was dropcast on a device of two interdigitated gold electrodes
(Fig. S17†). The ZIF-8/SWCNT current–voltage curve displays
a conductivity of 0.056 S cm�1 (Fig. 4a). Conductivity (s) was
calculated from the following equation:

s ¼ 1

r� A

L

(1)

where r is resistance (3.9 � 104 U), A is area of the electrode
(3.25� 10�7 cm2), and L is length of the electrode (7� 10�4 cm).

This conductivity is on the higher end for conductive 3-D
MOFs, which range from 1 � 10�7 to 1.8 S cm�1.42,43 Among
the conductive MOF/carbon composites, this work demon-
strated the highest BET surface area and achieved conductivity
with the least amount of carbon loading (0.40 � 0.09%; see
Table S3†).44,45 Carbon nanotube loading was calculated by
dividing the initial amount of carbon nanotube by the total
mass of the ZIF-8/SWCNT product, ltered and dried. These
experiments demonstrate both the highly microporous and
electrically conductive nature of the reported ZIF-8/SWCNT
composite.

Liquid FET measurements of ZIF-8/SWCNT (material 2)
demonstrate p-type semiconductor behavior (Fig. 4b). Semi-
conducting nanowires are ideal for gas sensing because of their
large surface area to volume ratio, their sensitivity toward doping
interactions, and their sensitivity toward changes in inter-
nanowire distance.46 Both the SWCNT and ZIF-8/SWCNT devices
showed a decrease in conductance when exposed to 3 cycles of air
saturated with ethanol vapor (7.73 vol%) (Fig. 4c and d). The
sensitivity to ethanol vapor was quantied by calculating the
relative sensor response (S):

S ¼ Iethanol � Iair

Iair
(2)
Fig. 4 ZIF-8/SWCNT (material 2) electrical characterization and gas
sensing. (a) Current–voltage curve of ZIF-8/SWCNT composite. (b)
Liquid FET of ZIF-8/SWCNT and bare SWCNT; inset, illustration of
liquid FET. (c) Current traces of SWCNT and ZIF-8/SWCNT chemir-
esistors exposed to three 5 minute cycles of saturated ethanol vapor
(blue rectangles). Background gas is dry air. (d) Normalized (at t ¼
30 min) current traces of representative SWCNT and ZIF-8/SWCNT
chemiresistor devices.

This journal is © The Royal Society of Chemistry 2019
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which is the relative change in the current before (Iair) and aer
5 minutes of ethanol exposure (Iethanol). The ZIF-8/SWCNT
devices had relative response values ranging from �18.5% to
�32.2%, compared to �1.3% to �2.8% for bare SWCNT devices
(Fig. 4d). A possible explanation for the increase in sensitivity to
ethanol vapor aer ZIF-8 functionalization is due to the ZIF-8
adsorbing and swelling in volume when ethanol binds to its
pores. Adsorption of alcohols, including ethanol, on ZIF crystals
features an S-shaped isotherms, which is ascribed to a “cluster
formation and cage-lling” mechanism.47,48 The lling of ZIF-8
pores with volatile organic compound (VOC) vapors has been
utilized in a Fabry-Pérot optical sensor.49 We hypothesize that as
the ZIF-8 swells upon ethanol adsorption, the interface distance
between nanotubes can increase, which results in an increase of
the electron tunneling distance between the nanotubes.50–52 The
larger, more irreversible response of the ZIF-8/SWCNT devices
also supports the ZIF-8 adsorption and swelling mechanism. A
more detailed follow up study will be conducted to further
elucidate the sensing mechanism for MOF functionalized CNT
sensors.
Conclusions

In conclusion, this work demonstrates the molecular ordering of
2-methylimidazole (2mIM) as a solvation layer on the surface of
oxidized single-walled carbon nanotubes (ox-SWCNTs). This
2mIM solvation layer gives rise to ZIF-8 growth on ox-SWCNT
sidewalls. The high concentration of 2mIM on ox-SWCNTs
produces ZIF-8 at the surface of the nanotube even at low
zinc : 2mIM ratios that typically produce ZIF-L. The size of ZIF-8
growth on ox-SWCNTs can be controlled by precursor concen-
tration, wherein decreasing the precursor concentration
decreases the size of ZIF-8. The ZIF-8/SWCNT composite was
shown to combine the porous nature of ZIF-8 with the electrically
conductive nature of carbon nanotubes. Finally, the ZIF-8/
SWCNT material was incorporated into a chemiresistor device
and demonstrated a higher sensitivity toward saturated ethanol
vapor versus pristine SWCNT. Such a highly porous, electrically
conductive nanomaterial will be of interest for a variety of
applications such as sensing, electrocatalysis, and energy storage.
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