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Combined plasmonic nanocrystals and metal-organic framework
thin-films are fabricated for sensing gases in the near-infrared
range. This nanocomposite thin-film shows a highly sensitive response
in near-infrared absorption, which is attributed to preconcentration
of gas molecules in metal—organic framework pores causing close
proximity to the electromagnetic fields at the plasmonic nano-
crystal surface.

Substantial recent research has been focused on the synthesis
and characterization of nanoporous metal-organic framework
(MOF) materials with high internal surface areas. MOFs, which
are hybrid materials composed of organic linkers and metal
ions, have demonstrated excellent properties for gas purifica-
tion, separation, and storage.” In addition, nanoporous MOF
thin films are particularly useful in chemical sensing due to
their tunability and structural diversity.> MOF thin films can be
used to rapidly adsorb guest gases within material pores and
can be recycled simply by subjecting them to dynamic vacuum
or flowing inert gases for a short time because most guest gases
are physisorbed into MOF pores. Various approaches including
solvatochromism/vaporchromism,* luminescence,” interfero-
metry,® reflectance,” localized surface plasmon resonance
spectroscopy,® impedance,’ piezoresistive microcantilever'®
and quartz crystal microbalance™ have been reported for the
use of MOFs for sensing. Despite the high potential of the
aforementioned sensors using MOFs, the lack of a highly
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sensitive and specific signal transduction method has limited
their implementation.

Infrared absorption sensors play pivotal roles in analytical
chemistry, allowing the quantitative detection of small amounts of
molecules and the identification of molecular structures and con-
formational states. In recent years, chip-scale near-infrared (NIR)
absorption sensors have been developed for low-concentration gas
detection due to the wide availability and low cost of optoelectronic
devices for telecommunication applications." The biggest challenge
in the field is that most gases do not have fundamental
vibration bands in the NIR wavelength range, and hence these
devices have relatively low detection sensitivity. As a result,
the ability to increase signal strength in the NIR range from
selected gases through the use of new functional materials and
innovative optical engineering will significantly improve the
sensitivity of these sensors.

Plasmonics is a flourishing field of science and technology
that exploits the unique optical properties of metallic nano-
structures to route and manipulate light at nanometer length
scales." In recent years, plasmonic materials have been exploited
for optical gas sensing by monitoring modifications to the
plasmonic behavior in real time.'*” Plasmonic nanocrystals
(NCs) have also demonstrated orders of magnitude improvement
in sensitivity for surface-enhanced Raman scattering (SERS)'*
and surface-enhanced infrared absorption (SEIRA)."> Until now,
most SEIRA studies have critically evaluated the noble metals
such as gold nanoantennas,'”” as these have been shown to
enhance IR vibrational signals with monolayer sensitivity. It is
worth noting that the use of doped metal oxides also have
potential as SEIRA materials. Transparent conducting oxides
such as indium-tin oxide (ITO) nanocrystals (NCs) have unique
surface plasmon resonance (SPR) properties in the NIR region
where the peak wavelength can be easily tuned by controlling
the amount of tin doping, for example.'®** If the SPR peak
could be fine-tuned to match the overtune of the vibration
bands of gas molecules at NIR wavelengths, sensitive NIR
absorption gas sensors could be explored based upon the SEIRA
concept with enhanced selectivity as compared to optical
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sensors based upon monitoring real-time changes of absorption
in plasmonic materials due to free carrier density changes.'***
To further increase low detection sensitivity, we report here for
the first time, a metal oxide-based plasmonics-enhanced MOF
film with high NIR absorption for CO,, which is crucial for
biological, energy and environmental systems.

With these motivations, we have fabricated plasmonics-
enhanced nanoporous films consisting of ITO NCs and MOF.
A Cu-BTC (BTC = benzene-1,3,5-tricarboxylic acid) MOF was
chosen as a model compound because it is the most widely
studied MOF material in thin-film form®* and has good adsorp-
tion capacity for CO,."** Plasmonic ITO NCs were first synthe-
sized using a hot-injection method and deposited on substrates
via spin-coating, followed by growth of the Cu-BTC MOF using
the room temperature layer-by-layer (LBL) approach (more
details in Experimental section, ESIt). Fig. 1 shows the absorp-
tion spectra of the ITO NCs dispersed in tetrachloroethylene
(TCE) with varying Sn percentages. No surface plasmon reso-
nance (SPR) was observed in the un-doped sample (In,O3 NCs),
while an absorption peak did appear with the ITO NCs. This is
due to the SPR absorption and this property provides strong
evidence that the Sn occupies substitutional sites creating free-
electrons in the In,0; structure. The SPR peak is gradually blue-
shifted from 2400 to 1610 nm when the Sn precursor increased
from 0.8% to 10%. A gradual red shift of the SPR peak from
1810 to 2550 nm was observed as the %Sn increased from 15 to
20% (inset of Fig. 1). This is due to the high concentration of tin
dopants, which causes significant lattice distortion, and/or decreases
the electron density resulting in a lower SPR frequency.'®”™
These results indicate that 10% Sn-doped ITO NCs have the
strongest plasmon absorption due to the corresponding highest
free-electron density and therefore they were used for this study.
Transmission electron microscopy (TEM) imaging (Fig. 2B)
shows that ITO NCs were highly mono-dispersed and high-
resolution TEM (HRTEM, inset of Fig. 2B) reveals single crystals
with a lattice fringe distance of 0.292 nm, illustrative of the
crystal lattice spacing of the (222) planes of ITO.

Freshly prepared 10% Sn-doped ITO NCs were deposited onto
a sapphire substrate by spin coating from a hexane solution,
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Fig. 1 Absorption spectra of as-synthesized ITO NCs dispersed in TCE
(inset shows a dependence of the SPR peaks of ITO NCs on the doped %Sn).
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Fig. 2 (A) Schematic diagram for the preparation of MOF//ITO/sapphire.
(B) TEM image of the 10% Sn-doped ITO NCs in hexane (inset of HRTEM
image). SEM images of the (C) as-deposited ITO film on the sapphire
substrate by spin-coating, (D) ITO film on sapphire after O, plasma treatment,
(E) 10 cycles (inset shows an individual Cu-BTC microcrystal with a size of
~300 nm), (F) 30 cycles Cu-BTC MOF grown onto the ITO film using the LBL
method. (G) Cross-sectional view SEM image of 30 cycles of Cu-BTC MOF.
(H) UV-Vis-NIR spectra of the 10% Sn-doped ITO NCs dispersed in TCE (black
line), the as-deposited ITO film on the sapphire substrate by spin-coating
(blue line), ITO film on sapphire after O, plasma treatment (red line), and
10 cycles MOF growth on ITO film using the LBL method (green line).
(I) Transmittance of the 10-cycles and 30-cycles LBL grown/ITO films (inset
shows the photo-images of MOF10//ITO and MOF30//ITO, respectively).
This wide range spectrum was obtained by combining a spectrum
recorded by a visible/NIR spectrophotometer (400-2700 nm) and FT-IR
(2500-10 000 nm). The symbol (*) on the x-axis indicates the junction
point between the two spectra (Vis-NIR and IR).

followed by O, plasma treatment and then Cu-BTC MOF film
growth using the LBL method (Fig. 2A). Sapphire was chosen as a
substrate because it is highly transparent to wavelengths of light
from UV to mid IR ranges. The SEM image in Fig. 2C shows that
the individual ITO NCs were uniformly deposited onto the sap-
phire substrate by the spin-coating method with the thickness of
~130 nm measured by cross-sectional SEM imaging (Fig. 2G).
The residual organic compounds left on the surface of the ITO
NCs should be removed prior to MOF film growth because the
presence of organic compounds can have a negative effect not
only on uniform MOF growth but also on the optical properties of
the fabricated sensors. In this study, we used O, plasma techni-
ques to remove any residual organic compounds (Fig. 2D) and to
produce hydroxylated (-OH) surfaces, which could replace the
self-assembled monolayer (SAM) commonly used in MOF thin-
film growth'” via the stepwise LBL method. After 10 cycles of
Cu-BTC MOF LBL growth on ITO film (MOF10//ITO) surfaces,
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crystals with sizes ranging from 150 nm to 300 nm were dis-
tributed on the surface of the ITO film (Fig. 2E and Fig. S1, ESI}).
The single crystals had a clear triangular shape (inset of Fig. 2E).
This suggests that the Cu-BTC particles grow with a specific
orientation on the ITO film. Increasing to 30 cycles of Cu-BTC
MOF LBL growth (MOF30//ITO) increases surface coverage into
the continuous film region, as shown in Fig. 2F. This suggests that
the Cu-BTC MOF film grows directly on the ITO film after O,
plasma treatment. The thickness of the Cu-BTC film was about
300 nm after 30 cycles of LBL growth (cross-sectional SEM image
in Fig. 2G). Uniform thin films with complete surface coverage
can be achieved by increasing the number of LBL growth cycles.

The UV-Vis-NIR absorption spectra of the samples obtained
at each stage of film deposition and processing are shown in
Fig. 2H. The absorption peak of the as-deposited 10% Sn-doped
ITO film shifted to a longer wavelength due to an increasing
ITO volume fraction (i.e. decreasing volume between ITO
nanoparticles) from extremely low in the solvent dispersion to
the as-deposited film,'®* which is also observed in other
samples with different %Sn (Fig. S2, ESIt). Additionally, a shift
of the absorption peak after O, plasma treatment is observed.
X-ray photoelectron spectroscopy (XPS) was employed to study
the change of chemical states of the ITO film due to O, plasma
treatment (Fig. S3, ESIT). It can be seen that the O 1s spectrum
appears primarily as a single peak with a slight increase in peak
broadening towards the higher binding energy side after O,
plasma treatment (Fig. S3C, ESIT). Peak broadenings were also
observed for the In 3d and Sn 3d spectra, although it is more
obvious for the In 3d spectra. The increase in the relative O 1s
peak height of the ITO films after O, plasma-treatment suggests
a higher concentration of oxygen (O/In = 1.31 vs. 1.13 for the
as-deposited ITO film) which is expected to impact the free
carrier density. It is therefore concluded that the shift of the
absorption peak after O, plasma treatment is attributed to a
decrease in free carrier concentration.

The MOF10//ITO shows a shoulder absorption band located
at around 700 nm (Fig. 2H), which is attributed to the d-d band
typical of copper carboxylate complexes,'® indicating that the
Cu-BTC MOF can be produced on the ITO film. The surface
plasmon absorption peaks for an ITO NC film appear at
2400 nm and both were broadened and shifted towards a
maximum value of ~2700 nm after Cu-BTC MOF growth on
the ITO film (Fig. 2I). These results indicate that the surface
plasmon frequencies are sensitive to their surrounding environ-
ment. It is worth noting that one of the overtone vibration
frequencies for CO, molecules appears at 2700 nm and the
spectrum of prepared nanoporous MOF//ITO thin-film in this
study has significant overlap with this characteristic band of
CO,. Therefore, we expect this material to be very useful for the
detection of CO, molecules in the NIR range.

The crystal structures of the samples were identified by XRD
and the results are shown in Fig. 3. Both the as-deposited and
0O, plasma-treated ITO film show diffraction peaks at 26 = 30.5°
and 35.3° for (222) and (400) planes, respectively, corres-
ponding to the cubic bixbyite structure of In,O; (JCPDS file
06-0416)."° At the 10th cycle of LBL growth of Cu-BTC MOF on

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 XRD patterns of the as-deposited (orange), O, plasma-treated
(green) ITO film, 10 cycles (purple), and 30 cycles (balck) LBL Cu-BTC
MOF growth onto ITO film. Bulk Cu-BTC MOF prepared by typical
solvothermal reaction is shown for reference (red). Circle dots represent
a cubic bixbyite structure of In,Os.

the ITO film, a new diffraction peak at 20 = 11.6° appears,
corresponding to the (222) plane of Cu-BTC. With a further
increase of LBL growth cycles (MOF30//ITO), the diffraction
peaks clearly reveal the presence of a polycrystalline material
with preferred orientation along the (111) direction. Although
the exact mechanism for the growth of Cu-BTC MOF on the
surface of metal oxides is not completely understood, it has
often been suggested that O, plasma treatment forms —OH
groups on metal oxide surfaces.'” The presence of —OH func-
tional groups on the ITO film surface may induce MOF growth
in a specific crystallographic direction, leading to preferentially
oriented films. This result is in very good agreement with
oriented growth using a thiol-based —OH terminated SAM.>°
Meanwhile, the decreasing intensity of ITO diffraction peaks
indicates increased MOF layer thickness. This result further
enforces the success of our strategy and this is the first
demonstration of successful growth of MOF on an ITO surface
via a stepwise LBL method, to our knowledge.

To examine the capability of the fabricated NIR absorption
sensor, we designed a gas-flow cell that consisted of bare
sapphire, ITO/sapphire or MOF//ITO/sapphire as shown in
Fig. S4, ESLt Before measuring the transmittance (%7), the
designed flow-cell was inserted into the FT-IR chamber filled
with pure N, gas in order to prevent the absorption of atmo-
spheric CO,. At the same time, the gas-cell was purged with
ultra-high purity Ar gas for 24 h at room temperature in order to
acquire a baseline spectrum. A high- (100%) or low-concentration
(0.1%) of CO, gas was then passed through the flow-cell at
atmospheric pressure. Typical FT-IR absorption spectra of CO,
gases measured at the high and low concentrations of CO,
using the flow cell without the MOF and ITO films are shown in
Fig. S5, ESI.T We first investigated the sensor performance at a
high-concentration of flowing CO, by measuring the difference
in %T, which is calculated by (%T of sapphire) - (%7 of ITO/
sapphire or MOF//ITO/sapphire). As can be seen in Fig. 4A

J. Mater. Chem. C
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Fig. 4 Difference in %T at (A) high (100%) and (C) low (0.1%) concen-
tration of CO, flowing on ITO/sapphire and MOF//ITO/sapphire samples.
(B) Schematic diagram of CO, flowing on the (bottom) ITO/sapphire and
(top) MOF//ITO/sapphire samples (see the more detailed set-up in Fig. S4
in ESIT).

(bottom), the difference in %T observed for an ITO film was
about 0.8% compared to bare sapphire. In considering the
possible simple increase in %7 to be a result of the porous
structure of the ITO NC film, we first verified this using pure
In,0; NCs deposited onto the sapphire substrate with the same
thickness as the ITO films. No difference in %7 was observed,
even with a porous structure. Next, we employed the HITRAN
database and calculated the maximum absorption coefficient
of 100% CO, to be around 2.7 um, which is about 6 ecm™*. Then
according to the Beer-Lambert Law (I = Iyexp(—a/)), the
absorption due to a 130 nm pathlength is only 0.0078%, which
is two orders of magnitude lower than the measured value of
0.8%. Therefore we concluded that the 0.8% difference in %7 is
the result of the plasmonic effect of ITO NCs, which can
enhance the sensitivity of CO, sensing.

Using a 3D finite element method simulation under periodic
boundary conditions, the electromagnetic field distribution
of the ITO NC thin film covered by a 90 nm MOF layer was
quantitatively estimated by the RF module of COMSOL 4.4 (Fig. 5).
Strong field enhancement mainly occurs in the gaps between ITO
NCs, which form the hotspots. The maximum enhancement
factor is about 755 and 762 for horizontal and vertical cross-
sections, respectively. Since each gap has a hotspot, there will be
intense hotspots across the whole array, which will contribute to
the enhancement of NIR absorption. To compare the average
enhancement, the optical field intensity was integrated over the
90 nm thick MOF layer. The results showed that with the presence
of ITO NCs, the average enhancement factor will be about 50.
Moreover, if a multilayer configuration is considered, the number
of hotspots and average enhancment will further increase.

The MOF30//ITO shows a 1.05% difference in %T (Fig. 4A
(top)) compared to ITO, which is due to CO, readily adsorbing
into MOF pores. Moreover, the difference in %7 of sapphire
and MOF30//ITO samples is about 1.85%. This value is in very
good agreement with the sum of differences in %7 of the two
samples. Subsequently, the capability of the NIR absorption
sensor at a low concentration of flowing CO, was investigated
and the results are shown in Fig. 4C. The difference in %7 for
the absorption band of CO, was also confirmed when the ITO
NCs are coated onto the sapphire substrate (Fig. 4C (bottom)),
confirming a plasmon enhancement effect, and implying that
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Fig. 5 3D FEM simulation of the ITO NC array. (A) Schematic of the
simulation model and electric field intensity distribution on (B) XY and
(C) XZ plane at 2 = 2700 nm. The model in the simulation was constructed
according to the SEM image shown in Fig. 2C. For the sake of simplicity, we
assumed that the ITO NCs formed a highly packed monolayer on top of
the sapphire substrate (ng,, = 1.726), which is a hexagonal array as shown
in (A). The field was calculated at the incident light wavelength of 2700 nm.
(B) and (C) present the map of simulated electric field intensity on
horizontal (XY plane) and vertical (XZ plane) cross-sections. E is the local
electric field and Eg is the incident electric field. The incident light, excited
from the substrate side, is polarized in the x-direction and propagates in
the z-direction. The diameter of ITO NC was set at 15 nm with a 2 nm gap
between each NC, which matches the average value of real synthesized
NCs. A 90 nm MOF layer was placed on top of ITO NPs with refractive
index nuor = 1.3, which was obtained from ellipsometry. The dielectric
constant of ITO is obtained from the Drude model.
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plasmonic ITO thin-films can detect low-concentrations of CO,
well below 1000 ppm in the NIR range. Moreover, the difference
in %T result of the MOF30//ITO film with a low concentration
of flowing CO, shows that it can much more effectively detect
CO, due to substantially increased sensitivity compared to the
ITO film (Fig. 4C (top)). It should be noted that in order to
further avoid the possible influence of residual CO, in MOF
pores, all the samples were purged with Ar gas for 72 h at room
temperature and tests were performed using a freshly corrected
base-line before measuring %7. For reference, the flow cell
designed in this study can be recovered within 60 min under the
given conditions (Fig. S6, ESIt). The fabricated MOF//ITO sensor
shows potential for applications in NIR gas sensing. Notably, this
is the first example of a MOF thin film-based NIR absorption
spectrum obtained for CO, gas at a wavelength of 2700 nm.

In summary, we demonstrated the fabrication of a plasmonics-
enhanced MOF nanoporous film and its potential for sensing
CO, in the NIR range. This nanocomposite thin film was highly
sensitive for NIR absorption by effectively pre-concentrating CO,
molecules in MOF pores resulting in the gas'‘s close proximity to the
strongly localized optical fields at the plasmonic NC surface. We
believe the combination of MOF and plasmonic NCs could over-
come the grand challenges of low sensitivity at NIR wavelengths
and enhance the selectivity that plagues other gas sensor materials.
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