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ABSTRACT: We report the first result of a study in which molecular iodine has B i K-
been incorporated via incipient wetness impregnation into the two-dimensional LI
semiconducting metal—organic framework (MOF) Cu;(2,3,6,7,10,11-hexahy- % B (
droxytriphenylene), Cuy(HHTP), to enhance its thermoelectric properties. A 3‘0 € ,(rf) \Q,G

power factor of 0.757 uW m™' K> for this MOF was obtained which
demonstrates that this provides an effective route for the preparation of
moderate-performance thermoelectric MOFs.
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1. INTRODUCTION and low thermal conductivity is desirable, which is the starting
point for the design of novel materials for this 216pplication.4’5

It has been almost a decade since Yaghi et al.” reported the
first examples of intrinsically conductive metal—organic

The rise in greenhouse gas emissions and worldwide energy
demand requires urgent development of efficient energy
conversion technologies that are capable of harvesting energy

from natural sources. Thermoelectric generators (TEG) are frameworks (MOFs) comprising square-planar transition
devices capable of converting heat into electrical energy based metal ions coordinated to highly conjugated redox active
on the Seebeck or Peltier effect and are considered to be a ligands. The effective charge transport observed in these
promisjng clean technology to conventional energy sources extended two-dimensional (ZD) structures is attributed to the
such as fossil fuels."”” These devices do not require complex excellent orbital conjugation between metal centers and the
mechanical structures, maintenance is inexpensive, and can ortho-disubstituted benzene organic units.” The honeycomb
significantly reduce the environmental impact of air pollution.’ layer-stacked 2D structure in these frameworks resembles that
One of the fastest growing areas for thermoelectric technology observed in graphite. Electrical conductivity measurements
is the recovery of waste heat in domestic and portable conducted on this series of MOFs (in which Ni**, Co**, and
applications. To achieve this goal, it is necessary to find Cu®* were employed as metal centers coordinated to
cheaper and facile-to-process nontoxic materials that also 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) linkers)
perform well at ambient temperatures. The performance of showed that the Cu analogue possessed the highest
thermoelectric devices is related to the ratio of the electrical conductivity, reaching values of around 0.2 S ecm™.

energy produced to the thermal energy entering the device, The inherent porosity in MOFs makes them suitable

and this is measured by the dimensionless figure of merit zT'

candidates to investigate the modulation of their physical
which is given by the following equation:

and chemical properties via the incorporation of guest
5 molecules. This process does not disrupt the integrity of the
MOFs’ crystal structure. The incorporation of guest molecules

2= ———
(kP + k)
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where S corresponds to the Seebeck coefficient (V K™'), o is
the electrical conductivity (S m™), k is the thermal
conductivity (W m™" K™') which has two contributions k,
and k,, the electronic and phononic contribution, respectively,
and T is the absolute temperature. In order to achieve a high-
performance TEG, a material with high electrical conductivity
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Figure 1. Photographs of the automated custom-made dip coater, glass substrate with etched FTO contacts immersed in piranha solution,
fabricated Cuy(HHTP), thin films, and I, loading Cus(HHTP), experiment.

within the MOF pores to promote long-range electron
delocalization and/or inject free charge carriers (e.g, by
oxidizing or reducing the electroactive building units) has
become an effective strategy to enhance the electrical
properties of MOFs.* ™"

Different approaches have been employed to introduce guest
molecules into MOF species such as co-evaporation of the host
framework and guest entity under vacuum,'' mixing the host
and guest materials in the liquid phase (incipient wetness
impregnation) followed by its physical deposition (e.g, dip
coating)'” or diffusion of the guest vapors into the organic
semiconductor."?

Inspired by postsynthetic modifications involving the
insertion of iodine molecules into insulating MOFs to enable
charge transfer along the framework, Lee et al.'” investigated
the electrical response of I,-infiltrated Co-based MOF thin
films for potential applications in solar harvesting devices. Thin
films of the cobalt(Il) 2,6-naphthalendicarboxylic acid
[Cos(NDC);DMF,] framework were fabricated using layer-
by-layer (LBL) and doctor-blade (DB) techniques yielding
thicknesses of 0.4 and 4 pm, respectively. Pore infiltration with
iodine was performed by dipping the MOF thin films into an
acetonitrile solution of 0.1 M I, for 2 h at 50 °C. According to
Hall measurements, the LBL and DB MOF thin films displayed
conductivities of 107 and 1077 S cm™.

The same strategy was employed for 3D pillared
Co,5(bdc), s(H,bpz))-DMF-4H,0 MOFs, which comprise
tri-nuclear Co clusters of 1,4-benzenedicarboxylic acid
(H,bdc) mixed with 3,3’,5,5'-tetramethyl- 4,4’-bipyrazole
(H,bpz) co-ligands."* Todine loading within the MOF pores
was carried out by soaking the powders in a cyclohexane
solution of I, for 48 h. The host—guest interaction between I,
molecules and the phenyl CH groups along the framework is
likely to induce n = o* charge transfer, leading to an increase
in the electrical conductivity from 2.59 X 107 to 1.56 X 107 S
cm™.
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More recently, this approach has been applied to 2D MOF
structures, leading to a significant improvement in their
electrical properties due to the chemical oxidation of the
framework induced by the incorporation of molecular iodine.
This has been observed for Cu;(2,3,8,9,14,15-hexahydroxy-
trinaphthylene), (Cuy(HHTN),) drop-casted film FET
devices'” and Cu;(TABTO), pellets (where TABTO =
1,3,5-triamino-2,4,6-benzenetriol),’> whose conductivities
were enhanced by a factor of 10° and 10°, respectively.

Talin et al. reported the first experimental observation of
thermoelectric properties in a MOF thin film with HKUST-1
being selected as a possible candidate for TE applications.'®
The electrical insulating nature of this MOF was overcome by
introducing TCNQ_ (tetracyanoquinodimethane) guest mole-
cules which served as a pathway for charge transfer by bridging
neighboring metal centers. The thermoelectric properties of
Ni,(HITP), were investigated by Dinci and co-workers.'” The
electrical conductivity and the Seebeck coefficient of this
framework at room temperature were found to be 58.8 S cm™
and —11.9 uV K7!, respectively. The high electrical
conductivity of this MOF led to a figure of merit of 1.19 X
1073 at ambient conditions. This value is much higher than
that reported for TCNQ@HKUST-1. Although the figure of
merit is still too low for practical applications, it is the first
study of pristine conducting MOFs as potential TEGs. More
recently, the thermoelectric properties of Cu-benzenehexathiol
(Cu[BHT]) polycrystalline thin films fabricated by liquid—
liquid interfacial synthesis were reported."® The best TE
performance was observed for a 400 nm thick Cu(BHT) thin
film, which displayed a Seebeck coefficient, as well as electrical
and thermal conductivity values of —21 xV K™, 2000 S cm™,
and 024 W m™' K™ at 300 K, respectively. The authors
suggested that the figure of merit (0.013) exhibited by this n-
type conductive framework can be optimized through tailoring
of its charge carrier concentration via redox or chemical doping
approaches.

https://doi.org/10.1021/acsami.2c20770
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In this paper, we focus on the enhancement of the
thermoelectric properties via iodine loading within the 2D
semiconducting MOF, Cu;(2,3,6,7,10,11-hexahydroxytriphe-
nylene), [Cu;(HHTP),]. Dip coating is demonstrated as an
effective technique for the preparation of semiconducting
MOFs. The MOF films in this work were prepared on etched
fluorine tin oxide (FTO) glass substrates by dip coating
(Figure 1), and their structural integrity was investigated by
grazing-incidence X-ray diffraction (GIXRD) measurements
before and after guest-molecule infiltration. Electrical and
Seebeck measurements were performed on the dip-coated
MOF thin films after immersion in iodine solutions for
different periods of time (0, 30, 60, and 90 min). Optical and
chemical characterizations of the prepared iodine-loaded
Cuy(HHTP), films were conducted via UV—vis, X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy.
The incorporation of iodine into Cuy(HHTP), dip-coated
films resulted in a power factor of 0.757 W m™" K2 for this
framework, which is mainly attributable to the enhancement in
the electrical conductivity of the material.

2. RESULTS AND DISCUSSION

The growth of Cuy(HHTP), thin films has previously been
carried out by a number of methods including the Langmuir—
Blodgett technique,'” immersion of a graphite—gatterned
polymeric film into the MOF synthesis solution,” and a
spray-based layer-by-layer liquid-phase epitaxial method.”" Dip
coating is considered to be a low cost technique which is used
for uniform coatings over large areas regardless of the substrate
geometry. The fabrication of MOF films by dip coating is
considered to be a layer-by-layer (LBL) growth method.”>**
The substrate surface is first functionalized in order to provide
anchoring groups which serve as nucleation sites by mimicking
the terminal groups present in the organic linkers (e.g., —OH
groups). The functionalized substrate is then immersed in a
solution containing metal ions which bind to the functionalized
surface, followed by a rinse step. The substrate is immersed in
the ligand solution and rinsed once again. This process is
repeated n times as desired, and the thickness of the film
increases linearly as a function of the number of dipping cycles.
Due to the individual dipping steps of the substrate conducted
in metal salt and ligand precursor solutions with no extra
additives, the resultant deposited MOF films are homogeneous
and structurally well ordered. Thus, dip coating offers a more
accessible synthetic route to configure MOFs as thin films,
even with the possibility to obtain preferably oriented films
when using the appropriate surface anchoring functional
groups.zz’

In this work, dip-coated Cuy(HHTP), thin films were
fabricated using an automated custom-made dip coater. The
concentration of the precursor solutions comprising Cu-
(OAc)/EtOH and HHTP/EtOH was 0.01 mg mL™". The
etched FTO glass substrate was first immersed in the metal
precursor solution (dwell time = 20 s), followed by a rinsing
step in an ethanol solution to remove the unreacted product
(dwell time = S s). The substrate was then immersed in the
ligand precursor solution (dwell time = 40 s) followed by a
rinsing step. The sequence of the dipping steps was repeated
up to 50 times. The FTO glass substrates were subjected to a
surface chemical treatment prior to film formation, which
resulted in free —OH groups being anchored to the substrate
surface that served as potential MOF nucleation centers.”®
These functional groups mimic the hydroxyl groups present in
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the ligand and allow direct coordination of the metal ions to
the surface and facilitate the growth of MOF crystals.

The first observation during the dip-coating process was the
gradual darkening of the substrates which suggested the
successful growth of the Cuy(HHTP), films. UV—vis
absorbance spectra of the Cuy(HHTP), MOF thin films
were carried out at room temperature (Figure 2). An increase
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Figure 2. Absorbance spectra of the dip-coated Cuy(HHTP), MOF
thin films after 10, 20, 30, 40, and 50 dipping cycles and their

respective photographs. Concentration of both precursor solutions
was 0.01 mg mL™".

in the absorbance values of the MOF films is observed as the
number of dipping cycles increased, confirming an expected
increase in the thickness of the films. Each spectrum exhibits
two absorption maxima at 355 and 635 nm which may be
attributed to the 7 — #* transition of the catecholate ligand
due to the presence of its highly conjugated aromatic rings and
the d—d transition of the d° (Cu?*) cation within the
framework, respectively.*®

The optical band gap of the dip-coated MOF films after 50
dipping cycles was calculated from Tauc plots (Figure S1). The
background spectrum was subtracted from the experimental
data before UV—Vis band analysis. The absorption coefficient
(a) is obtained from the equation a = —%ln(%) where t

0

represents the thickness of the deposited film, I, the intensity
of the transmitted light, and I is the intensity of the incident
light, respectively. The optical band gap of the material is
calculated using the expression (ahy)"" = C(hy — Eg) , where h
is Planck’s constant, C is the proportionality constant, y is the
frequency of light, E, is the band gap energy, and n = 1/2 for
direct allowed transitions. The band gap of the dip-coated
Cuy(HHTP), films was obtained by extrapolating the linear
portion of the curve to the photon energy intercept giving a
value of 2.7 eV, confirming the semiconducting nature of the
framework. This value is in agreement with the band gap of
2.68 eV for Cuy(HHTP), in the bulk calculated from
temperature-dependent electrical data and an Arrhenius plot
reported in our previous work.””

The as-deposited MOF films were immersed in solutions of
iodine dissolved in dichloromethane (2 mg mL™") for 30, 60,
90, and 120 min and subsequently characterized by GIXRD
and UV—vis spectroscopy, and their thermoelectric properties
are determined.

In the initial stages, the MOF films prepared by dip coating
showed the formation of small clusters which were composed

https://doi.org/10.1021/acsami.2c20770
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Figure 3. SEM micrographs of dip-coated Cu;(HHTP), thin films after S0 dipping cycles.
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Figure 4. GIXRD patterns (left) and absorbance spectra of as-deposited and I,-loaded Cu;(HHTP), thin films (right).

of individual atoms or molecules on the substrate surface.”®

These coalesced to form a continuous film in which the
thickness varies with time. Contrary to the coating method
where the substrate is immersed into a solution containing the
dispersed MOF powder, the layer-by-layer technique leads to a
rigid anchoring of the MOF crystallites onto the surface. The
grown MOF thin films prepared in this work comprised
agglomerated particles with irregular shapes and an average
size of ~332 nm. The surface roughness of the dip-coated
Cu;(HHTP), films appears to increase with the number of
dipping cycles, which is attributed to an increase in the number
and size of the agglomerated particles comprising the films as
suggested by microstructural characterization (Figure S2).
High-resolution SEM images of Cu;(HHTP), MOF thin films
prepared by S0 dipping cycles and a concentration of 0.01 mg
mL™" are shown in Figure 3. The analysis revealed that the
deposited MOF films exhibited nanostructured features.

A qualitative adhesive tape-peeling test was conducted on
the MOF film deposited after 50 dipping cycles. It appeared
that the outer layer of the MOF film was weakly bound to the
substrate (Figure S3), but that a uniform film remained on the
substrate, indicating that the first grown layers are rigidly
attached to the substrate due to the hydroxylated glass surface.

A comparative structural characterization between pristine
and iodine-loaded dip-coated Cuy(HHTP), films revealed
broadening and slight shift to lower 26 angles in the peak
positions of the (100) and (002) crystal planes, respectively
(Figure 4-left, Figure S4). The calculated XRD pattern of
iodine (COD No. 1010091) is shown for clarity. The (100)
peak of Cuy(HHTP), is ascribed to the ab planes being aligned
with the long axis of the MOF pores; thus, the broadening of
this diffraction peak indicates the distortion of the in-plane
arrangement due to the incorporation of I, within the MOF
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cavities."” In addition, as suggested by the decrease in intensity
of the 002 peak, a disorder in the stacking of MOF sheets along
the ¢ direction also occurs after I, infiltration.”” The peak
shoulder located at 25.6° for the I,-loaded MOF thin films is
indicative of the presence of iodine, which increases in
intensity with longer immersion times.’” In a previous report,'’
upon the incorporation of iodine in Cu(2,3,8,9,14,15-
hexahydroxytrinaphthylene) [Cu;(HHTN),], a framework
composed of a redox active skeleton with a 2.5 nm pore size,
the broadening of the (100) peak was assumed to be due to
the formation of I;~ chains within the pores causing reordering
of the MOF layers. We speculate that a similar mechanism is
operational for the Cuy(HHTP), system due to its similarity
with the highly conjugated and redox active ligand present in
the Cuy(HHTN), MOF. To validate the oxidation of the
Cuy(HHTP), framework and the formation of 1, ions, further
Raman and XPS studies were conducted.

Optical characterization showed the appearance of an
absorption band corresponding to molecular I, with a
maximum peak intensity located at 502 nm (Figure 4, right),
which is first observed after an immersion time of 60 min.
However, the intensity of this band decreases when the MOF
film is re-immersed in the iodine solution to complete the 120
min period. Since the MOF films were not evacuated prior to
I, loading experiments and due to the high affinity to adsorb
moisture from the environment exhibited by Cu;(HHTP),,*!
the absence of the I, absorption band after 30 min immersion
time is presumably due to the low exchange rate of water
molecules within the MOF cavities replaced by molecular
iodine. The less intense I, absorption band after the 120 min
immersion period may suggest that an equilibrium is reached,
which may or may not correspond to the complete filling of the
pores.

https://doi.org/10.1021/acsami.2c20770
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C 1s regions for Cu;(HHTP), after iodine loading.

Raman spectroscopy coupled with integral intensities
mapping was conducted in order to determine the iodine
species adsorbed within the Cu;(HHTP), cavities after 30 min
of being immersed in iodine solution (Figure 5). The pristine
dip-coated Cu;(HHTP), showed no bands in the region of
interest between 70—130 and 130—200 cm™' due to the
absence of I, (Figure Sab). After the MOF film was loaded
with iodine, a Raman band centered at 105 cm™ appears
which is attributed to linear symmetric iodide anion I;~.** The
formation of triiodide anion species presumably occurs due to
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the charge transfer between iodine and the highly conjugated
Cu;(HHTP), framework, leading to its partial oxidation.™
This phenomenon could explain the higher electrical
conductivity of the iodine-loaded MOF film compared to the
pristine film. In addition, neutral I, is not found in the MOF
film as suggested by the absence of a band and integral
intensities in the 130—200 cm™' region (Figure Sd,e). This
finding is in agreement with XRD characterization data where
no distinct diffraction peaks corresponding to bulk iodine were
observed. The distribution of triiodide in the MOF film was

https://doi.org/10.1021/acsami.2c20770
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Figure 7. Seebeck voltage measured as a function of temperature difference for (a) pristine dip-coated Cuy(HHTP), film and after being immersed

in iodine solution for (b) 30 min, (c) 60 min, and (d) 90 min.

elucidated by Raman mapping. The integral intensity in the
range of 70—130 cm™" for the MOF film immersed for 30 min
in I, solution showed the partial inclusion of I~ within the
MOF pores, suggesting that iodine capture occurs slowly at
this stage (Figure Sc).

XPS analysis was performed in order to elucidate the
mechanism of binding of I, to Cu;(HHTP), and determine
the valence state of the Cu metal nodes. A survey spectrum
revealed the presence of the expected elements while
quantification indicated an I-Cu ratio of 1:1 and a C-O
ratio of approximately 3:1, in line with the ligand structure
(Figure SS). High-resolution analysis was performed at a pass
energy of 40 eV to enable identification of the electronic
configuration of the metal and iodine (Figure 6). In order to
assess the stability of the sample under the beam (and
potentially under the required charge neutralization con-
ditions,”* the Cu valence state as a function of X-ray exposure
time was recorded (Figure S6) and spectral composition
deconvoluted into a linear function (Figure 6d). In the 3d
graph, the creation of a large peak at ~931 eV associated with
Cu(I) or Cu(0) arises as X-ray exposure increases, while the
broader peak at higher binding energy diminishes. Analysis of
the Cu LMM Auger (Figure S7) following a full irradiation
period revealed a modified Auger parameter (a’) of 1849 eV,
which is consistent with the presence of Cu(I) species.”” In
order to attempt to circumvent this rapid reduction under even
soft X-ray conditions, 20 single spot spectra were obtained on a
short dwell time and averaged to reduce spectral noise. The
deconvolution of this (Figure 6b) determined that the majority
of the Cu is in the form of Cu(Il), as evidenced by the
characteristic satellite features at ~940 eV.>> The determined
ratio of Cu(II) to Cu(I) was found to equate to ~85% Cu(IL),
which indicates that the system potentially exists at ~90%
Cu(II) minimum according to our X-ray reduction profiles
(Figure 6d). lodine speciation was determined through
analysis of the I 3d region only (Figure 6a) since there exists
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a significant overlap between O KLL and I LMM Auger peaks
which render accurate peak positioning troublesome. the peak
maxima of the I 3d,, emission was found to be 619.5 eV,
which is consistent with that of I,7.°° The presence of I,”
indicates the presence of triiodide anions and suggests the
formation of a charge transfer complex between the aromatic
m-electrons from the MOF framework and iodide chains.'”*”

The Seebeck coeflicient was determined by measuring the
voltage drop across the samples with two probes whilst
applying a temperature gradient, as shown in Figure 7. Good
Ohmic contact was confirmed by obtaining linear current
versus voltage response (cf. Figure S8). The Seebeck
coefficient was calculated from the slope of the linear fit (red
curve) to the Seebeck voltage versus temperature difference
curves. A maximum Seebeck coefficient of —589 uV/K was
obtained for the pristine dip-coated films of Cuy(HHTP),.
These results were found to be reproducible and have been
verified for three other samples that were prepared under
identical conditions (cf. Table S2 in the ESI). The negative
sign of the Seebeck coefficient indicates that the majority of
carriers within this MOF is n-type. This is in agreement with
what we have measured for the bulk-pressed pellets and
electrodeposited thin films of Cuy(HHTP), which were also
found to exhibit n-type semiconducting behavior.”” The main
difference, however, is the magnitude of the Seebeck
coefficient measured for the dip-coated MOF films and the
pressed bulk pellet, even though we previously observed an
increase in the Seebeck coefficient for electrodeposited thin
films to —121.4 uV/K.*” To investigate the higher value of the
Seebeck coefficient, we performed Hall effect measurements to
determine the electrical conductivity and the charge carrier
density and included SEM micrographs (cf. Figure S9, ESI)
that reveal the surface morphology of the pressed bulk MOF
pellet and the dip-coated films. By closely inspecting the SEM
micrographs of the surface of the pressed bulk pellet and
comparing this to the as-prepared dip-coated films, we can
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Figure 8. Thermoelectric performance for bulk and dip-coated Cu;(HHTP), thin films (before and after iodine infiltration).
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Figure 9. Preparation of FTO electrical contacts on glass substrates.

observe noticeable cracks in the bulk pellet which can explain
the much lower electrical conductivity as opposed to the much
higher electrical conductivity observed for the dip-coated films,
as can be seen in Figure 8 and Table SI. The presence of
cracks in the pellet also did not allow us to accurately measure
the charge carrier density in the bulk pellet, and we attribute
the much lower Seebeck coefficient to the possibility that the
bulk pellet is in fact highly doped compared to the as-prepared
dip-coated films which can explain the much lower Seebeck
coefficient. The other noticeable feature from the SEM
micrographs is the presence of nanostructured features within
the dip-coated films which may also be a contributing factor to
explain the much higher Seebeck coefficient. In other studies
on similar MOFs,'” the processing conditions were found to
play a major role in enhancing the value of the Seebeck
coeflicient between bulk-pressed pellets and thin films. After
iodine doping, the Seebeck coeflicient was found to decrease to
—386.4 uV/K whilst the electrical conductivity increased to
5.08 S m™". Molecular doping with iodine has been reported as
enhancing the electrical conductivity in other MOF systems.'”
The carrier density after doping changed from —2.66 X 10'® to
—8.69 X 10" cm™ which can be explained in terms of
oxidative molecular doping by iodine that decreased the
number of n-type carriers. XPS confirmed the formation of an
I,” species and the presence of Cu** which provides further
evidence for oxidative doping via iodine which is in agreement
with other studies as well."

As can be seen from Figure 8 (Table S1), the Cuy(HHTP),
MOF film immersed for 30 min in iodine led to a record power
factor of 0.757 W m™" K for this framework. Although this
value is much higher than those of other thermoelectric MOF
systems with infiltrated guest molecules such as TCNQ@
HKUST-1'° with an experimental power factor (PF) of 0.057
YW m™' K™% pristine Niy(hexaaminotriphenylene), frame-
works possess the highest thermoelectric performance reported
so far with a PF of 8.31 4W m~! K=2'” Our PFs are lower due
to a much lower electrical conductivity which may be explained
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in terms of the metallic band structure for the
Ni,(hexaaminotriphenylene), framework.

Lee et al. investigated the charge transport properties of
HKUST-1 thin films fabricated on glass substrates by doctor-
blading (DB) and layer-by-layer (LBL) techniques with
thicknesses of ~4 and ~0.5 um, respectively.”® Todine loading
was conducted by dipping the MOF thin films in an
acetonitrile solution of 0.1 M I, for 2 h at room temperature.
Electrical measurements showed a 100-fold increase in the
conductivity of HKUST-1 thin films compared to the pristine
framework. The charge transport mechanism is attributed to
the confinement of I, molecules within the pores, leading to
intermolecular interactions between these guest molecules and
the aromatic rings resulting in a cooperative electrical
conductivity increase of this material. Various examples on
the enhancement of the electrical properties of different MOF
systems before and after iodine infiltration have been reported
in the literature and are summarized in Table S3.

3. CONCLUSIONS

The main advantage of the synthesis of MOFs by the dip
coating method is its simplicity as neither robust equipment
nor critical synthesis conditions are needed. Thermoelectric
properties of dip-coated Cuy(HHTP), films with and without
iodine loading are reported for the first time. The
incorporation of I, within the MOF film resulted in a
noticeable increase in the electrical conductivity, leading to a
decrease in the Seebeck coefficient (as expected due to the
interdependency of these two physical properties). We report
record PFs for pristine and 1,-loaded Cu;(HHTP), thin films
with values of 0.458 and 0.757 uW m™" K% respectively.
These PFs are much higher than the bulk equivalent, and the
only example of a thermoelectric MOF loaded with guest
molecules reported to date is TCNQ@HKUST-1. These
findings demonstrate that tuning of the thermoelectric
performance of Cuy(HHTP), can be achieved through
material processing and guest-molecule infiltration. Overall,
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these findings suggest that MOFs could be considered as the
new generation of thermoelectric materials. The electronic
behavior of MOFs is influenced by the transition metal d-
electrons and their interaction with the molecular orbitals of
the organic linkers, and electrical conductivity can be enhanced
by the introduction of guest molecules into the pores to
increase the charge mobility along the framework or by the
selection of redox active organic molecules as building blocks.

4. EXPERIMENTAL METHODS

4.1. Materials. Copper(II) acetate monohydrate and the ligand
2,3,6,7,10,11-hexahydroxytriphenylene hydrate were used as chemical
precursors. In order to monitor variations in electrical conductivity
and the Seebeck coefficient, dip-coated Cuy(HHTP), thin films (1 cm
X 1.5 cm) were prepared on glass substrates with fluorine-tin oxide
(FTO) contacts (Figure 9). The preparation of the FTO glass
substrates (FTO layer 1 ym thick, 15 Q/cm?) before dip coating was
conducted by masking the four corners of the substrate with Kapton
tape so these would serve as electrical contacts. The remaining
unmasked FTO areas of the substrate were etched by rubbing zinc
powder onto the glass surface using a spatula for S min followed by
the dropwise addition of 2 M HCL The Zn/HCI mixture was in
contact with the substrate surface for 10 min. Finally, the glass
substrates were rinsed with copious DI water and the Kapton tape was
removed from the substrate corners. Alternatively, sonication can be
conducted to remove any potential Zn residues on the substrate
surface. A zero electrical response from the etching area was verified
by using a multimeter, which indicates the successful removal of the
unmasked FTO layer. Hydroxylation of the prepared glass substrates
with FTO contacts was conducted by immersing them in a piranha
solution (H,SO,/H,0, ratio 6:4) for 1 h at S0 °C. After this, the
substrates were rinsed with water and ethanol and left to dry at room
conditions.

Glass substrates were mounted on the dip coater holder and
vertically immersed in the metal precursor solution (dwelling time =
20 s), followed by a washing step in ethanol solution (dwelling time =
S s) to remove the unreacted product and ensure the uniform growth
of the film; then, the substrates were immersed in the ligand precursor
solution (dwelling time = 40 s) followed by the last washing step
(dwelling time = S s), as shown in Figure 10. This process was
repeated S0 times.

N ()

=y

Cu(Oac)zEtOH EtOH HHTP EtOH Cu3(HHTP)2

/

Figure 10. Immersion step sequence to fabricate Cuy(HHTP), thin
films by dip coating.

Iodine loading experiments were carried out by dissolving 20 mg of
iodine in 10 mL of dichloromethane (DCM). This solvent was chosen
due to the high solubility of iodine and its high volatility, so the
treated MOF thin film samples can be characterized almost
immediately after removing them from the I, solution.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c20770.

5485

Characterization; energy band gap of dip-coated
Cu;(HHTP), film; SEM micrographs of Cuy(HHTP),
thin film; Cu;(HHTP), film after the adhesion test;
PXRD patterns of pristine Cuy(HHTP), film and after I,
loading; survey spectrum of dip-coated Cu;HHTP),
thin film; XPS analysis of the Cu valence state; Cu
LMM Auger spectrum for dip-coated Cuy(HHTP),; I—
V curves of pristine and iodine-doped Cus( HHTP),
films; thermoelectric performance for bulk and
Cu;(HHTP), thin film (Table S1); SEM micrographs
of Cuy(HHTP) pressed pellet and dip-coated film;
thermoelectric data for four dip-coated Cuy(HHTP),
films (Table S2); and comparison of electrical properties
of MOFs before and after I, loading reported in the
literature (Table S3) (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Darren Bradshaw — School of Chemistry, University of
Southampton, Southampton SO17 1B], UK;
Email: D.Bradshaw@soton.ac.uk

Iris Nandhakumar — School of Chemistry, University of
Southampton, Southampton SO17 1BJ, UK,; ® orcid.org/
0000-0002-9668-9126; Email: . Nandhakumar@
soton.ac.uk

Authors
Maria de Lourdes Gonzalez-Juarez — School of Chemistry,
University of Southampton, Southampton SO17 1B], UK.
Mark A. Isaacs — Department of Chemistry, University College
London, London WCI1H 0A], U.K; HarwellXPS, Research
Complex at Harwell, RAL, Didcot OX11 OFA, UK,;
orcid.org/0000-0002-0335-4272

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c20770

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M. Gonzalez-Juarez is supported by the National Council of
Science and Technology-Mexico (CONACYT) under registry
number 526108. I. Nandhakumar wishes to acknowledge
EPSRC grant EP/T026219/1. The XPS data collection was
performed at the EPSRC National Facility for XPS
(“HarwellXPS”), operated by Cardiff University and UCL,
under Contract No. PR16195.

B REFERENCES

(1) Snyder, G. J.; Toberer, E. S. Complex Thermoelectric Materials.
Mater. Sustain. Energy 2010, 7, 101-110.

(2) Rowe, D. M.Materials, Preparation, and Characterization in
Thermoelectrics; CRC Press: Florida, 2012.

(3) Champier, D. Thermoelectric Generators: A Review of
Application. Energy Convers. Manage. 2017, 140, 167—181.

(4) Uchida, K.; Takahashi, S.; Harii, K; Ieda, J.; Koshibae, W.;
Ando, K.; Maekawa, S.; Saitoh, E. Observation of the Spin Seebeck
Effect. Nature 2008, 455, 778—781.

(5) Ritter, A.Smart Materials in Architecture, Interior Architecture and
Design; Birkauser: Basel, 2007.

(6) Hmadeh, M.; Lu, Z.; Liu, Z.; Gandara, F.; Furukawa, H.; Wan,
S.; Augustyn, V.; Chang, R.; Liao, L.; Zhou, F.; Perre, E.; Ozolins, V.;
Suenaga, K; Duan, X,; Dunn, B.; Yamamto, Y.; Terasaki, O.; Yaghi,

https://doi.org/10.1021/acsami.2c20770
ACS Appl. Mater. Interfaces 2023, 15, 5478—5486


https://pubs.acs.org/doi/10.1021/acsami.2c20770?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20770/suppl_file/am2c20770_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darren+Bradshaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:D.Bradshaw@soton.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iris+Nandhakumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9668-9126
https://orcid.org/0000-0002-9668-9126
mailto:I.Nandhakumar@soton.ac.uk
mailto:I.Nandhakumar@soton.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+de+Lourdes+Gonzalez-Juarez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+A.+Isaacs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0335-4272
https://orcid.org/0000-0002-0335-4272
https://pubs.acs.org/doi/10.1021/acsami.2c20770?ref=pdf
https://doi.org/10.1142/9789814317665_0016
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1038/nature07321
https://doi.org/10.1038/nature07321
https://pubs.acs.org/doi/10.1021/acsami.2c20770?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20770?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20770?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20770?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

O. M. New Porous Crystals of Extended Metal-Catecholates. Chem.
Mater. 2012, 24, 3511-3513.

(7) Li, P.; Wang, B. Recent Development and Application of
Conductive MOFs. Isr. . Chem. 2018, 58, 1010—1018.

(8) Zhang, X; Da Silva, I; Fazzi, R; Sheveleva, A. M; Han, X;
Spencer, B. F,; Sapchenko, S. A;; Tuna, F.; Mclnnes, E. J. L,; Li, M,;
Yang, S.; Schroder, M. Todine Adsorption in a Redox-Active Metal-
Organic Framework: Electrical Conductivity Induced by Host-Guest
Charge-Transfer. Inorg. Chem. 2019, 58, 14145—14150.

(9) Lin, J. X; Liang, J.; Feng, J. F; Karadeniz, B.; Ly, J.; Cao, R.
Iodine Uptake and Enhanced Electrical Conductivity in a Porous
Coordination Polymer Based on Cucurbit[6]Uril. Inorg. Chem. Front.
2016, 3, 1393—1397.

(10) Meng, Z.; Mirica, K. A. Two-Dimensional d-z Conjugated
Metal-Organic Framework Based on Hexahydroxytrinaphthylene.
Nano Res. 2021, 14, 369—375.

(11) Fujimoto, R.; Yamashita, Y.; Kumagai, S.; Tsurumi, J;
Hinderhofer, A,; Broch, K; Schreiber, F.; Watanabe, S.; Takeya, J.
Molecular Doping in Organic Semiconductors: Fully Solution-
Processed, Vacuum-Free Doping with Metal-Organic Complexes in
an Orthogonal Solvent. J. Mater. Chem. C 2017, S, 12023—12030.

(12) Lee, D. Y.; Kim, E. K.; Shrestha, N. K.; Boukhvalov, D. W.; Lee,
J. K; Han, S. H. Charge Transfer-Induced Molecular Hole Doping
into Thin Film of Metal-Organic Frameworks. ACS Appl. Mater.
Interfaces 2015, 7, 18501—18507.

(13) Gladysiak, A.; Nguyen, T. N.; Spodaryk, M.; Lee, J. H.; Neaton,
J. B; Zittel, A.; Stylianou, K. C. Incarceration of Iodine in a Pyrene-
Based Metal—Organic Framework. Chem. — Eur. J. 2019, 25, 501—
506.

(14) Li, G. P; Zhang, K; Zhao, H. Y,; Hou, L; Wang, Y. Y.
Increased Electric Conductivity upon I2 Uptake and Gas Sorption in a
Pillar-Layered Metal—Organic Framework. ChemPlusChem 2017, 82,
716—720.

(15) Jiang, Y.; Oh, L; Joo, S. H.; Seo, Y.; Lee, S. H.; Seong, W. K;
Kim, Y. J.; Hwang, J.; Kwak, S. K;; Yoo, J.; Ruo, R. S. Synthesis of a
Copper 1,3,5-Triamino-2,4,6-Benzenetriol Metal— Organic Frame-
work. J. Am. Chem. Soc. 2020, 142, 18346—18354.

(16) Erickson, K. J.; Léonard, F.; Stavila, V.; Foster, M. E.; Spataru,
C. D;; Jones, R. E.; Foley, B. M.; Hopkins, P. E.; Allendorf, M. D,;
Talin, A. A. Thin Film Thermoelectric Metal-Organic Framework
with High Seebeck Coefficient and Low Thermal Conductivity. Adv.
Mater. 2015, 27, 3453—3459.

(17) Sun, L.; Liao, B.; Sheberla, D.; Kraemer, D.; Zhou, J.; Stach, E.
A.; Zakharov, D.; Stavila, V.; Talin, A. A.; Ge, Y.; Allendorf, M. D,;
Chen, G.; Léonard, F; Dinci, M. A Microporous and Naturally
Nanostructured Thermoelectric Metal-Organic Framework with
Ultralow Thermal Conductivity. Joule 2017, 1, 168—177.

(18) Tsuchikawa, R.; Lotfizadeh, N.; Lahiri, N.; Liu, S.; Lach, M,;
Slam, C.; Louie, J; Deshpande, V. V. Unique Thermoelectric
Properties Induced by Intrinsic Nanostructuring in a Polycrystalline
Thin-Film Two-Dimensional Metal—Organic Framework, Copper
Benzenehexathiol. Phys. Status Solidi A 2020, 217, No. 2000437.

(19) Rubio-Giménez, V.; Galbiati, M.; Castells-Gil, J.; Almora-
Barrios, N.; Navarro-Sanchez, J.; Escorcia-Ariza, G.; Mattera, M.;
Arnold, T.; Rawle, J; Tatay, S.; Coronado, E.; Marti-Gastaldo, C.
Bottom-Up Fabrication of Semiconductive Metal—Organic Frame-
work Ultrathin Films. Adv. Mater. 2018, 30, 1—8.

(20) Smith, M. K;; Jensen, K. E.; Pivak, P. A.; Mirica, K. A. Direct
Self-Assembly of Conductive Nanorods of Metal—Organic.Pdf. Chem.
Mater. 2016, 28, 5264—5268.

(21) Yao, M. S;; Ly, X. J.; Fu, Z. H.; Li, W. H.; Deng, W. H.; W, G.
D.; Xu, G. Layer-by-Layer Assembled Conductive Metal—Organic
Framework Nanofilms for Room-Temperature Chemiresistive Sens-
ing. Angew. Chem., Int. Ed. 2017, 56, 16510—16514.

(22) So, M. C,; Jin, S.; Son, H. J.; Wiederrecht, G. P.; Farha, O. K;
Hupp, J. T. Layer-by-Layer Fabrication of Oriented Porous Thin
Films Based on Porphyrin-Containing Metal-Organic Frameworks. J.
Am. Chem. Soc. 2013, 135, 15698—15701.

5486

(23) Gu, Z. G; Zhang, J. Epitaxial Growth and Applications of
Oriented Metal—Organic Framework Thin Films. Coord. Chem. Rev.
2019, 378, 513—532.

(24) Gliemann, H; Woll, C. Epitaxially Grown Metal-Organic
Frameworks. Mater. Today 2012, 15, 110—116.

(25) Gu, Z. G.; Pfriem, A.; Hamsch, S.; Breitwieser, H.;
Wohlgemuth, J.; Heinke, L.; Gliemann, H.; Woll, C. Transparent
Films of Metal-Organic Frameworks for Optical Applications.
Microporous Mesoporous Mater. 2015, 211, 82—87.

(26) Marcu, A.; Stanila, A.; Rusu, D.; Rusu, M.; Cozar, O.; David, L.
Spectroscopic Studies of Copper (II) Complexes with Some Amino
Acids. J. Optoelectron. Adv. Mater. 2007, 834-836, 741—746.

(27) De Lourdes Gonzalez-Juarez, M.; Flores, E.; Martin-Gonzalez,
M.; Nandhakumar, I; Bradshaw, D. Electrochemical Deposition and
Thermoelectric Characterisation of a Semiconducting 2-D Metal-
Organic Framework Thin Film. J. Mater. Chem. A 2020, 8, 13197—
13206.

(28) Summerfield, A.; Cebula, I; Schréoder, M.; Beton, P. H.
Nucleation and Early Stages of Layer-by-Layer Growth of Metal
Organic Frameworks on Surfaces. J. Phys. Chem. C 2015, 119, 23544—
23S5S1.

(29) Hoppe, B.; Hindricks, K. D. J.; Warwas, D. P.; Schulze, H. A.;
Mohmeyer, A.; Pinkvos, T. J.; Zailskas, S.; Krey, M. R;; Belke, C,;
Konig, S.; Froba, M.; Haug, R. J.; Behrens, P. Graphene-like Metal-
Organic Frameworks: Morphology Control, Optimization of Thin
Film Electrical Conductivity and Fast Sensing Applications.
CrystEngComm 2018, 20, 6458—6471.

(30) Ma, S.; Zuo, P.; Zhang, H,; Yu, Z,; Cui, C.; He, M,; Yin, G.
Todine-Doped Sulfurized Polyacrylonitrile with Enhanced Electro-
chemical Performance for Room-Temperature Sodium/Potassium
Sulfur Batteries. Chem. Commun. 2019, 55, 5267—5270.

(31) Momeni, M. R; Zhang, Z.; Dell'Angelo, D.; Shakib, F. A.
Gauging van Der Waals Interactions in Aqueous Solutions of 2D
MOFs: When Water Likes Organic Linkers More than Open-Metal
Sites. Phys. Chem. Chem. Phys. 2021, 23, 3135—3143.

(32) Jung, N.; Crowther, A. C.; Kim, N.; Kim, P.; Brus, L. Raman
Enhancement on Graphene: Adsorbed and Intercalated Molecular
Species. ACS Nano 2010, 4, 7005—7013.

(33) Jiang, Y,; Oh, L; Joo, S. H.; Buyukcakir, O.; Chen, X; Lee, S.
H.; Huang, M,; Seong, W. K,; Kwak, S. K; Yoo, J. W.; Ruoff, R. S.
Partial Oxidation-Induced Electrical Conductivity and Paramagnetism
in a Ni(II) Tetraaza[14]Annulene-Linked Metal Organic Framework.
J. Am. Chem. Soc. 2019, 141, 16884—16893.

(34) Edwards, L.; Mack, P.; Morgan, D. J. Recent Advances in Dual
Mode Charge Compensation for XPS Analysis. Surf. Interface Anal.
2019, 51, 925-933.

(35) Biesinger, M. C. Advanced Analysis of Copper X-Ray
Photoelectron Spectra. Surf. Interface Anal. 2017, 49, 1325—1334.

(36) Chilkoti, A.; Ratner, B. D. X-Ray Photoelectron Spectroscopy
of Iodine-Doped Nonconjugated Polymers. Chem. Mater. 1993, S,
786—792.

(37) Qasem, K. M. A;; Khan, S.; Ahamad, M. N; Saleh, H. A. M,;
Ahmad, M.; Shahid, M. Radioactive Iodine Capture by Metal Organic
Frameworks in Liquid and Vapour Phases: An Experimental, Kinetic
and Mechanistic Study. J. Environ. Chem. Eng. 2021, 9, No. 106720.

(38) Lee, D. Y,; Shinde, D. V.; Yoon, S. J.; Cho, K. N.; Lee, W.;
Shrestha, N. K;; Han, S. H. Cu-Based Metal-Organic Frameworks for
Photovoltaic Application. J. Phys. Chem. C 2014, 118, 16328—16334.

https://doi.org/10.1021/acsami.2c20770
ACS Appl. Mater. Interfaces 2023, 15, 5478—5486


https://doi.org/10.1021/cm301194a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.201800078
https://doi.org/10.1002/ijch.201800078
https://doi.org/10.1021/acs.inorgchem.9b02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6qi00305b
https://doi.org/10.1039/c6qi00305b
https://doi.org/10.1007/s12274-020-2874-x
https://doi.org/10.1007/s12274-020-2874-x
https://doi.org/10.1039/c7tc03905k
https://doi.org/10.1039/c7tc03905k
https://doi.org/10.1039/c7tc03905k
https://doi.org/10.1021/acsami.5b04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201805073
https://doi.org/10.1002/chem.201805073
https://doi.org/10.1002/cplu.201700063
https://doi.org/10.1002/cplu.201700063
https://doi.org/10.1021/jacs.0c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201501078
https://doi.org/10.1002/adma.201501078
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1016/j.joule.2017.07.018
https://doi.org/10.1002/pssa.202000437
https://doi.org/10.1002/pssa.202000437
https://doi.org/10.1002/pssa.202000437
https://doi.org/10.1002/pssa.202000437
https://doi.org/10.1002/adma.201704291
https://doi.org/10.1002/adma.201704291
https://doi.org/10.1021/acs.chemmater.6b02528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201709558
https://doi.org/10.1002/anie.201709558
https://doi.org/10.1002/anie.201709558
https://doi.org/10.1021/ja4078705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4078705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2017.09.028
https://doi.org/10.1016/j.ccr.2017.09.028
https://doi.org/10.1016/S1369-7021(12)70046-9
https://doi.org/10.1016/S1369-7021(12)70046-9
https://doi.org/10.1016/j.micromeso.2015.02.048
https://doi.org/10.1016/j.micromeso.2015.02.048
https://doi.org/10.1016/j.molstruc.2006.11.048
https://doi.org/10.1016/j.molstruc.2006.11.048
https://doi.org/10.1039/d0ta04939e
https://doi.org/10.1039/d0ta04939e
https://doi.org/10.1039/d0ta04939e
https://doi.org/10.1021/acs.jpcc.5b07133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b07133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8ce01264d
https://doi.org/10.1039/c8ce01264d
https://doi.org/10.1039/c8ce01264d
https://doi.org/10.1039/c9cc01612k
https://doi.org/10.1039/c9cc01612k
https://doi.org/10.1039/c9cc01612k
https://doi.org/10.1039/d0cp05923d
https://doi.org/10.1039/d0cp05923d
https://doi.org/10.1039/d0cp05923d
https://doi.org/10.1021/nn102227u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102227u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102227u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sia.6680
https://doi.org/10.1002/sia.6680
https://doi.org/10.1002/sia.6239
https://doi.org/10.1002/sia.6239
https://doi.org/10.1021/cm00030a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm00030a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jece.2021.106720
https://doi.org/10.1016/j.jece.2021.106720
https://doi.org/10.1016/j.jece.2021.106720
https://doi.org/10.1021/jp4079663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4079663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

