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ABSTRACT: Metal−organic frameworks (MOFs) are typically poor electrical conductors, which limits their uses in sensors,
fuel cells, batteries, and other applications that require electrically conductive, high surface area materials. Although metal
nanoclusters (NCs) are often added to MOFs, the electrical properties of these hybrid materials have not yet been explored.
Here, we show that adding NCs to a MOF not only imparts moderate electrical conductivity to an otherwise insulating material
but also renders it photoconductive, with conductivity increasing by up to 4 orders of magnitude upon light irradiation. Because
charge transport occurs via tunneling between spatially separated NCs that occupy a small percent of the MOF’s volume, the
pores remain largely open and accessible. While these phenomena are more pronounced in single-MOF crystals (here, Rb-CD-
MOFs), they are also observed in films of smaller MOF crystallites (MIL-53). Additionally, we show that in the photoconductive
MOFs, the effective diffusion coefficients of electrons can match the typical values of small molecules diffusing through MOFs;
this property can open new vistas for the development of MOF electrodes and, in a wider context, of electroactive and light-
harvesting MOFs.

■ INTRODUCTION

In addition to their applications in gas storage, molecular
separations, and catalysis,1−3 there is an increasing interest in
metal−organic frameworks (MOFs) that might operate as
porous electrodes or membranes in batteries,4,5 fuel cells,6 solar
energy conversion,7 supercapacitors,8,9 and sensors.10 In order
to apply the full range of MOF architectures to construct novel
materials for these devices, a simple and generalizable strategy
is needed to produce electrically conductive MOFs.11−14 So far,
two strategies have emerged, albeit with significant limitations.
In the first strategy, the MOF is constructed from redox-active
metal centers,13,15 molecular donor−acceptor pairs,10,11 or π-
conjugated molecules.16−18 Although this approach occasion-
ally yields MOFs with modest electrical conductivity and open
porosity,19 at present there are very few MOF building blocks
with the requisite charge-transport properties.17,20,21 As a result,

one of the greatest strengths of MOFsthe great variety of
their structures and propertiescannot be exploited with this
approach. In the second strategy, the MOF’s pores are
backfilled with an electrically conductive material.11,22−24

Although this strategy has been applied to many MOF
architectures, in almost every case the MOF loses its porosity.
Consequently, neither approach provides a simple route to
simultaneously achieve within most MOFs efficient electrical
and mass transport; this combination of transport properties is
desirable for using MOFs as potential components of
electrochemical devices including batteries, fuel cells, or MOF
based memories.25 In such devices, inefficiencies accumulate26

in the form of, among others, voltage losses due to slow mass
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transport, ΔEmass, and losses due to resistive electrical
transmission, ΔEohmic. Because of angstrom-to-nanometer-
sized pores, mass transfer losses are an intrinsic limitation of
MOFs and may always be a large contributor to device
inefficiency. On the other hand, one can strive to minimize
electrical losses such that ΔEohmic < ΔEmass. In the Supporting
Information (SI), Section 2 we show that this design heuristic
translates into the requirement that diffusion coefficients of
electrons be greater than diffusion coefficients of the ions/
molecules diffusing through a MOF, De > Dmol. With diffusion
coefficients in MOFs ranging from 10−14 to 10−7 cm2/s, it can
be estimated that this condition would be met if electrical
conductivities of MOFs were above 10−11 to 10−5 S/cm
(depending on the diffusing molecule, see SI, Section 2 and
Table S1 therein).
In the present work, we describe a generalizable strategy to

fabricate MOFs that achieve these conductivity targets with the
help of light-assisted electron transport. Our approach relies on
the formation of metal nanoclusters (NCs) distributed sparsely
over the pores of MOFs. Unlike in previous strategies that
relied on continuous electrical pathways, electrical transport in
our NC-MOFs occurs via tunneling between the NCs;
remarkably, the conductance of these hybrid materials increases
by up to 4 orders of magnitude upon light irradiation. At the
same time, a low volume fraction of the NCs within the MOFs
ensures that the majority of the pores remain open and
accessible, thus enabling mass transfer to the MOFs interior.
Our approach provides a technically straightforward and
generalizable route to lightweight materials combining
conductivity and photoconductivity as well as molecular-scale
porosity.

■ RESULTS AND DISCUSSION

In most experiments (cf. SI, Section 1, for the summary of
experimental methods), we used millimeter-sized rubidium γ-
cyclodextrin MOF single crystals (Rb-CD-MOF) that had silver

NCs deposited in their pores. By using large single crystals, we
were able to examine the intrinsic charge-transport properties
of these materials without the influence of grain boundaries.
The Rb-CD-MOF crystals, which have ∼1.7 nm cavities
connected by ∼0.8 nm channels (Figure 1a), were synthesized
from RbOH and γ-cyclodextrin (γ-CD) according to our
previously published procedure.27,28 Silver nanoclusters,
AgNCs, were deposited in the MOFs (Figure 1b) by immersing
the freshly synthesized Rb-CD-MOF crystals in a CH3CN
solution of 2 mM, 5 mM, or, in most experiments, 10 mM
AgNO3 for 48 h. As described before, the hydroxide anions in
Rb-CD-MOFs can work either alone or cooperatively with
cyclodextrins to reduce Ag+ to AgNCs.28 When this happens,
the Rb-CD-MOF crystals turn brown-orange (Figure 1c) but
retain their crystalline nature (cf. PXRD spectra in the SI,
Section 3). The UV−vis spectra of such loaded crystals feature
a broad adsorption peak between 300 and 550 nm (Figure 1e),
which is due to the discrete optical transitions exhibited by
metal NCs.29,30 Transmission electron microscopy (TEM)
images in Figure 1d indicate that the sizes of NCs in the MOFs
are ca. 2 nm (for high-resolution image and particle size
distribution, see ref 28). However, because TEM imaging
damages the MOF and causes nanoparticle coalescence, the real
particle size is smaller than the size observed during imaging.
This sizing is also corroborated by high-angle annular dark-field
scanning transmission electron microscopy in which individual
particles inside the MOF can be seen (although, again, the high
electron beam intensity causes particle coalescence during
imaging, see Figure S3). Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and energy-dispersive X-ray
spectroscopy (EDX) allowed the loading of AgNCs to be
determined as 0.67 vol % for 2 mM AgNO3, 1.03 vol % for 5
mM AgNO3, and 1.4 vol % for 10 mM AgNO3 (see SI, Section
3). Importantly, at all of these loadings, the MOFs retain their
high porosity, > 600 m2/g, as verified by the BET data in the SI,
Section 4.

Figure 1. (a) A unit cell of a Rb-CD-MOF crystal synthesized from γ-CD and RbOH. The yellow sphere indicates a ∼1.7 nm cavity; the channels
connecting the cavities are ∼0.8 nm wide. (b) Schematic representation of Ag nanoclusters deposited by immersing Rb-CD-MOF crystals in CH3CN
solution of AgNO3. Not all cavities contain nanoclusters. (c) Optical images of AgNC@Rb-CD-MOF crystals (d) TEM image of AgNCs liberated
upon dissolving AgNC@ Rb-CD-MOF in water. (e) Red curve is the UV−vis adsorption spectrum of a blank Rb-CD-MOF crystal. Blue curve is the
spectrum of the same crystal “doped” with AgNCs (using 10 mM AgNO3); notice the broad adsorption peak ranging from 300 to 550 nm.
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Conductivity measurements were performed by covering two
opposite facets of a MOF crystal with a thin (∼ hundreds of μm
in thickness) layer of conductive, quick-drying silver paste and
connecting to a Keithley 6517B electrometer used to record the
current−voltage, I−V, characteristics. In most measurements,
we chose relatively thin AgNC@Rb-CD-MOF crystals (∼100
μm) to ensure that light could penetrate the entire crystal. All
crystals were degassed at <0.1 mTorr for at least 48 h to
remove trace solvents from the MOF matrix. To eliminate
effects of moisture and oxygen (which alter conductivity and
can damage the MOF), the experiments were performed in a
high-vacuum MMR chamber at <0.1 mTorr (for experiments
under Ar flow, see SI, in Sections 5 and 6).
Both blank Rb-CD-MOFs and AgNC@Rb-CD-MOFs

exhibited ohmic I−V characteristics in the dark and under
light irradiation (Figure 2 b). For the blank MOFs, dark

conductivity was very low, ∼10−12 S cm−1, and increased to
only ∼2 × 10−11 S cm−1 upon the highest irradiation power we
used, 1.48 W/cm2 (Figure 2c). In sharp contrast, the NC-
doped MOFs (from 10 mM AgNO3) had dark conductivity of
∼2 × 10−11 S cm−1 which upon 1.48 W/cm2 irradiation
increased by about 4 orders of magnitude, to 2.15 × 10−7 S
cm−1. In these experiments, however, the impinging light
caused both optical excitation and temperature increase, both of

which contribute to increased conductivity (cf. Figure 2e, see
also SI, Section 5). This interdependencesometimes over-
looked in studying photoconductance phenomena31−33calls
for more detailed studies aimed to separate the effects of light
proper from the effects of light-induced heating.
Accordingly, to differentiate between direct optical excitation

and thermal excitation, we measured the conductivity of the
same AgNC@Rb-CD-MOF samples under constant light
intensity but at different temperatures and at a constant
temperature but under different light intensities. The samples
were placed on a heating stage in the MMR chamber. A K20
programmable temperature controller (±0.1K) was used to
control the temperature of the heating stage, and a chromel−
alumel (type K) thermocouple was used to monitor the
temperature of the sample in situ. The samples were irradiated
with a white light illuminator (Model: Fiber-lite MI-150)
through the optical window of the MMR chamber (see Figure
S6). All of these measurements were performed for light
intensities <700 mW/cm2 for which the MOFs were confirmed
to be structurally stable and the dark-light cycles were
repeatable (for higher intensities and nonrepeatable cycling,
see SI, Section 7).
Illustrative examples of these studies are shown in Figure 3.

Figure 3a shows that upon temperature increase at constant
light intensity of 314 mW/cm2, the AgNC@Rb-CD-MOFs
retained their ohmic I−V characteristics, but their conductivity
increased, for the curves shown, from 6.8 × 10−10 S/cm at 330
K to 3.1 × 10−9 S/cm at 350 K. As illustrated in Figure 3c, this
increase was approximately exponential (with the rate of 7.7%
per °C) and characterized by an activation energy of 0.77 eV
(Figure 3e). The ohmic characteristics were also observed for
different light intensities but at constant temperature; for
instance, in Figure 3b, the conductivity increased from 3.6 ×
10−9 to 1.47 × 10−8 S/cm when light intensity increased from
314 to 595 mW/cm2 at 352 K (Figure 3b). The conductivity vs
light-intensity dependence is shown in Figure 3d. Anticipating
our discussion of the charge-transport mechanism, we also note
that for MOFs containing different amounts of NCs (from 2, 5,
and 10 mM AgNO3 solutions), their conductivity decreased
exponentially with the inverse cube root of the AgNC volume
fractions, v−1/3, determined by ICP-AES and EDX (cf. above
and SI, Section 3); the plot of this dependence is included in
Figure S8.
Together, the above data are evidence that there are two

distinct excitation mechanisms in our materials that lead to
enhanced electrical conductivity: a direct optical excitation and
an indirect thermal excitation. To get further mechanistic
insights into the origin of these phenomena, we plotted the
dependenciesin the dark and under irradiationof the
logarithm of conductivity as a function of inverse temperature.
As shown in Figure 3e,f, these plots are linear indicating
Arrhenius-type relationships for both conditions. The activation
energy, Ea, in the dark extracted from the Arrhenius plot in
Figure 3f is about 0.92 eV (deviations in different samples do
not exceed ∼4%), and the value of Ea under light irradiation
extracted from the Arrhenius plot in Figure 3e is about 0.77 eV
(and within ∼3% across different samples).
The observed activation energies are larger than typical

values characterizing tunneling through arrays of metal
nanoparticles.34−36 On the other hand, an activation energy
of as much as 0.7 eV has been measured in a film of metal
nanoclusters, which was consistent with a model of activated
tunneling.37 In such a model (Figure 4a), tunneling is preceded

Figure 2. (a) Illustrates the experimental arrangement for measuring
photoconductance of MOF crystals. (b) Two examples of I−V
characteristics of AgNC@Rb-CD-MOF crystals under light irradiation
(630 mW/cm2) and in the dark. The conductivities are, respectively,
1.8 × 10−8 and ∼2 × 10−11 S cm−1. Changes in the conductivity of (c)
a blank Rb-CD-MOF and (d) a AgNC@Rb-CD-MOF over several
irradiation cycles (here, power intensity 1.48 W/cm2, crystals under
vacuum, < 0.1 mTorr). (e) An example of conductivity changes
recorded when AgNC@Rb-CD-MOF is exposed to light of different
power intensities (low = 314 mW/cm2, 320 K; med = 386 mW/cm2,
326 K; high = 430 mW/cm2, 333 K) under vacuum; <0.1 mTorr).
Note that temperature of the crystal increases with increasing light
intensity; effects of heating and purely optical excitation are
summarized in Figure 3. All AgNC@Rb-CD-MOFs used here were
made by immersing Rb-CD-MOFs in 10 mM AgNO3.
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by the input of an activation energy because the energy of a
system cannot change during tunneling and because the state
that follows electron transfer is higher in energy than the state
that precedes it. The activation energy, Ea, can be approximated
by the energy needed to transform two neutral particles into a
pair of oppositely charged particles; this energy is, in turn, a
function of three parameters: (1) the radius, r, of the
nanoparticles, (2) the distance that separates them, s, and (3)
the dielectric constant, ε, of the medium:35

πε ε
=

+
E

e s
r r s8 ( )a

2

0 (1)

where ε0 is the permittivity of vacuum. Furthermore, we note
that for a given metal loading, s depends on r. In order to
determine the relationship between s and r, we developed a
model in which the cavity sites of the Rb-CD-MOF (arranged
on a bcc lattice and each having eight first nearest neighbors)
are randomly occupied by the NCs (see SI, Section 9 for full

Figure 3. (a) Examples of the I−V characteristics of AgNC@Rb-CD-MOF measured at different temperatureshere, 330.6 and 350 Kunder light
irradiation of the same intensity (314 mW/cm2). (b) The I−V dependencies for AgNC@Rb-CD-MOF under irradiation with light of different
intensities (314 and 595 mW/cm2) but at constant temperature (T = 352 K). (c) The temperature dependence of AgNC@Rb-CD-MOF
conductivity at constant light intensity (314 mW/cm2). (d) The light intensity dependence of AgNC@Rb-CD-MOF conductivity at constant
temperature (352 K). (e) The natural logarithm of conductivity of AgNC@Rb-CD-MOF plotted as a function of inverse temperature at constant
light intensity of 314 mW/cm2. The linearity of this semilogarithmic plot indicates an Arrhenius relationship, and the slope gives the activation
energy of 0.77 eV. (f) The Arrhenius relationship between dark conductivity of AgNC@Rb-CD-MOF and inverse temperature; the activation energy
is 0.92 eV. All AgNC@Rb-CD-MOFs used here made by immersing Rb-CD-MOFs in 10 mM AgNO3.
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details of the model). The probability that a cavity site is
occupied depends on the particle size and the experimentally
measured metal loading. We considered three possible sizes of
Ag particles: 0.8 nm, which is the same as the diameter of the
apertures that connect MOF’s cavities; 1.6 nm, which is just
smaller than the inner diameter of the cavity; and 1.2 nm, an
intermediate size. For the experimental 1.4 v/v% loading, 0.8
nm particles occupy 32% of the MOF cavity sites, allowing
electrons to traverse the material exclusively by tunneling
between the occupied nearest-neighbor sites. This conclusion

can be understood from percolation theory, where a site
percolation model (allowing for tunneling only to nearest-
neighbor sites) predicts that at least 24.5% of sites must be
occupied for electronic percolation to occur.38 Particles with a
diameter of 1.2 nm occupy ∼10% of sites, and so electronic
percolation cannot be achieved solely by tunneling to the first
nearest-neighbor sites. In fact, our model shows that for such a
loading, electronic percolation can occur only when tunneling
to first, second, and third nearest neighbors takes place (see SI,
Section 9). For 1.6 nm particles, tunneling to the first through
sixth nearest neighbors is needed for electronic percolation. For
each of these different percolation networks, we also calculated
the average tunneling distance to the nearest-neighboring
particle, since activation via charge transfer to the closest
particle requires the smallest activation energy according to eq
1 (Figure 4b). Regardless of particle size, the average surface-to-
surface distance between nearest-neighbor particles is about 2
nm (Figure 4b), which reflects two countervailing trends: (i) as
the particle diameter increases, the site occupancy necessarily
decreases, thereby increasing the average center-to-center
distance to the first nearest-neighboring particle; and (ii) as
the particle diameter increases, the average surface-to-surface
distance between two particles (for example, nearest-neighbor
sites) decreases. Although the likelihood of finding two particles
on, e.g., nearest-neighbor sites, is lower in the system with
larger particles (refer to the first trend), in those instances when
there are particles with the same center-to-center distance, the
average surface-to-surface distance is smaller. Most importantly,
with an estimated dielectric constant of 1.54 for CD-MOF,39−41

Figure 4. (a) Scheme of activation, tunneling, and generation of
mobile charge carriers. (b) Modeled results showing the dependence
of the average tunneling distance to a particle’s first nearest neighbor
as a function of particle diameter at 1.4 v/v% loading. (c) Calculated
activation energy for tunneling between adjacent metal particles.

Figure 5. (a) A molecular cartoon illustrating the structure of a MIL-53 MOF with some sites occupied by AgNCs. (b) Scheme of experimental
arrangement for measuring the photoconductance of the AgNC@MIL-53 film based (for additional schemes and images, see SI, Section 9) . (c)
Representative I−V plots for dark current measured at 298 K (black open markers), 326 K (red open markers), and 352 K (blue open markers), and
for photocurrent measured at 326 and 352 K (solid red and blue markers, respectively), in both cases under 595 mW/cm2 white-light irradiation.
The corresponding conductivities are plotted in (d). Notice a marked increase in the conductivity (to 2.67 × 10−7 S/cm) under irradiation at 352 K.
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our model predicts that the observed activation energies 0.7−
0.9 eV are consistent with the presence of ∼1 nm Ag particles.
We note that this size is small enough to be occluded in MOF’s
cavities yet large enough to restrict NC movement through the
MOF’s 0.8 nm channels. Also, the predictions of the model are
in line with the observed exponential decrease of conductivity
with the inverse cube root of the AgNC volume fraction, v−1/3

(cf. Figure S8). Based on our previous work28 and the fact that
MOF cavities and apertures limit nanoparticle growth, it is
reasonable to assume that NC size is approximately
independent of the metal volume fraction. Then, v−1/3 is
proportional to the average distance between nanoparticles and
so the conductivity decreases exponentially with increasing
distance between nanoparticles. This result is consistent with a
model of electron tunneling, since the tunneling current
decreases exponentially with increasing tunneling distance.42

The last question we wish to address is whether our
approach can be generalized to other types of MOFs and/or
films of smaller MOF crystallites (which are more popular than
large single crystals). For these experiments, we chose
commercially available MIL-53 MOF43,44 (Basolite A100,
Sigma-Aldrich) which we infiltrated with AgNCs following
the procedure developed by Houk et al.43 and summarized in
the SI, Section 1. This procedure gave crystals with ca. 70% of
the vacant cavity space occupied by AgNCs (Figure 5a) and
with surface area of 37.3 m2/g compared to 124.5 m2/g for the
native MIL-53 (see Figure S10 for BET isotherms). PXRD data
in Figure S11 indicated that infiltration with the NCs did not
cause any significant changes in the crystalline nature of the
MOF. Importantly, the films of such NC-loaded MIL-53
crystals (Figures 5b and S12) exhibited increased conductivity
both upon temperature increase and upon irradiation with light.
However, these increases were more moderate than observed in
single crystals, for example, at 326 K, irradiation of the film with
595 mW/cm2 light increased the conductivity only 4.3 times,
from 7.52 × 10−9 to 3.24 × 10−8 S/cm. The increase was more
pronounced at higher temperature; at 352 K, the conductivity
increased 22.3 times (from 1.19 × 10−8 S/cm to 2.67 × 10−7 S/
cm at 352 K) upon 595 mW/cm2 irradiation, likely because of a
synergistic effect of light- and heat-assisted tunneling, as
discussed earlier in the paper. The fact that conductivity
increases in this system are more moderate than in the single
crystals is not unexpected given that the grain boundaries
between individual crystallites introduce an additional series
resistance to the intrinsic charge transfer resistance of the Ag
NC-loaded MOF.45 Still, within each crystal, the mechanism of
light assisted tunneling is operative, as detailed for the single-
crystal Rb-CD-MOF studies.46

To summarize, although the ability to fabricate MOFs with
virtually any chemical structure makes them compelling for
many applications, there have only been a handful of MOFs
that are inherently conductive. In this work, we showed that
light-assisted electrical tunneling provides a charge-transport
network that can deliver electrons to the interior of a MOF at
rates comparable to the rate of mass transfer within a MOF
pore. This represents the first general strategy for achieving
electrical conductivityand photoconductivityand combin-
ing it with porosity regardless of the MOF architecture. We
expect that this concept will enable the design of new materials
such as composite electrocatalysts and photoelectrocatalysts in
which the MOF catalyzes electrochemical reactions on the
nanoparticle surface, such as the proton-coupled electron-
transfer reactions that are essential to energy conversion.47

Moreover, because tunneling depends sensitively on the
dielectric constant,35 these materials can act as detectors and
photodetectors responding to subtle variations in the
composition of the fluids or gases entering the MOF’s pores.
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