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Abstract: Single crystals of a cyclodextrin-based metal-
organic framework (MOF) infused with an ionic electrolyte
and flanked by silver electrodes act as memristors. They can be
electrically switched between low and high conductivity states
that persist even in the absence of an applied voltage. In this
way, these small blocks of nanoporous sugar function as a non-
volatile RRAM memory elements that can be repeatedly read,
erased, and re-written. These properties derive from ionic
current within the MOF and the deposition of nanometer-thin
passivating layers at the anode flanking the MOF crystal. The
observed phenomena are crucially dependent on the sub-
nanometer widths of the channels in the MOF, allowing the
passage of only smaller ions. Conversely, with the electrolyte
present but no MOEF, there are no memristance or memory

effects.

Although metal-organic frameworks (MOFs) have emerged
as an important platform for gas storage,l'! catalysis,?!
separations,”) and sensing, there are few examples of
electrical devices, because most MOFs are insulators. By
taking advantage of the periodic and porous structure of
MOFs to trap and transport ions, we have identified a class of
hybrid porous conductors with electrochemical properties
that are unlike their purely solid or liquid counterparts.
Herein, we show that a metal/MOF/metal heterostructure in
which mobile ions are occluded into the MOF transforms it
into an electrolyte with several unique properties. Most
notably, the heterostructure can be electrically switched
between low and high conductivity states persisting even in
the absence of an applied voltage, and allowing for the switch
to function as a non-volatile memory. Because these are two-
terminal devices that exhibit hysteresis, except when no
potential is applied (so-called pinched hysteresis), these
devices are memristors, which are one of the four fundamen-
tal elements of electronic circuits.”® Our MOF memristors
can be repeatedly read, erased, and re-written. Their ability to
store information without any power input for several days
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might be important in applications that require low power
consumption.

Because most MOFs are insulators, to date they have been
neglected as electronic materials for information processing.
While several redox-active MOFs have been reported,®!
their use as materials supporting electron transport is
problematic because the changes in the redox state are
usually accompanied by changes in the coordination number
of a metal, which can lead to a non-reversible degradation of
the MOF structure. Enabling ionic transport®!” appears
amore versatile approach, although this has been investigated
to only a limited extent and has primarily relied on designing
MOFs with built-in acid groups that impart proton conduc-
tivity. In the present work, ionic transport in a single-crystal
MOFs infused with an ionic electrolyte is the key component
of larger, metal/single-crystal MOF/metal heterostructures
that act as non-volatile resistive random access memory
(RRAMP-*1112l) elements. In a RRAM device, data is stored
by inducing structural changes that switch the active material
between a conductive “on” state and a non-conductive “off”
state. As we demonstrate, the metal/single-crystal MOF/metal
heterostructure also switches between high and low conduc-
tivity states owing to the self-limiting oxidative reactions of
the metal anode.

We used y-cyclodextrin based Rb-CD-MOF (Figure 1a)
because of the ease with which millimeter-sized single crystals
can be grown,'>¥ enabling straightforward fabrication and
testing of the MOF memory devices. Also, because Rb-CD-
MOF is prepared in strongly basic conditions and contains
free hydroxy ions in the as-synthesized material, "> we
expected that infusing additional ions (for example, a metal
hydroxide) into the pore network would enhance the ionic
conductivity of the material without degrading the Rb-CD-
MOF structure (Supporting Information, Figure S1). Accord-
ingly, we infiltrated the MOF crystals with methanolic
solutions of RbOH and deposited the RbOH by evaporating
the solvent; Rb* was chosen because it is already incorpo-
rated into the MOF structure whereby it coordinates to y-CD
(Supporting Information, Figure S2).*! To explore the elec-
trical characteristics of the resulting devices, silver and/or gold
electrical contacts were painted onto the opposite faces of the
cubic MOF crystals using different colloidal pastes (Fig-
ure 1a,b).

The metal/MOF/metal heterostructures exhibited a range
of electrical properties that are useful for the construction of
a memory device. We begin by discussing the MOF loaded
with a 100 mm solution of RbOH and electrically contacted
using two silver electrodes (Figure 1a). Cyclic voltammetry
scans” between —10 V and 10 V at ambient conditions (ca.
21°C, air with ca. 40 % humidity; Figure 1c) showed that the
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Figure 1. Construction of a memory device based on a metal-organic
framework. a) A MOF memory device comprising two silver electrodes
and Rb-CD-MOF crystal containing hydroxy ions, rubidium ions, and
water. The device is not drawn to scale. b) A photograph of a circa

1 mm cubic Rb-CD-MOF crystal (in a red rectangle) placed on a flash
memory stick. c) Cyclic voltammetry analysis of a silver/MOF/silver
device heterostructure. The Rb-CD-MOF crystal was infiltrated with

a 100 mm methanolic solution of RbOH and methanol was evaporated
prior to electrical testing. A first cycle is needed to activate the device.
Subsequent cycles exhibit negative differential resistance (red arrows)
and pinched hysteresis with two hysteresis loops meeting at (0V,

0 A) (indicated by the blue arrow).

first cycle is often poorly defined and exhibits only a modest
degree of hysteresis. The device becomes fully activated and
exhibits reproducible current-voltage behavior on subse-
quent cycles and maintains this for at least several hundred
cycles. Scanning from 0 to 10 V, the current rises sharply up to
about 2 V but then falls at higher voltages, which signifies an
apparent decrease in conductivity and is a hallmark of so-
called negative differential resistance, NDR.*'l In the
reverse voltage sweep, from 10 to 0V, only a small current
passes through the device and the resistance of the material is
high. The scan continuing from 0——-10—0V is symmetric
with respect to the 0—10—0V sweep. These observations
indicate that there are two voltage windows in each cycle in
which the device has a high apparent conductivity (0 to 2V
and 0 to —2V) and two windows with a low apparent
conductivity (2 to 10 to 0V and -2 to —10 to 0 V). The
switching between high and low conductivity gives rise to
hysteresis but with an unusual feature in which the two
hysteresis loops meet at an applied voltage of 0 V. Such
a feature, which is referred to as “pinched” hysteresis, is
characteristic of a memristor,>® which is an emerging class of
two-terminal devices that are of interest for the design of
electronic data storage devices. Memristors are an important

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

type of RRAM devices because the resistance of the material
depends on the amount of current that has passed through the
device, thereby providing a simple and potentially low-power
way to switch the resistance of a material between two non-
volatile states. While memristance has been observed in metal
oxides (for example, TiO,,**¥ Si0 M ZnO!?) and poly-
mers," it has not been documented in porous materials,
including MOFs.

To better understand the origin of this phenomenon in our
MOF-based devices, we varied the concentration of RbOH
that was deposited into the crystal pores. We found that
memristance was most pronounced at high RbOH concen-
trations (Figure 2a) with the peak-to-valley current ratios 10,
4.5, and 2.5 for MOFs infiltrated using, respectively, 100 mw,
10 mm, and 0 mM RbOH in methanol (residual memristance
for 0 mM can be attributed to the presence of hydroxy ions,!*!
eight for every y-CD molecule,™ enabling ionic conductiv-
ity). Memristance was also most clearly observed when the
experiments were performed in humidified nitrogen or air,
but these features entirely disappeared in dry nitrogen and
dry oxygen (green and red markers in Figure 2b). The
dependence of memristance on the ion concentration and
water content (Supporting Information, Figure S4), suggests
that conduction through the MOF requires ion movement; in
the absence of water, the dissociation energy of RbOH into
Rb" and OH" is large, and the material is highly resistive.

The requirement of ion movement identifies the principle
of the conduction mechanism through the MOF but does not
explain why the resistance changes. To answer this question,
we fabricated devices in which the two electrodes were made
of gold. In this case, the current increased monotonically with
voltage, the magnitudes of the currents were considerably
lower, and memristance was not observed (Figure 2c¢, curve
iii). This suggested that the change in material structure that
underlies memristance occurs only at the silver/MOF inter-
face but not at the gold/MOF interface. To explore this
hypothesis further, devices were built using one gold elec-
trode and one silver electrode (Figure 2c¢, curves i and ii). In
this case, a single large hysteresis loop was observed only
when a positive voltage was applied to the silver electrode.
When the gold and silver electrodes were exchanged, the
large hysteresis loop was observed under the opposite polar-
ization conditions (Figure 2¢c, curves i and ii). These observa-
tions indicate that the change in the apparent resistance of the
device is due to an oxidation process that occurs at the
interfaces between the MOF and the silver anode.

Under basic conditions and at positive potentials, silver
grows a layer of silver hydroxide (AgOH) and silver oxide
(AgO,) on its surface (Figure 2d; Supporting Information,
Figure $3).2%2 By carefully delaminating the MOF from
both the anode and the cathode and performing XPS on each
(Supporting Information, Figure S3), we confirmed that silver
oxidation occurs only at the silver anode/MOF interface. The
process is self-limiting because further oxidation requires
mass transport of hydroxide ions through the oxidized layer.
The Faradaic current from the oxidation of silver is much
larger than the capacitive movement of ions near the metal
electrode (which is the primary source of current near the
gold electrodes, as evidenced by the fact that after the silver
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Figure 2. Operating mechanism of the MOF-based memory. a) Well-defined switching behavior and
negative differential resistance require addition of ca. 100 mm RbOH. All of the devices were tested under
ambient conditions with a scan rate of 0.07 Vs™' and silver electrodes. b) Electrical properties under
different gas atmospheres used. In each case, a silver/MOF/silver device was immersed in a 100 mm
RbOH methanol solution and the solvent was evaporated; all scan rates were 0.07 Vs™'. Electrical
characteristics are compared for ambient conditions (black line), humidified nitrogen (blue), dry oxygen
(red), and dry nitrogen (green). c) Cyclic voltammetry was performed on metal/MOF/metal structures in
which the electrodes were made of (i) silver/gold, (ii) gold/silver, and (iii) gold/gold. Experiments were
performed under ambient conditions with a scan rate of 0.07 Vs™' and with 100 mm RbOH loaded into
the MOF. The experiments reveal that memristor-type hysteresis and NDR require a positive (anodic)
potential to be applied to silver, leading to its oxidation. d) A model of the electrochemical mechanism
that leads to the switching behavior and memory effect in Ag/MOF/Ag devices. (i) Upon applying a small
voltage, charge transport occurs and is primarily driven by the movement of ions. (ii) Large positive
voltages lead to the oxidation of the silver, producing a resistive silver hydroxide/oxide insulating layer
that impedes further charge transport until a negative voltage is applied that reduces silver hydroxide/

oxide back to silver.

electrode has been fully oxidized, the small current through
the silver/MOF/silver device is nearly identical to that
through the gold/MOF/gold device). As a result of Ag
oxidation and its gradual passivation, the initial current rise
with increasing voltage is followed by a current decrease.
Then, as long as the same polarization of the voltage is
maintained, the current remains small and the device has
a high apparent resistance. When the polarization is inverted,
however, the silver oxide layer is reduced and the other
electrode is gradually oxidized. This results in a large current
flow that then decays as these Faradaic processes come to
completion (Figure 3a—e). This model is consistent with the
magnitude of the currents that are passed during an oxidation/
reduction process: during a voltage excursion from 0 to 10 to
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! ilarlyy, no memristance is
observed when polycrystalline
MOF pellets are used instead of
a single crystal. These observa-
tions and the thermodynamic
instability of the Ag(OH)/
AgO, layer under the condi-
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tions we use® all indicate that
memristance depends on selec-
tive ion transport through the
sub-nanometer channels of the
MOF. In this scenario, the chan-
nels permit the passage of small
hydroxide ions but limit that of
hydrated Ag* (of a size com-
mensurate with the channel
diameter™) dissolving from
the hydrated Ag(OH)/AgO,
layer. Therefore, the MOF/Ag
interface promotes the passiva-
tion of the anode by the
Ag(OH)/AgO, layer more
than the electrolyte solution/
Ag interface, from which the
Ag" ions can migrate freely.

With  this  mechanistic
understanding, we demon-
strated the ability to write,
read, and erase data in the Ag/
MOF/Ag memristor. To write
an “on” or “1” state, the voltage
was scanned from 0 Vto —10 V.
This led to the oxidation of the “right” electrode and
reduction of the left electrode in Figure 3b. When a positive
voltage of 2 V to 4 V was then applied (vertical dashed lines in
Figure 3a), a large Faradaic current passed as the left
electrode began to oxidize (Figure 3c); this large current
corresponded to the reading of the “1” state. Alternatively, to
write an “off” or “0” state, the device was scanned from 0 V—
10 V. This yielded the state in which the right electrode was
reduced and the left oxidized (Figure 3d). When this state was
read by applying a positive voltage, no Faradaic current
passed because the anode had already been oxidized (Fig-
ure 3e).

Three different scan rates were studied, but, regardless of
the scan rate, similar amounts of charge were passed,

OH- H0
OH-
HO0 oH.

Rb-CD-MOF
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Figure 3. An electrically addressable MOF memory illustrating reading, writing, and erasing capabilities
as well as random access memory with a random read/write sequence. a) Cyclic voltammetry is shown
for three different scan speeds of a Rb-CD-MOF device flanked by silver electrodes infused with

100 mm RbOH. b)—e) In a full cycle (for example, 0 V—10V——10V—0 V), the system passes
through two highly conductive states and two non-conductive states. For application as a memory
device, we only use one set of these states, which are read at positive voltages. b) The device is
switched to a conductive “on” state by sweeping to —10V and returning to a small positive voltage. d)
The device is switched to a non-conductive “off” state by sweeping the voltage to 10 V. The (c) “on”
and (e) “off” states are read at the voltage marked by the vertical lines in (a). f)-h) A “0” or “1” (i.e.,
off or on) state was written into the MOF memory and repeatedly read. The data was written and read
at a scan rate of 0.07 Vs™' (f), 0.5Vs ™' (g), and 2 Vs™' (h); these experiments were performed in air.
i)—k) Data bits were written into the silver/MOF/silver device according to an arbitrarily chosen
sequence: “11000100111011110000". After each write sequence, the data was read by recording the
current (read current, y-axis) as described in (a). After reading a “1”, voltage was swept from 0 V—
—10Vat 0.07Vs™' (), 0.5Vs™ (j), and 2 Vs™' (k) to re-reduce the silver oxide that had formed at the
anode. The on/off ratio is the ratio of currents between a “1” and a “0”. i) This value approached 150
for a read/write speed of 0.07 Vs™'. The ratio decreased to 10 (j) and 2 (k) for faster read/write speeds
because of the increased contribution to current from capacitance.

reflecting the production of passivating layers of roughly
similar thickness by a pseudocapacitive current. To examine
whether the data was non-volatile, after writing either a “0” or
“1” at time=0, the data was repeatedly read at 1 min
intervals (Figure 3 f-h). A written “0” did not change,
regardless of the number of times it was read. In contrast,
a written “1” decayed with time because the process of
reading this value gradually oxidizes the reduced electrode
and reduces the oxidized electrode, thereby converting the
“1” into a “0”. Reading the data at higher scan rates (that is,
with less current passing and less oxidation occurring)
alleviated the problem only marginally (Figure 3 f-h). On
the other hand, the lifetime of 1s could be improved
significantly by sweeping the voltage to —10V after each
read event and thus refreshing the “1” state. Automating this

such as wet stamping.
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procedure allowed writing and
reading binary sequences such as
those shown in Figure 3i-k. The
best quality of data storage (lasting
up to a week) was achieved when
this refreshing procedure was com-
bined with the encapsulation of
the MOF in an epoxy resin
(Figure 4; Supporting Informa-
tion, Figure S6b). This procedure
preserved the original water con-
tent in the MOF and prevented
any additional water from enter-
ing, which would lead to the dis-
solution of the silver oxide phase.

In summary, we have con-
structed the first example of an
electrically addressable MOF-
based memory with modest vola-
tility. Addition of mobile ions to
a MOF transforms this hybrid
material into a unique electrolyte
in which the nanoscopic channels
of the MOF limit the migration of
larger ions (here, hydrated Ag")
while still supporting the flow of
both capacitive and faradaic cur-
rents. The major limitation of our
proof-of-the concept system is that
the read/write times are slow (sec-
onds) compared to state-of-the-art
memristors (ns to ps). We suggest,
however, that these times can be
improved by improving the kinet-
ics for oxidation/reduction as well
as reducing the total amount of
material needed to block current
transport. Towards this end,
smaller MOF crystals and the use
of metals with faster kinetics for
self-passivation seem most prom-
ising. These MOF based memory
devices have exceptional prospects
for miniaturization in all dimen-

sions because the writing of bits is achieved at a few nano-
meters of the MOF/metal interface. Furthermore, high
density data storage in MOF memristors could be realized

by pattering multiple electrodes on the MOFs by techniques
[24,25]

Keywords: memristors - metal-organic frameworks -
negative differential resistance - non-volatile memory -
resistive random access memory
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Figure 4. Durability of encapsulated MOF memory device and non-
volatile memory storage. a) “0” or “1” (off or on) states were written
into epoxy-encapsulated MOF crystals and read every 6 h for 24 h total
(solid lines). The lower middle “on” curve is for a situation where the
“1 s” are not refreshed by applying a negative voltage after every
reading; in the top “on” curve, the “1 s” are refreshed after every
reading. Although in both cases the “1 s” decay much slower than for
non-encapsulated MOFs (dotted lines, compare Figure 3 f-h), the
performance of our MOF memory elements is optimal with encapsula-
tion and with refreshing. The data was written and read at 3 V with

a scan rate of 0.07 Vs™'. b) RAM performance of the epoxy-encapsu-
lated MOF memory device for a randomly selected sequence of 1's
and 0's. The MOF RAM device showed an average on/off ratio of 10.
The data was written and read at 3 V with a scan rate of 0.07 Vs™'. c)
and d) Persistence of the “1” and “0” states (solid lines) and on/off
ratio (dashed lines) of (c) the epoxy-encapsulated MOF RAM device
and (d) the bare MOF RAM device. While non-encapsulated devices
typically failed within 24 h, the memory persisted for over 1 week

(168 h) when the MOF was encapsulated, demonstrating non-volatile
memory storage.
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