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Inkjet Printed Metal–Organic Frameworks for Non-Volatile
Memory Devices Suitable for Printed RRAM

Yan Liu, Franz Fischer, Hongrong Hu, Hartmut Gliemann, Carsten Natzeck,
Matthias Schwotzer, Christian Rainer, Uli Lemmer, Christof Wöll, Ben Breitung,
and Jasmin Aghassi-Hagmann*

Inkjet printing has emerged as a promising technique for patterning functional
materials, offering significant advantages over traditional subtractive thin-film
methods. Its versatility enables the structuring of various materials, expanding
application ranges and minimizing waste through additive manufacturing.
However, the limited availability of functional material-based inks suitable for
inkjet printing presents challenges in ink formulation. HKUST-1, a 3D cubic
metal–organic frameworks (MOFs) comprised of copper(II) ions coordinated
to benzene-1,3,5-tricarboxylate (BTC) organic linkers, known for its porosity
and tunability, have potential to enhance inkjet-printed devices. This study
combines inkjet printing and evaporation-induced crystallization to structure
HKUST-1, marking the first demonstration of nanocrystalline HKUST-1
integrated into a printed electronic device, specifically a memristor, where
the MOF is prepared by inkjet printing of a precursor solution. Memristors,
which change their resistance based on the external stimuli history,
enabling the construction of resistive random-access memory (RRAM). The
fabricated memristors in this study exhibit notable properties: low forming
voltage, an Roff/Ron ratio of 104, a retention time of 600 s, and endurance
exceeding 60 write and erase cycles. This research highlights the potential
of integrating MOFs into inkjet printing, unlocking broader application
possibilities, and advancing additive manufacturing for functional materials.

1. Introduction

Inkjet printing has gained significant recognition as a highly
promising technique for patterning functional materials with

Y. Liu, F. Fischer, H. Hu, B. Breitung, J. Aghassi-Hagmann
Institute of Nanotechnology (INT)
Karlsruhe Institute of Technology (KIT)
Kaiserstraße 12, 76131 Karlsruhe, Germany
E-mail: jasmin.aghassi@kit.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202412372

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202412372

various potential applications. Unlike sub-
tractive thin film methods such as lithog-
raphy, inkjet printing offers numerous ad-
vantages. It provides a broader selection
of materials, expanding the range of appli-
cations, and embraces an additive manu-
facturing approach, effectively minimizing
waste production, especially for large-scale
device structuring.[1–3] Inkjet printing en-
ables precise deposition of small ink vol-
umes, offering high-resolution patterning.
This precision is essential for the controlled
fabrication of thin films with fine struc-
tures, which would be difficult to achieve
with techniques such as screen printing
or gravure printing.[4,5] Additionally, inkjet
printing is a non-contact, additive manu-
facturing process. It offers significant flex-
ibility in adjusting parameters such as drop
size and drop spacing, which makes it easy
to customize the printing process for dif-
ferent substrates and desired layer proper-
ties. Techniques like offset lithography and
screen printing, due to their reliance on
mechanical or physical templates, are less
adaptable for such fine-tuning.[4,6] More-
over, inkjet printing allows wide range of

ink property, while electric conductivity of solvents is critical for
electrohydrodynamic atomization (EHDA).[7] It is also compat-
ible with a wide range of substrates, including flexible materi-
als, without requiring for pre- or post-processing steps as seen
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in offset lithography or flexographic printing.[6,8] Though inkjet
printing may exhibit lower resolution and crystal structure order-
ing compared to sputtering and lithography, its unique strengths
compensate for these limitations. The versatility of inkjet print-
ing allows the structuring of (nano)particulate or precursor-based
(liquid) inks, greatly extending the range of patternable materi-
als, including metals, ceramics, and polymers. This exceptional
adaptability enhances the potential for creating complex struc-
tures and functional devices.[9,10]

Despite the evident potential of inkjet printing, the current
availability of functional material-based inks suitable for this pro-
cess remains limited. Formulating inks for specific materials
presents challenges in achieving optimal viscosity, accommodat-
ing low-temperature processing for flexible substrates, and ad-
dressing other complexities. To realize the full potential of inkjet
printing, the development of ink formulations and techniques to
accommodate complex material classes is of utmost importance.

One such complex material class with tremendous potential
for enhancing inkjet printed devices is metal-organic frame-
works (MOFs). MOFs consist of metal ions connected by or-
ganic linkers, resulting in intricate structures with well-defined
porosities.[11,12] MOF-based materials find applications in gas
storage and separation,[13,14] catalysis,[15–17] sensing,[18,19] energy
storage,[20] and memristors.[21] Traditionally, MOFs have been
structured using subtractive photolithography and additive de-
position methods, which involve complex procedures performed
under high vacuum conditions.[22,23] In another approach MOFs
were grown site-selectively by using top-down techniques such
as microcontact printing and scanning probe-based nanograft-
ing methods to pattern self-assembled monolayers, followed by
a bottom-up layer-by-layer (LBL) deposition of the MOF mate-
rial on the activated surface areas. Although this approach re-
sults in well-defined micro and nano structures, the chemical
incompatibility of substrates with the LBL process particularly
in the case of polymers is a drawback, limiting or even avoid-
ing this approach.[24,25] Integrating MOFs into additive manufac-
turing methods like inkjet printing would revolutionize their ap-
plicability and enable large-scale production of patterned MOF
devices.[26] Only few inkjet printable MOF inks have been ex-
plored in the past, including precursor-based[27] and nanopartic-
ulate inks.[28]

In our work, we introduce an ink system for Cu3(BTC)2
(BTC: 1,3,5-benzenetricarboxylate), also known as HKUST-1, a
precursor-based ink developed by Zhuang et al.[27] This ink of-
fers good printability when compared to other precursor-based
inks while maintaining stability during the printing process. Fur-
thermore, it enables room-temperature printing, enhancing the
compatibility with various printed materials as well as the sub-
strates. The ink operates on the principle of evaporation induced
crystallization. A reliable method combining inkjet printing and
evaporation-induced crystallization is employed for the construc-
tion of HKUST-1.[27,29] Notably, this is the first demonstration
of inkjet-printed nanocrystalline HKUST-1 directly integrated
into a printed electronic device, specifically a resistive random-
access memory (RRAM) device also known as “memristor”. This
achievement bridges the gap between printed MOFs and their
potential application in the field of printed electronics.

Here, the printed HKUST-1 was applied as the active layer of
a memristor, an electronic device that can be conceptualized as

a resistor with memory. A memristor is a two-terminal device
that is able to alter its resistance based on the previous voltage
applied to it, retaining this information over a specific period
of time even when the power is turned off. This distinguish-
ing feature sets the memristor apart from conventional passive
circuit elements like resistors or capacitors, making it highly
promising for applications such as non-volatile memory, neu-
romorphic computing, hardware security, and radio-frequency
communications neural networking, and the potential revolu-
tion of brain-inspired computing systems and advanced artificial
intelligence architectures.[30–32] Continued research and techno-
logical advancements are expected to unlock the full capabilities
of memristors, enabling their integration into diverse electronic
systems and facilitating the emergence of novel functionalities.
The memristors fabricated in this study exhibit promising prop-
erties, including an Roff/Ron ratio of 104, a retention time of 600 s,
and endurance of over 60 write and erase cycles. Notably, these
MOF based memristors show a greatly decreased forming volt-
age, around1 V, which appears to be in the range of operation
voltage.[33]

In summary, integrating inkjet-printed MOFs into memristors
represents a significant milestone, expanding their potential ap-
plications and paving the way for the widespread production of
patterned MOF devices. This development unlocks the full ca-
pabilities of MOFs and contributes to advancements in additive
manufacturing techniques for functional materials, elevating the
position of inkjet printing in the field of structuring methods.

2. Results and Discussion

This work reports on a memristor, produced by a combination
of inkjet printing and evaporation-induced crystallization of the
active material, i.e., HKUST-1 (MOF).[27,29] The memristor was
fabricated by a sequence of different production steps as illus-
trated in Figure 1.

First, the bottom indium tin oxide (ITO) electrode was pat-
terned through laser ablation of an ITO-coated glass substrate,
followed by O2 plasma surface treatment for both cleaning pur-
poses and to enhance surface hydrophilicity (Figure 1a–c). Next,
the prepared HKUST-1 ink was deposited onto the ITO elec-
trode using inkjet printing. It is noteworthy that the HKUST-1
ink serves as the precursor for the growth of HKUST-1 crystals
(Figure 1d). Subsequently, the substrate was placed in a desic-
cator containing a vial of methanol (Figure 1e). The desiccator’s
internal pressure was reduced to 30 mbar and maintained for
20 min to facilitate methanol evaporation. The nucleation and
growth of HKUST-1 crystallites was triggered by the methanol
vapor, which also lead to a sufficiently slow crystallization pro-
cess, resulting in the formation of a uniform HKUST-1 film.[29]

To obtain a densely packed HKUST-1 layer and to adjust the layer
thickness, the steps depicted in Figure 1d,e were repeated mul-
tiple times. Afterward, the sample was rinsed with methanol,
dried, and subjected to overnight vacuum storage. Subsequently,
the silver top electrode was patterned using inkjet printing, fol-
lowed by annealing at 100 °C for 1 h for sintering (Figure 1f,g).
The scheme in Figure 1h shows the final layer structure of the
memristor.

Achieving refined printed patterns and fabricating reliable
memristor devices with inkjet-printing requires developing
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Figure 1. Fabrication of the printed HKUST-1 memristor. a) ITO coated glass as substrate. b) The ITO layer is pattern using laser ablation. c) O2 plasma
treatment for surface cleaning and to induce increased hydrophilicity. d) Inkjet printing of the HKUST-1 precursor solution (HKUST-1 ink). e) Vapor
induced crystallization of HKUST-1. f) Inkjet printing of the Ag top electrode after cleaning. g) After sintering at 100 °C for 1 h, the memristor as shown
in (h) is completed.

stable inks with appropriate rheological properties. The jetting
behavior of the ink can be evaluated using the Ohnesorge num-
ber (Oh, reciprocal of Fromm number Z), which is defined by the
equation:

Oh =
√

We
Re

= 𝜂
√
𝛾𝜌𝛼

(1)

where 𝜂, 𝛾 , and 𝜌 represent the ink’s viscosity (cp), surface ten-
sion (mN m−1) (Figure S1, Supporting Information), and den-
sity (g cm−3), respectively, while 𝛼 denotes the diameter (μm)
of the jetting nozzle.[34] If the Fromm value Z falls within
the range of 1 to 10 (1 < Z < 10), the ink composition is
expected to form stable droplets for inkjet printing.[35–37] The
Fromm number of HKUST-1 ink is 6.3577, demonstrating that
the HKUST-1 ink jets stably and is well-suited for the inkjet
printing system. Detailed rheological parameters of the HKUST-
1 ink are provided in the supporting information (Table S1,
Supporting Information). Moreover, key inkjet printing param-
eters, such as waveform, voltage, and drop spacing, were op-
timized for consistent droplet formation and precise HKUST-
1 layer deposition. The selected waveform prevented satellite
droplets, ensuring uniform layering (see Figure S2, Supporting
Information).

X-ray diffraction (XRD) characterization provides valuable in-
sights into the crystal structure and phase composition of the
inkjet-printed HKUST-1 layer, confirming its integrity and suit-
ability for further analysis and potential applications. Therefore,
an inkjet-printed HKUST-1 film comprising three printed layers
(repeated three times in steps d and e in Figure 1) was prepared
and characterized using XRD to examine the crystal structure.
Figure 2a illustrates the XRD pattern of the HKUST-1 film before
and after annealing, along with the calculated pattern for compar-
ison (ICSD# 130295). The XRD pattern clearly exhibits all the ex-
pected reflections corresponding to HKUST-1, with no additional
reflections present. This observation indicates the desired phase

purity of the HKUST-1 structure (Figure 2b). Moreover, the XRD
pattern does not demonstrate any discernible preferred orienta-
tion. This suggests the presence of polycrystalline HKUST-1 with
relatively small crystallite sizes due to the broadened peaks.

Figure 2c presents the Fourier-transform infrared (FT-IR)
spectrum of the printed HKUST-1 layer, providing evidence of
the nearly complete transformation of the BTC precursor with
Cu2+ during the methanol-induced crystallization process, lead-
ing to the formation of HKUST-1. A prominent feature in the
spectrum is the significant reduction in intensity of the C═O
double bond peak at 1720 cm−1, which corresponds to unreacted
BTC precursor. This reduction indicates the conversion of the
C═O double bond into a C-O single bond upon the formation
of HKUST-1. Furthermore, the emergence of the Cu-O bond
peak at 750 cm−1 is the direct result of this cleavage. Addition-
ally, distinctive vibration modes associated with the former car-
boxylic group of BTC, now bonded to Cu, are observed at 1646,
1448, and 1371 cm−1. These modes correspond to the asymmet-
ric stretching and symmetric stretching of the carboxylic group,
respectively. The FTIR analysis provides compelling evidence for
the structural transformations that occur during the inkjet print-
ing and crystallization processes, confirming the successful for-
mation of HKUST-1 and the chemical changes involved in the
conversion of the BTC precursor.

In order to gain deeper insights into the layered structure of
the memristor, a focused ion beam (FIB) technique was em-
ployed to precisely cut the sample for cross-section scanning
electron microscopy (SEM) analysis. Figure 3a,b provides a vi-
sual representation of the sandwich-like configuration observed
within the memristor. The structure comprises a glass substrate
as the foundation, followed by the ITO electrode, the HKUST-
1 layer, and the printed Ag-electrode situated atop. Notably, the
Ag-electrode is composed of a nanoparticulate ink material. To
investigate the surface roughness and morphology, atomic force
microscopy (AFM) was employed to analyze the topography of
the printed HKUST-1 layer. The resulting AFM data were eval-
uated using Gwyddion.[38] As depicted in Figure 3c, a selected
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Figure 2. a) XRD pattern of the inkjet-printed HKUST-1 layer before and after annealing. A reference pattern of HKUST-1 is shown in the bottom part
(ICSD# 130295). b) crystal structure of HKUST-1. The color code is: blue = Cu, red = O, brown = C, white = H. c) FT-IR spectra of the inkjet-printed
HKUST-1 layer.

Figure 3. a) SEM micrograph of the printed HKUST-1 layer. FIB cutting was employed to elucidate the layered structure. b) visual representation of the
layered structure. c) AFM measurement of the border area of the printed HKUST-1. d) Top view of the same area as in (c). e) Line scan along the white
line indicated in (d).
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area of around 2500 μm2 at the periphery of the printed HKUST-
1 layer is shown. Beneath the rough HKUST-1 layer, the pres-
ence of the ITO electrode is discernible, indicating complete cov-
erage at the termination point of the electrode section. A top-
view heatmap, representing the material’s height, provides in-
sights into the printed HKUST-1 sheet’s maximum height, which
ranges from 600 to 880 nm (Figure 3d). This observation aligns
with the XRD results, which indicate a nanocrystalline struc-
ture rather than a well-ordered region characterized by large
crystallites. Furthermore, a line scan along the indicated white
line in Figure 3d was conducted (Figure 3e), revealing two dis-
tinct layers within the structure. The bottom layer, which cor-
responds to ITO layer, has a measured thickness of approxi-
mately 100 nm. Above this, the HKUST-1 layer, exhibits signif-
icant surface roughness with height variations ranging from 250
to 700 nm (the thickness ranges from 150 to 600 nm), with a
foundational height thickness of ≈150 nm for the dense sheet
structure.

The conducted measurements provide compelling evidence of
an inkjet-printed memristor characterized by well-defined layer
geometry. The active layer consists of nanocrystalline HKUST-1,
while the bottom and top electrodes comprise ITO and printed
Ag, respectively. The use of complementary techniques, such as
XRD and IR spectroscopy, verifies the presence of nanocrystalline
HKUST-1 with the desired crystal structure. Moreover, these
analyses indicate only minimal traces of unreacted linker ma-
terial. For additional characterization of the ITO substrates and
HKUST-1 layer, including contact angle measurements, AFM
and SEM analysis is displayed in Figures S3–S5 (Supporting
Information).

After confirming the precise layered structure of the memris-
tor, electrical characterizations were conducted to evaluate its per-
formance. The HKUST-1 memristor presented here belongs to a
non-volatile type that can switch between two distinct resistive
states: a high resistive state (HRS) and a low resistive state (LRS).
This digital switching behavior is characterized by the transi-
tion between these two resistance states. To study this switch-
ing behavior, a current-voltage (I–V) analysis was performed un-
der ambient conditions, where a bias voltage was applied to
the top electrode (printed Ag) while the bottom electrode re-
mained grounded. The voltage was swept between two limit-
ing values, and the resulting current flow was measured (0 V
→ 2 V → 0 V → -3 V → 0 V). Depending on the resistive state
of the memristor, the current can be low or high, with a steep
increase or decrease observed during the transition between
states.

Typically, for such digital memristors, an initial sweeping cy-
cle known as the formation cycle is necessary. This cycle involves
sweeping the voltage toward a higher potential, leading to the for-
mation of a substructure within the memristor as explained later.
Figure 4a illustrates five representative sweeping cycles in the
positive voltage range, including the forming voltage. During the
forming cycle (the 1st cycle in Figure 4a), the voltage was swept
from 0 to 2 V at a rate of 0.02 V/step, and an abrupt increase in
current at around1 V indicated the formation of the LRS. The LRS
still maintained when the voltage was swept back from +2 V to
0 V at a rate of 0.02 V/step. The subsequent set processes, which
means to switch the device from HRS to LRS in a new resistive
switching cycle, followed the same voltage sweeping protocol and

were triggered at the voltage of ca. 1 V. The forming voltage falls
within the range of set voltages, implying a huge advantage for
circuit level application since the redundant forming process will
be eliminated. A compliance current (CC) of 0.5 mA was intro-
duced to limit the current and prevent device breakdown, and it
was reached during this steep increase. Sweeping measurements
under different CC were also investigated. For details, please re-
fer to Figure S6 (Supporting Information).

Then, the voltage was swept from 0 to −3 V at rate of
0.03 V/step in the absence of a CC, and then back to 0 V. During
the first negative sweep, the memristor was switched from the
LRS to the HRS, a process known as the reset process. Subse-
quently, the potential is swept upward, initiating a new cycle. As
the set and reset processes depend on the polarity of the voltage,
the HKUST-1 memristor can be classified as a bipolar device.

The voltage sweeping measurements conducted demonstrate
the ability of the memristor to adapt an HRS and an LRS by mod-
ulating the applied potential. The evaluation of a memristor’s
quality often relies on the resistance disparity between these two
states. Therefore, Figure 4c presents a comparison of the resis-
tance of the HRS and LRS over a cycling period of more than 60
cycles. To be able to compare the resistances of the LRS and the
HRS at different cycles, the resistance was measured at 0.01 V
each cycle. With a few exceptions, Figure 4c unequivocally illus-
trates the existence of two distinct resistive states with a resis-
tance difference of approximately 104 commonly referred to as
the Roff/Ron ratio. While the HRS exhibits a greater dispersion in
resistance values across the cycles, a discernible discrepancy is
still evident.

To further assess the longevity of information storage within
the HKUST-1 memristor, retention measurements were per-
formed to evaluate the stability of the resistive states over time.
Figure 4d demonstrates that the Roff/Ron ratio of 104 can be main-
tained for nearly 600 s, after which the LRS gradually increases
the resistance, resulting in a decrease in the Roff/Ron ratio to 103.
The observed increase in LRS value around 600 s is primarily due
to the diffusion and degradation of conductive paths within the
memristive device. This leads to a rise in resistance and a conse-
quent decrease in the Roff/Ron ratio.

The observed electrical characteristics of the memristor stem
from the combined properties of the constituent materials within
the memristor stack, namely the active HKUST-1 material, the
printed Ag top electrode, and the laser-ablated ITO bottom elec-
trode. It is important to note that the memristor presented in
this study differs from thin-film memristors commonly prepared
using thin film techniques, which typically exhibit film quali-
ties and thicknesses in the range of several nanometers rather
than several hundreds of nanometers as demonstrated here. This
distinction in properties is inherent to the manufacturing ap-
proach employed. The advantage of the presented system lies in
its ease of production and the simplicity of the additive manufac-
turing technique used, which eliminates the need for vacuum-
based processes such as sputtering or e-beam techniques. Fur-
thermore, this approach enables the utilization of complex ma-
terials classes like MOFs, thereby paving the way for the integra-
tion of such promising materials in printed electronics. While
the reversibility of the presented memristor may not be on par
with state-of-the-art thin-film memristors, the primary focus is on
establishing an alternative means of producing memristors and

Adv. Funct. Mater. 2025, 35, 2412372 2412372 (5 of 11) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2025, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202412372 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [13/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. a) I–V curves depicting the electroforming voltage sweep (the 1st) within the positive voltage range, alongside the representative set processes
(the 2nd, the 10th, the 20th, and the 50th). Notably, the LRS is achieved utilizing a set CC of 0.5 mA. b) I–V curves illustrating the representative reset
processes conducted within the negative voltage range, resulting in the establishment of the HRS. c) Performance assessment of the inkjet-printed
memristor’s endurance during the initial 60 cycles, while operating under a voltage sweeping mode. d) Assessment of device retention in both the HRS
and LRS.

exploring new areas of application, rather than competing with
conventional manufacturing techniques.

In thin-film memristors, the switching mechanism of a dig-
ital memristor is often described as follows (refer to Figure 5).
The system comprises an “inert” and an “active” electrode, sep-
arated by the active material. In the system discussed in this
work, the Ag electrode serves as the active electrode, while the
ITO electrode acts as the inert electrode. Initially, a forming pro-
cess is required, which occurs while a positive voltage is applied
to the active electrode. During this forming process, Ag is oxi-
dized to Ag+, which diffuses through the active material along
the applied electrical field and is reduced on the counter elec-
trode. This electrodeposition phenomenon leads to the formation
and growth of one or more conducting Ag filaments, which even-
tually make contact with both electrodes, resulting in the LRS
of the memristor.[39–45] Subsequent cycles involve the disman-
tling and reformation of these conducting filaments, allowing for

the switching of resistive states based on the previously applied
potentials.

For the printed memristors, we postulate that this process
is analogous, albeit influenced by the electrode distances and
the distinctive morphology of HKUST-1 with its inherent fea-
tures. HKUST-1 crystals consist of Cu paddlewheel clusters con-
nected by BTC linkers. The structure features three distinct cav-
ities: a small octahedral cage with a 4.1 Å window and two
larger cuboctahedral cages interconnected by a 6.9 Å window
(Figures 2b and 5).[39–41] The diameter of an Ag+ ion is approxi-
mately 2.3 Å,[38] which is smaller than the size of the windows and
the cavities in HKUST-1. The polycrystalline nature of HKUST-
1, in particular its grain boundaries and highly porous structure,
may allow Ag+ ions to diffuse into or through the layer. The con-
tact with the counter electrode can reduce Ag+ to Ag, which leads
to the formation of tiny filaments that penetrate the HKUST-1
structure and the formation of conductive pathways within the

Adv. Funct. Mater. 2025, 35, 2412372 2412372 (6 of 11) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Initial state of the inkjet-printed memristor as prepared. b) Evolution during the positive voltage sweep (set): Silver cations (Ag+) are
generated and subsequently migrate toward the opposing electrode. c) Reduction of Ag+ ions takes place. d) Formation of a dendritic structure bridging
both electrodes, leading to the establishment of the LRS in the memristor. e) During the reset process, dismantling of the dendritic structure occurs,
resulting in the HRS of the memristor.

printed HKUST-1 layer, which in turn impact the performance of
the memristor.[27] For most materials, the thickness of the active
layer mainly affects the forming voltage required for initial resis-
tive switching, with thicker layers needing higher voltages.[33,46]

Subsequent switching (set/reset), we believe, is more dependent
on the porosity of the active layer and electrode material com-
pared to the thickness, particularly when using porous materi-
als like HKUST-1. This characteristic also offers opportunities
for fine-tuning the electrical performance of the memristor, such
as adjusting porosity or particle size. However, these structural
complexities also present challenges. For instance, the relatively
short retention times of the LRS can be attributed to the need
for long Ag filaments, resulting in a larger surface area, thereby
increasing the likelihood of Ag filament atom/ion diffusion and
filament breakage. To prove that the Ag electrode plays a decisive
role in the memristive behavior, a comparison experiment was
conducted by fabricating an Au/HKUST-1/Au device, which ex-
hibited no resistive switching behavior. For further details, please
refer to Figure S7 (Supporting Information).

In order to gain insights into the contribution of different ma-
terial states to the HRS and LRS, as well as to postulate a conduc-
tion mechanism, an analysis of the I-V curve was conducted. A
well-known theory for the development of the LRS and HRS is
the assumption that a conducting filament will grow over mem-
ristor operation between the electrodes.[39–42] To support the the-
ory of such a filament based resistive switching mechanism of the
printed HKUST-1 memristor, we analyzed the I–V curves during
the appearance of the LRS and HRS state, respectively. Figure 6
illustrates the set process (positive voltage portion of Figure 4a)
on a double logarithmic scale, which involves a transition from
HRS (the lower curve) to LRS (the upper curve). To better un-
derstand the conduction mechanism, a linear fit was applied

to the curves to extract the slopes, which were compared with
ohmic conduction and space charge limited conduction (SCLC)
theory to infer the underlying or dominant mechanisms during
operation.[47] We identify distinct regions in the I–V curve where
the slope changes. Different slope from different regions typi-
cally correspond to the theoretical model of different conduction
mechanisms. The conduction of SCLC consists of three parts:
the ohmic region, the SCLC with unfilled traps (Child’s law),
and SCLC with filled traps (the steep increase in the high field
region).

Figure 6. Double-logarithmic I-V curve for regions with different conduct-
ing mechanisms, including ohmic conduction and SCLC theory.

Adv. Funct. Mater. 2025, 35, 2412372 2412372 (7 of 11) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2025, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202412372 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [13/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

For ohmic conduction, the slope of the log I-log V curve may
be calculated using as 1 according to Equation (2):

JOhmic ∝ E (2)

For the SCLC with unfilled traps slope of the log I-log V curve
may be calculated as 2 according to Equation (3):

JTrap−unfilled SCLC ∝ E2 (3)

For the SCLC with filled traps, the slope of the log I-log V curve
can be calculated using the Equation (4) and is expected to be >2:

JTrap−filled SCLC ∝ En, n > 2 (4)

Different slopes can be observed in the low-voltage and high-
voltage regions of the I–V curve. Starting at low voltages and in
the HRS state the initial phase of the process, represented with
the red line, exhibits an ohmic behavior. The slope of this fit is
1.1, indicating a small current due to the limited presence of
thermally excited charge carriers in the active HKUST-1 layer.
As the applied voltage increases, according to the SCLC the-
ory, electrons from the electrodes can be injected into the MOF
layer, partially filling traps and leading to a gradual increase in
conductance.[48,49] This corresponds to a steeper slope in the I–V
curve, classified as trap-unfilled SCLC. With further voltage in-
crease, the SCLC theory suggests that electrons from the elec-
trodes fill the traps in the active layer, leading to an exponential
growth in current. This signifies a transition from trap-unfilled
to trap-filled SCLC (slope changes from 2.3 to 4.9). For slopes >2,
the SCLC model assumes traps distributed in energy, decreasing
with distance from the conduction band. A high density and dis-
tribution of trap states is likely due to the fabrication process and
the penetrating silver electrode. The slope increases with increas-
ing voltage, a varying slope could indicate a varying trap density
which could be explained by the redistribution of silver ions. This
process aligns with the ongoing formation of Ag filaments, which
ultimately establish contact between both electrodes and estab-
lish the LRS. Meanwhile, the slope of LRS is 1, which is again
in a good accordance with Ohmic conduction mechanism. The
linear fit reveals that the device of HRS is dominated by SCLC
mechanism, while LRS conforms to ohmic conduction. These
findings suggest that a behavior similar to the formation of con-
ducting filaments observed in thin-film memristors also occurs
in our inkjet-printed HKUST-1 memristors. However, it remains
uncertain whether the filaments grow along the grain boundaries
or traverse the HKUST-1 structure, and this will be investigated
in future studies.

A detailed benchmark of the presented memristor against
other printed memory devices is presented in Table 1. In addition
to the device structure, we have included details on the device
type, device architecture, active layer fabrication temperature,
forming voltage, set/reset voltage, Roff/Ron ratio, endurance, re-
tention, scalability and power consumption. Device architectures
are compared between cross-point (CP) and common-bottom
(CB) memristor configurations, noting that CP devices enable
integration into crossbar circuits, a feature not inherently sup-
ported by CB architectures. Power consumption of the mem-

ory device was calculated by the product of the switching volt-
age and current based on the I–V curve during the set process,
and scalability was assessed using dimensions provided in the
literature. The presented device demonstrates almost forming-
free and a relatively higher Roff/Ron ratio. A key feature of our
device is that the growth and formation of the HKUST-1 active
layer occurs at room temperature, allowing for the use of a wide
range of substrates in memristor fabrication. Although the cur-
rent performance may not yet reach that of state-of-the-art de-
vices, we believe that our memristor fabrication method can in-
spire further research. With continued optimization of the fabri-
cation process, the memristor’s performance can be significantly
improved, opening up opportunities for future advancements.

3. Conclusion

In summary, we synthesized polycrystalline HKUST-1 films by
combining inkjet printing technique and evaporation induced
crystallization at room temperature. Furthermore, we developed
an inkjet-printed memristor using HKUST-1 as active material.
The memristor can be served as non-volatile memory with large
Roff/Ron ratio of 104 for over 60 cycles and showed low forming
voltages, potentially due to an increased ion diffusion caused by
the porosity of HKUST-1. Moreover, we investigated the conduc-
tion mechanism of different resistive states of the memristor.
The LRS is dominated by ohmic conduction whereas the behav-
ior during HRS can be described by the SCLC theory. Filament
formation and rupture through the HKUST-1 layer was postu-
lated as switching mechanism. The reported memristor therefore
was produced using additive manufacturing techniques and rep-
resents the first proof of principle that inkjet-printed MOFs are
possible materials for memristors.

4. Experimental Section
Device Fabrication: Treatment of ITO substrates: Commercially avail-

able ITO substrates were laser patterned by Trumpf TruMicro 5000 ps laser,
which was operated with an average power of 1.5 W. The dimensions of
the patterned substrate were 30 μm.

Preparation of HKUST-1 Ink: 0.39 g Cu(NO3)2 · 2.5 H2O and 0.19 g 1,3,5-
benzenetricarboxylic acid (BTC) were dissolved in 1.5 mL DMSO to form
a transparent blue precursor solution. 1 mL of the HKUST-1 precursor
solution was dispersed in a mixture of ethanol (2.3 mL) and ethylene glycol
(1.5 mL) with vigorous stirring to obtain the homogeneous HKUST-1 ink,
then the HKUST-1 ink was filtered by a 0.45 μm Nylon syringe filter, loaded
into an empty cartridge and ready for printing.

Inkjet printing of HKUST-1 films and Ag electrodes: the HKUST-1 ink was
inkjet-printed on the glass substrate with patterned ITO electrodes by a
drop-on-demand piezo inkjet-printer (DMP2831, Fujifilm) at ≈40 V car-
tridge voltage. After the inkjet printing process, the printed substrate was
immediately transferred into a desiccator containing methanol solution in
a glass beaker for slow nucleation induced by methanol vapor. A mem-
brane pump was then used to reduce the pressure to 30 mbar for 20 min.
For printing additional layers, the mentioned steps were repeated. After-
ward, the printed substrate was dried in vacuum overnight. Subsequently,
the substrate was washed with methanol and dried with nitrogen gas. The
thickness of the HKUST-1 layer could be controlled by repeating multiple
printing cycles. A commercial Ag nanoparticle ink (Silverjet DGP, Sigma
Aldrich) with a particle diameter of 10 nm was inkjet-printed on the top
of HKUST-1 films at 33 V cartridge voltage with a drop spacing of 10 and
annealed at 100 °C for 1 h.
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Material Characterization: X-ray diffraction patterns were recorded on
a Bruker D8 Discover diffractometer in Bragg Brentano geometry with Ni-
filtered Cu -K𝛼 (𝜆 = 1.54060 Å) radiation source in theta/2theta mode,
with a step width of 0.02°. AFM was performed using a Bruker Dimension
Icon Atomic Force Microscope in tapping mode equipped with a silicon
cantilever (HQ:NSC15/AL BS, MikroMasch) for morphology characteriza-
tion. FTIR spectra were recorded with a Nicolet Is50 FTIR from Thermo
Fisher Scientific in ATR mode. The scan range was 400–4000 cm−1. SEM
was performed on a Thermo Fischer ESEM Quattro S. FIB preparation
were performed using a JEOL Focused Ion Beam System JEM-9320FIB.
The surface tension of the HKUST-1 ink was measured by pendant drop
method using Krüss DSA100. The viscosity of the HKUST-1 ink was mea-
sured using a rotational rheometer from Haake Mars. The contact angle
was measured using the OCA-20 system from DataPhysics Instruments
GmbH, following the sessile drop method.

Electrical Characterization: Sweeping Switch Measurement: For the pos-
itive sweeping process, the bias voltage was swept from 0 V to a positive
voltage and then back to 0 V, while the negative sweep process was the
opposite, sweeping from 0 V to a negative voltage and then back to 0V.
During the sweeping process, the device switching between HRS and LRS
was performed using a CC to protect the device from damaging by an ex-
cessive current.

Resistance Read-Out Pulse: Resistance is measured after each sweeping
process, in order to avoid the resistance state of devices being changed,
a pulse voltage of 0.01 V for 0.2 s was applied to obtain the value of resis-
tance.

Retention Measurement: The retention measurement was performed af-
ter the memristor was switched to LRS or HRS, to investigate the resis-
tance change after device switching. In this work, the resistance was read
out by a pulse voltage of 0.01 V for 0.2 s after the device was switched to
a resistant state, then repeated every 6s for 100 times.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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