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Integration of metal-organic frameworks (MOFs) as components
of advanced electronic devices is at a very early phase of
development and the fundamental issues related to their crystal
growth on conductive substrate need to be addressed. Herein,
we report on the structural characterization of a newly
synthesized Sr-based MOF {[Sr(2,5-Pzdc)(H2O)2] · 3H2O}n (1) and
the uniform crystal growth of compound 1 on a conducting
glass (fluorine doped tin oxide (FTO)) substrate using electro-
chemical deposition techniques. The Sr-based MOF 1 was
synthesized by the reaction of Sr(NO3)2 with 2,5-pyrazinedicar-

boxylic acid dihydrate (2,5-Pzdc) under solvothermal conditions.
A single-crystal X-ray diffraction analysis revealed that 1 has a
3D structure and crystallizes in the triclinic P�1 space group. In
addition, the uniform crystal growth of this MOF on a
conducting glass (FTO) substrate was successfully achieved
using electrochemical deposition techniques. Only a handful of
MOFs have been reposed to grown on conductive surfaces,
which makes this study an important focal point for future
research on the applications of MOF-based devices in micro-
electronics.

Introduction

Since the introduction of the structural chemistry of metal-
organic frameworks (MOFs) at the end of the 20th century,
tremendous research has been done on the fundamental
properties of MOFs for various industrial devices particularly as
sensors, in biomedicine, optoelectronic device, microelectronic
circuits etc.[1–3] However, in order to implement these functional
materials into practical applications, it is of prime importance to
design their relevant active devices or circuits using variety of
substrates.[4,5] These devices need to be highly stable, mechan-
ically strong and highly efficient, meeting the requirement of
recent trends in the technologies such as nanoscale fabrication

etc.[6,7] In contrast to the traditional materials, the integration of
MOFs into thin films faces significant challenges, for example,
relatively low thermal and mechanical stabilities, less compati-
bility with inorganic or organic counterparts and the deposition
of MOFs on variety of substrates.[8] Furthermore, MOFs are
generally known to be insulating materials and their deposition
as a uniform thin film on conducting substrate is key factor for
their applications in the areas of optoelectronics and micro-
electronics, especially in case of dielectrics, capacitors, transis-
tors, DRAM and LEDs etc.[5,9–11] Uniform growth of MOFs on a
substrate plays a significant role in the measurement of charge
transport properties of MOFs.[11] Following the continuous
progress in designing MOF films, significant efforts have been
made to grow MOFs on diverse substrates.[8,12]

Due to the wide variety of applicative measures of thin film
of MOFs, different deposition methodologies are employed
when different kinds of substrates are being used such as
alumina, silicon wafers, Ag/Au nanosheets, copper foil, and
glass slides.[12–17] These reported methods are only successful for
the deposition of MOFs on specific type of surface-modified
and non-conducting substrates.[18–20] To utilize MOFs in opto-
electronic and microelectronic circuits, it is usually necessary to
grow MOFs on conducting substrate such as transparent
conducting oxide (TCO), F-doped SnO2 or Sn-doped In2O3 (ITO),
Cu, and carbon surfaces. Researchers have developed serval
techniques which demonstrated electrochemical deposition of
various conducting materials into porous MOFs thin films,
fabricated on conductive substrates.[21–24]

During past few years, different deposition techniques such as
anodic, cathodic and electrophoretic deposition have been
applied for use in conjunction with their applications as super-
capacitor, sensing, catalysis and separations etc.[25,26] An lanthanide
MOF thin film was reported to be electrodeposited by cathodic
electrodeposition by applying voltage in a nitrate based electrolyte
and the hydrolysis of benzophenone-3,3’,4,4’-tetracarboxylic dia-
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nhydride, which resulted in the uniform direct deposition of MOFs
on a conducting surface.[27] Anodization techniques were also
reported for the electrochemical synthesis of several MOFs
including Cu3(HHTP)2 on transparent conducting substrates for
potential applications in optoelectronics as well as
thermoelectrics.[4,28] The concentration of linkers and metal ions
plays an important role in controlling the thickness of films. In
2019, Nakamura et al. reported on the design of an electrochemi-
cally self-assembled Zn-based MOF, where the thickness is highly
dependent on the concentration of the linker and with a lower
concentrated oxidation process started at the electrode which can
stop the further growth.[29] However, Tang and co-workers
simplified this into a two-step electrochemical deposition process
for HKUST-1, which involves the electro-deposition of Cu on the
substrate followed by the electro-oxidation of the Cu/ITO to MOF/
ITO.[30] Such controlled growth of MOFs on conductive substrate
can be beneficial in term of expanding the applications of MOFs in
the electronics industry.[11,31]

The framing of suitable electrochemically deposition parame-
ters allows variable functional MOFs to directly penetrate into
conductive substrates and also provides a free hand for the tuning
of homogeneity as well as surface topology so as to achieve the
desired application.[26] The electrochemical deposition of MOFs
have previously been reported mostly for lanthanide and
transition metals such as Zn, Cu, and Co etc. and the reports on
alkaline-earth based MOFs (e.g. Mg, Ca and Sr etc.) are very
limited.[26,32] Herein, we report on the electrochemical deposition
of strontium based MOF on conducting glass (fluorine doped tin
oxide (FTO)) substrates by the reaction of strontium (Sr) ions and
2,5-pyrazinedicarboxylic acid dihydrate (2,5-Pzdc) (Scheme 1).
Strontium has emerged as a significant component for the
synthesis of luminescent and dielectric materials for micro- and
optoelectronic devices.[33,34] The growth of an Sr-based MOF on
the surface of conducting substrates via electrochemical deposi-
tion will pave the way for their practical applications in electronic
circuit design.

Results and Discussion

Synthesis of Sr-based MOF

Strontium-based materials have recently been used widely in
the semiconductor industry because of their thermal stability,

high reactivity and good mechanical strength.[33,34] However, the
thin film growth of these strontium-based MOFs has not been
reported. Based on the distinction of strontium compounds,
square shaped single crystals of compound {[Sr(2,5-
Pzdc)(H2O)2] · 3H2O}n (1) were synthesized by reacting Sr(NO3)2
and 2,5-pyrazinedicarboxylate (2,5-Pzdc) in an DMF� H2O sol-
ution under solvothermal conditions at 80 °C for 3 days
(Scheme 2). Fourier-transform infrared spectroscopic (FTIR)
spectra confirmed the coordination of metal ions with the
organic linker (2,5-Pzdc) as it shows a shift in peaks as well as
addition of new peaks (e.g. ν=1690 and 995 cm� 1 etc.) as
compared with free linker (Figure S1 in Supporting Information).
The single-crystal data for compound 1 are shown in Table S1
and the powder X-ray pattern at room temperature is shown in
Figure S2.

Crystal Structure of the Sr-based MOF

A single-crystal X-ray diffraction analysis revealed that 1 displays
a 3D structure and crystallizes in the triclinic P�1 space group
(Table S1). CCDC 2106396 contains the crystallographic data for
this compound. The asymmetric unit consists of two strontium
ions, two 2,5-Pzdc ligands and four coordinated water mole-
cules as well as six guest H2O molecules. The Sr(II) ions adopted
two different coordination modes (Figure S3). The Sr(1) atom
adopts a nine-coordinated geometry by two oxygen atoms (O10,

O11) from the coordinated H2O molecule, two nitrogen atoms
(N1, N2) from the azide group of ligands and five oxygen atoms
(O1, O3, O5, O9 and O14) of carboxylic groups of 2,5-Pzdc ligands.
Sr(2) atom shows nine-coordinated by two oxygen atoms (O12,
O13) from coordinated H2O, two nitrogen atoms (N3, N4) from
azide group and five oxygen atoms (O3, O5, O7, O9 and O14) from
carboxylate groups of 2,5-Pzdc ligands (Figure 1).

The 2,5-Pzdc ligands are in a parallel arrangement and their
carboxylate groups act as a bridge connecting Sr1 and Sr2 to
form a metal-oxygen (Sr� O) chain along the y-axis (Figure 1c).
These chains are interconnected via 2,5-Pzdc ligands to further
expand the structure into three dimensions along the x-axis,
leading to the formation and confirmation of a nanoporous
three-dimensional structure, which is heavily occupied by guest
solvents molecules, thus making the framework less porous
(Figure 1b). Figure S3 shows a space filling model of 1 with
maximum pore dimensions of 4.3×7.4 Å. These guest solvent
(H2O) molecules are stabilized in the pore of 1 through weak
hydrogen bonding interactions. A topology analysis indicates
that 1 (Figure 1d) possesses a 4,4 connected net, where the

Scheme 1. Diagram demonstrating the systematic electrochemical growth of
thin film of metal-organic framework on conductive substrates. Scheme 2. Synthesis of compound 1.
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Pzdc ligand functions as a two-connecting node and the Sr(II)
metal ions act as a four-connecting node for both metal ions.

Powder X-ray diffraction patterns for 1 at room temperature
indicate the phase purity of the MOF. From Figure S2, it can be
observed that all of the PXRD peaks for the as-synthesized
compound of 1 are closely matched with their corresponding
PXRD peaks as attained via a simulated study of the structural
data (cif) of 1 (CCDC 2106396). Diversity in the intensities of
some peaks in the simulated and experimental results is due
the orientation preference of the powder samples, which is
commonly observed in powder samples.

Electrochemical Deposition of Sr-MOF

The electrochemical deposition of Sr-based MOF was observed on
an FTO substrate in a potential window 2 V to � 2 V. For a better
control and measurement of the current and potential passing
through the cell during the electricity driven chemical reaction, a
three-electrode setup was used in the electrochemical formation
of the MOFs. With the assistance of a reference electrode (Ag/
AgCl) with 0.1 m ([n-Bu4N]PF6)/ACN as a supporting electrolyte, the
potential difference between the working and reference electrodes
was precisely measured. Sr-MOF thin films were formed from the
coordination of strontium ions with deprotonated organic ligands
on the working electrode surface, which is fluorine-doped SnO
(FTO) (Figure 2a).

Surface treatment of the FTO substrates has been carried
out (as described in experimental section) before the deposition
of any film to ensure complete removal of any surface
impurities. The procedure was used for the deposition involved
dissolving Sr(NO3)2 and 2,5-Pzdc in a DMF/H2O solvent mixture
and immersing an FTO glass slide (as an electrode) in this
precursor. The steady-state current during the electrodeposition

reached a value of � 9×10� 4 A under these conditions (Fig-
ure 2b). Instead of using the traditional method of secondary
layer deposition of metal cations from the corrosion of the
anode (metal enriched surface), we used a cathodic electro-
deposition approach, where the electrochemical generation of
hydroxide anions by the reduction of H2O and NO3

� cause the
deprotonation of the 2,5-Pzdc ligand. The electrochemical
generation of HO� generates a pH gradient on the surface of
the electrode, which assists in the deposition of strontium ions.
The deprotonated ligands combine with metal ions via electro-
static interactions to form metal-ligand coordination on the
surface. After 8000s of electrolysis for 100 segments, the
formation of Sr-MOF crystals on the surface of FTO can be
visualized by the naked eye (Figure 2a). From the optical image
of film, it can be seen that MOF has been deposited on all the
regions of the FTO, immersed in solution of electrochemical
cell. When the FTO substrate was immersed into the MOF
precursor without running the CV scan, there was no formation
of MOF crystals as seen in Figure S6, which confirms that MOF
thin films were only electrodeposited on FTO glass rather than
chemically grown.

To confirm the formation of a MOF on the FTO, the powder
X-ray diffraction (PXRD) pattern of the film was recorded. As
shown in Figure 3, most of the peaks such as 2θ=8.7, 10.0, 11.7
and 16.52° match well with the simulated and experimental

Figure 1. (a) The asymmetric building unit of the Sr-based MOF (1), in which
Sr cations (M) with eight-coordinates and nine-coordinated modes are
connected via 2,5-Pzdc linkers. (b) Polyhedral representation of metal-oxide
layers connected via bridging organic linkers along the y-axis. (c) Crystal
structure of 1, connected by the metal nodes and organic linkers to form
hexagonal three-dimensional structure. (d) The structure of 1 adopts a (4,4)
net topology.

Figure 2. (a) Experimental setup used for the electrochemical deposition of
Sr-based MOF on FTO glass. Optical image showing the MOF micro-sized
crystals anchored on an FTO glass substrate (interface between deposition
(solution dipped) of non-deposition area (solution undipped) is highlighted).
(b) Evolution of the CV curves of a Sr-based MOF (1) thin film sample subject
to the 100 cycles at a scan rate.
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PXRD patterns. However, the additional peaks 2θ=26.6, 33.8
and 37.7° are representative peaks of the FTO.

Scanning electron microscopy (SEM) at different magnifica-
tion scales (Figure 4) showed the uniform and highly concen-
trated crystal growth of MOFs on the surface of the FTO. The
thickness and concentration of films are highly dependent on
electrodeposition time used. As can be seen, increasing the
time of electrodeposition from 25 to 130 minutes with 100
potential cycles resulted in a high concentration of MOFs being
deposited on the substrate with the thickness in the range of (~
1000–1500 nm). While with low potential cycles (50 and 20), the
growth of MOFs on FTO is not uniform and the huge voids can
be seen on the surface (Figure 4c & 4d). Since the concentration
of metal and organic ligands is much higher at the bottom of
electrochemical cell, the bottom edges of the FTO (completely

dipped in solution) have more surface covered as compared
with the upper edges. The fabrication of such dense MOF films
in such a short span of time (26.67 min) demonstrates the
benefits of the electrochemical growth method as compared
with other available surface deposition techniques which
involves longer reaction times and higher temperatures etc.
Furthermore, the self-assembly of MOF directly take place on
conductive surface which gives more control for the fabrication
of specific pattern during the electronic circuit design.

Conclusion

Herein, we have reported on the thin film growth of a newly
synthesized three-dimensional Sr-based MOF via electrochem-
ical deposition techniques in a three-cell setup. This is a rare
case of thin film growth of a MOF, based on electrically
felicitous strontium, on a conducting substrate (fluorine-doped
SnO (FTO)). Scanning electron microscopic observations and a
power X-ray diffraction analysis revealed that an electrochem-
ical deposition for 100 potential cycles resulted in the uniform
growth of a polycrystalline MOF layer on the conductive
substrate. Fundamental thin film technique such as electro-
chemical deposition provides strong indications that MOFs as
thin films will boost not only their use but also improve the
efficiency of MOF based devices.

Experimental Section

Experimental Details

All the chemical reagents [Sr(NO3)2 (ACS reagent, �99.0%); 2,5-
Pyrazinedicarboxylic acid dehydrate (96%) and N,N-dimeth-
ylformamide (DMF; �99.8%)] were purchased from commercial
sources (Sigma-Aldrich) and were used as received without further
purification. FTO substrates (L×W×thickness 75 mm×25 mm×
2 mm) were obtained from Thermo Fisher Scientific. Diffraction
measurements for compound 1 were carried out using a Brucker-
Nonius Kappa CCD diffractometer with graphite-monochromated
MoKα radiation (λ=0.7107 Å). Data collection parameters for
compound 1 are listed in Table S1 (Supporting Information). The
structure was solved using direct methods and refined using the
SHELXL-97 program by full-matrix least-squares on F2 values.[35] All
non-hydrogen atoms were refined anisotropically, whereas the
hydrogen atoms were placed in ideal, calculated positions, with
isotropic thermal parameters riding on their respective carbon
atoms. Infrared spectra were recorded in the solid state (KBr pellets)
on a Perkin-Elmer PARAGON 1000 FTIR spectrometer in the 4000–
400 cm� 1 range. Powder diffraction data were recorded on a
Siemens D-5000 diffractometer at 40 kV, 30 mA for CuKα (λ=

1.5406 Å), with a step size of 0.02° and scan speed of 1 s per step.

Deposition Number(s) 2106396 (1) contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service www.
ccdc.cam.ac.uk/structures.

Figure 3. Powder X-ray diffraction patterns of the simulated data for 1
(black), as-synthesized compound 1 (red), thin film grown on the FTO
substrate (green) and blank FTO substrate (blue).

Figure 4. Scanning electron microscopic images after the electrochemical
deposition of the Sr-based MOF on the FTO substrate for 100 potential
cycles at (a) 2584× (20 μm bar scale) and (b) 11000× (5 μm bar scale)
magnifications. SEM images of thin film deposition of 1 on FTO for (c) 50
potential cycles at 1000×(50 μm scale bar) magnification and (d) 20
potential cycles at 5000×(10 μm scale bar) magnification.
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Synthesis of MOFs

The Sr-MOF {[Sr2(2,5-Pzdc)2(H2O)2] ·3H2O}n (1) was synthesized using
Sr(NO3)2 (10.6 mg, 0.05 mmol) and 2,5-pyrazinedicarboxylic acid
(2,5-Pzdc) (10.2 mg, 0.05 mmol) as an organic linker in DMF:H2O
(2 :4 mL) under solvothermal conditions at 80 °C for 72 h, which
leads to the formation of transparent crystals. Colourless rectangu-
lar crystals of compound 1 were formed in 27.2% yield (based on
Sr(II)). The solid product was separated by filtration and washed
with water and dried at ambient temperature. IR (KBr): FTIR data
(KBr, cm� 1): 3450(m), 3310(w), 3215(w), 3085(w), 2840(w), 2702(w),
2605(w), 2413(w), 1900(m), 1691(s), 1649(w), 1589(w), 1511(s),
1468(w), 1388(s), 1275(s), 1184(s), 1044(s), 995(m), 970(m), 793(s),
780(m), 620(s), 470(w).

Electrochemical Deposition Setup

Electrochemical disposition of MOF on fluorine doped tin oxide (FTO)
glass substrates was performed via cyclic voltammetry method (CV)
using CH instrument chemical analyser (CH1621B). A three-electrode
electrochemical cell was used for the voltammetry measurements
where Ag/AgCl was used as a reference electrode, platinum is a
counter electrode and FTO was a working electrode. Glass substrates
were placed in a cleaned beaker, added an appropriate amount of
deionized water and detergent to the beaker, and then put them in
an ultrasonic bath cleaner for 20 min. After this, the substrates were
completely washed with deionized water, followed by second round
of 20 min ultrasonic bath in a mixed solution of acetone, isopropanol,
and deionized water. These substrates were finally washed again with
excessive amount of deionized water and dried in a vacuum oven at
90°C for one hour. Cleaned FTO glass was immersed in the solution
containing MOF precursor. A precursor containing Sr(NO3)2 (31.8 mg,
0.15 mmol) and the organic linker 2,5-pyrazinedicarboxylate (Pzdc)
(30.6 mg, 0.15 mmol) in DMF/H2O (30 mL) was prepared and sonicated
at room temperature for 12 h. The parallel mounted electrodes were
immersed in approximately 30 mL of precursor solution. The electro-
statics reactions on the FTO electrode resulted in the formation of a
thin layer on the working electrode. The systematic diagram and real
time optical image of the experimental setup is discussedabove. Cyclic
voltammetry was carried out at a sample scan rate 100 mV/s from 2 V
to � 2 V for 26.67 min (20 cycles). After repeating the experiments for
different cycles ranging from 20 to 100 for 1600 to 8000 seconds,
respectively, we obtained highly concentrated films of Sr-MOF on the
FTO, which were washed and dried in air and then further analysed
using SEM and PXRD.
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