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A semiconducting supramolecular novel
Ni(n)-metallogel derived from 5-aminoisophthalic
acid low molecular weight gelator: an efficient
Schottky barrier diode applicationf
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An outstanding approach for the development of a supramolecular metallogel with nickel() ion and
5-aminoisophthalic acid as a gelator (LMWG) in DMF medium has been accomplished at room
temperature. Rheological studies of the supramolecular Ni(i)-metallogel established the mechanical
compactness of the gel material. FESEM microstructural study and EDX elemental mapping showed
flake-like morphological patterns and major chemical constituents of the Ni(i)-metallogel. The possible
metallogel formation approach has been examined using FT-IR spectroscopic study. Moreover, the
supramolecular Ni(i)-metallogel assemblies show electrical conductivity in metal-semiconductor (MS)
junction electronic devices. The metallogel based thin film device shows an electrical conductivity of
153 x 107> S m™. Semiconductor properties such as Schottky barrier diode nature of the synthesized
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1. Introduction

Gels are often thought to consist of an elastic cross-linked
network containing a trapped liquid." Gels are ubiquitous in
daily life; notable examples are hair gels, toothpaste, and soft
contact lenses. The field of materials science and its associated
industrial applications are constantly being reinforced by
molecular self-assembly, one of the main branches of supra-
molecular chemistry.” The spontaneous self-assembly of mole-
cules produces three-dimensional frameworks known as
supramolecular gels.” The gelators and solvent molecules,
which are immobilised by the gelator molecules in the 3D soft
gel scaffolds, are the two principal elements making up the
supramolecular gel.* The vial inversion test, which demon-
strates that a vial of gel remains stable against gravity, provides
the most direct primary evidence of gel formation.’ The organic
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Ni(i)-metallogel based devices were explored.

and/or inorganic gelators trap various solvents, such as water
(H,0),° acetonitrile (H;C-C=N),” ethanol (CH;CH,OH),®
methanol (CH;OH),® dichloromethane (CH,Cl,),'® deuterated
dichloromethane (CD,Cl,),"* 1,2-dichlorobenzene (C¢H,Cl,),*
acetone (CH;COCHj;),"® carbon tetrachloride (CCl,),"* DMF
((CH;3),NC(O)H)," tetrahydrofuran ((CH,),0),"® dimethyl sulf-
oxide (C,Hg0S),"” and toluene (C¢HsCHj;),'® to create three-
dimensional gel structures.'® Polymers, such as polyester,
poly(ethylene glycol), polyolefins, polycaprolactones, and poly-
carbonates, often serve as gelators to produce a variety of stable
gel compositions.”® However, low molecular weight gelators
(LMWGs), which have molecular weights under 3000, have a
strong capacity in supramolecular gel formation through the
immobilization of solvent molecules.”™?* Literature is full with
various low molecular weight gelators, such as alkenes,* amides,*
modified amino acids,” urea,”® peptides,”” sugars,”® and den-
drimers,” which have wonderful gelation properties in the
presence of different solvent molecules. Supramolecular gel
formation is the output of intriguing non-covalent interactions,
including hydrogen bonds,*® electrostatic interactions,**
hydrophobic®® and hydrophilic forces,* van der Waals forces,*
and aryl-system-based interactions.>® Supramolecular gels have
become a vital area in materials science owing to their numerous
applications in both the academic and industrial arena, such as
catalysis,*“** lithography,*® opto-electronic devices,*” electro-
chemical devices,*® chemo-sensors,* cell culture,*® drug delivery,**
tissue engineering,*” and semiconductors.'

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Metallogels are a significant class of supramolecular gels,
which are formed by the incorporation of metal ions with
appropriate LMWG to create a 3D supramolecular soft gel
structure, which may exhibit intriguing and unusual features.’
In metallogels, metal ions impart a number of significant
functionalities into the metallogel scaffolds, including redox
activity,” magnetic behaviour,** conductivity,*> actuators,*®
catalytic activity,”” optical activity.*® As smart functional mate-
rials, supramolecular metallogel systems based on transition
metals have recently received interest owing to their afford-
ability and availability. Researchers have recognized several
useful metallogels of transition metal ions, such as Co(u),**™"
Ni(u),>"*> Cu[II),lsd’e’g Cd(w),** Fe(u/m),>*>* Zn(n),lSh’i Mn(m),
with strong applications in science.”® However, metallogels
with Ni(u)-ion have important applications in fluorescence
switching,®” electrocatalysis,®® non-linear property,®® self-
healing,®® semiconducting devices,>* catalysis,®" and magnetic
materials.®> Recently, Dhibar et al. have reported different
metallogel-mediated metal-semiconductor (MS) junction device
for Schottky barrier diode application. Metallogel-based Schottky
diodes are highly significant in various applications for several
reasons. First, metallogels offer tunable electronic properties that
can be customized by selecting specific metals and ligands during
synthesis. This tunability allows for precise control over the energy
band structure and electronic behavior of the Schottky diode,
enabling the creation of tailored device characteristics. Second,
metallogels exhibit excellent stability, ensuring the long-term
performance and reliability of Schottky diodes. Their robust
structure and resistance to degradation make them suitable for
deployment in diverse environments and applications. Third,
metallogels can be fabricated using a range of techniques, includ-
ing solution processing, self-assembly, and templating methods.
This versatility in fabrication enables compatibility with various
substrates and facilitates scalable production, facilitating the
integration of metallogel-based Schottky diodes into different
electronic devices. Furthermore, metallogels can be easily
integrated with other electronic components, such as transis-
tors and sensors, owing to their compatibility with different
materials and fabrication techniques. This seamless integra-
tion allows for the development of multifunctional devices and
systems with enhanced performance and expanded function-
ality. Overall, metallogel-based Schottky diodes offer a unique
combination of tunable electronic properties, stability, versatile
fabrication methods, tailored surface properties, and compati-
bility with other electronic components. These characteristics
make them indispensable for a wide range of electronic appli-
cations, where precise control over device properties and reliable
performance are paramount. Following the trend, herein, we have
demonstrated the synthetic procedure of a room temperature
stable metallogel of nickel(u)-ion and 5-aminoisophthalic acid as a
LMWG in DMF medium (Fig. 1) for tunable, stable electronic
device fabrication. The vial inversion test of the Ni(u)-metallogel
(i.e. Ni@5AIA) shows the stability of Ni@5AIA gel against the
gravitational force (Fig. 1). The mechanical property and morpho-
logical patterns have been established. With the aim of achieving
the capability of the metallogel based metal-semiconductor (MS)
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Ni(Il)-Metallogel (Ni@SAIA)

Fig. 1 Synthetic procedure of gelation and photographic image of
Ni(1)-metallogel (Ni@5AIA).

junction device, we succeeded in fabricating a Schottky barrier
diode (SD).

2. Experimental

2.1. Materials

Nickel(u) acetate tetrahydrate (98%) and 5-aminoisophthalic
acid (94%) were purchased from Sigma-Aldrich and used as
received. Dry solvents (i.e. N,N-dimethyl formamide (DMF) was
used for the entire study).

2.2. Apparatus and measurements

A Shimadzu UV-3101PC spectrophotometer was used to collect
UV-Vis absorption spectral data.

Rheology experiments of the gel were done using an Anton
Paar 100 rheometer with a cone and plate geometry (CP 25-2).
All the mechanical measurements were done by fixing the gap
distance between the cone and the plate at 0.05 mm. The gels
were scooped onto the plate of the rheometer. An oscillatory
strain amplitude sweep experiment was performed at a con-
stant oscillation frequency of 1 Hz for the applied strain range
0.001-10% at 20 °C.

Microstructural features were analysed using a Carl Zeiss
SUPRA 55 VP FESEM instrument. The ZEISS, EVO 18 apparatus
was used to perform EDX elemental mapping studies.

A Shimadzu FTIR-8400S made FTIR spectrometer was used
for IR spectroscopy.

A digital gel melting point measurement apparatus (Aplab
MPA-01) was used to test the Ty of the Ni@5AIA metallogel.

Keithley 2401 sourcemeter interfaced with a computer was
used to perform the current-voltage (I-V) characteristics stu-
dies of our synthesized metallogel material based thin film
device.

2.3. Synthetic procedure of Ni(u)-metallogel (Ni@5AIA)

A greenish-yellow colour stable Ni(u)-metallogel (Ni@5AIA) was
synthesized by a one shot mixing of 1 mL DMF solution of
nickel(n) acetate tetrahydrate (0.248 g, 1 mmol) and 1 mL DMF
solution of 5-aminoisophthalic acid (0.362 g, 2 mmol) followed
by the continuous sonication of the mixture for 10 minutes at
room temperature (Fig. 1). The vial inversion test of Ni@5AIA
metallogel proved its stability against the gravitational force
(Fig. 1). The minimum critical gelation concentration (MGC)
of Ni@5AIA metallogel was recorded at ~610 mg mL™". The
concentrations of Ni(CH;COO),-4H,0 and 5-aminoisophthalic
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acid were varied in a certain range (i.e. 30-610 mg mL ') to
evaluate the MGC of Ni@5AIA metallogel. Herein, the ratio of
the Ni@5AIA metallogel forming components was maintained
as [Ni(CH;COO),-4H,0]: [5-aminoisophthalic acid] = 1: 2, (w/w).
The greenish-yellow colour stable Ni@5AIA metallogel was
obtained at 610 mg mL ™" concentration of Ni(i)-acetate salt and
5-aminoisophthalic acid in DMF solvent. The gel melting tem-
perature (T,) of Ni@5AIA metallogel was recorded as 120 °C £
2 °C via a digital melting-point measuring apparatus. The stability
of the Ni@5AIA metallogel in various pH media was also assessed,
and the specific details can be found in the ESL¥

3. Results and discussion

3.1. Rheological analysis

The mechanical properties of the Ni@5AIA metallogel were
characterized using a rheometer instrument of angular fre-
quency and strain-sweep measurement. The higher values of
storage modulus (G’) than loss modulus (G”) confirm the
sample as gel material. Rheological investigation proved that
G’ of Ni@5AIA metallogel is noticeably higher than that of G”
maintaining at a definite concentration of Ni(CH;COO),-4H,0
and 5-aminoisophthalic acid (i.e. MGC = 610 mg mL ') (Fig. 2).

The rheological data of Ni@5AIA shows G' > G”, which
establishes the gel nature with semi-solid like performance.
The average storage modulus of Ni@5AIA metallogel (i.e.
G’ > 10" Pa) was detected to be significantly higher than the
loss modulus (G”) in favour of the considerable endurance limit
of Ni@5AIA metallogel (Fig. 2).

Fig. 3 depicts a strain-sweep experiment on Ni@5AIA metal-
logel material at a constant frequency of 6.283 rad s~ *. Results
from the strain-sweep experiment show that the critical strain,
the lowest strain for gel breakdown of Ni@5AIA metallogel,
occurs at a strain of 0.45% when G’ mixes with G” (Fig. 3).

3.2. Microstructural study

The FESEM microstructural pattern of the Ni@5AIA reveals a
flake-like hierarchical network (Fig. 4a and b).
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Fig. 2 Angular frequency measurements vs. G’ and G” of Ni@5AIA
metallogel.
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Fig. 3 Strain-sweep measurements of Ni@5AIA metallogel performed at a

constant frequency of 6.283 rad s~

Fig. 4 (a) and (b) FESEM microstructural pattern of Ni@5AIA metallogel.
Chemical compositions by EDS are shown in (c)-(g).

The FESEM structural arrangements of the Ni@5AIA metal-
logel were formed due to the combination of Ni(OAc),-4H,0
and 5-aminoisophthalic acid in DMF medium over continuous
sonication. EDX elemental mapping confirms the presence of
C, N, O, and Ni elements of Ni(OAc),-4H,0, 5-aminoisophthalic
acid, and DMF molecules, accountable for the Ni@5AIA metal-
logel network formation (Fig. 4c-g).

3.3. FT-IR spectral analysis

The FT-IR spectral data of Ni@5AIA metallogel in xerogel form
unveils the key peaks located at 3320-3150, 2940, 1650, 1370,
and 1108 cm ' for OH stretching, -CH stretching, C=0
(carboxylic) stretching, -CH3, vs(COO), respectively, and addi-
tional peaks centered at 402 cm ™" attributed to Ni-O stretching
vibrations (Fig. 5). FT-IR spectral data displays the supramole-
cular interactions in Ni@5AIA metallogel among the metallogel
forming chemical components.

3.4. Fabrication of thin film device

The Schottky device for the gel was made in a sandwich configu-
ration with ITO/Ni@5AIA metallogel/Al structure. Prior to device
manufacturing, soap solution, acetone, ethanol, and distilled

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FT-IR spectra of the xerogel form of Ni@5AIA metallogel.

Ni@5AIA Metallogel Aluminium (Al)

ITO Coated AA

Glass substrate

Scheme 1 Schematic diagram of MS junction device based on Ni@5AIA
metallogel.

water were used sequentially in an ultrasonic bath to clean and
dry indium tin oxide (ITO)-coated glass substrates (Scheme 1).

3.5. Optical characterization

To measure the optical band gap we recorded the absorption
spectra of the synthesized gel in the wavelength region from 360
to 600 nm using a UV-Vis spectrophotometer and the recorded
spectra are shown in Fig. 6 (inset). The optical band gap was
determined from the analysis of the Tauc plot using the equation

ahv = A(hv — Ep)"

where o = absorption coefficient, # = Planck’s constant, v =
frequency of light, A = energy dependent constant (taken as 1),
E, = band gap, n = electron transition process dependent const
(for direct transition n = 1/2). («hv)? vs. hv plot are shown in
Fig. 6 where, by the extrapolation of the linear part of the curve
we can conclude that the material has a direct optical band gap
of 3.37 eV.

3.6. Electrical characterization of device

We investigated the electrical properties of our synthetic gel.
To explore the charge transport properties, we fabricated our
synthesized gel-based thin film MS junction devices and mea-
sured current density-voltage ( /-V) data within a bias range of
+1 V. The J-V characteristics of the gel-based metal-semicon-
ductor junction device are shown in Fig. 7. Our synthetic gel-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (xhy)? versus hy curves of Ni@5AIA, UV-Vis absorption spectra
(inset) were determined with the help of Tauc'sequation.
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Table 1 Electrical parameters of gel based SD
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Series resistance (Q) from

Rectification ratio Conductivity (S m™") dv/dInj vs. J curve

H vs. J curve Ideality factor (1) Barrier height ¢y, (eV)

34.77 1.53 X 107° 417 K

3.99 K 3.18 0.68

Table 2 Comparison table of electrical parameters of Ni(i)-metallogel based device with other reported results

Series resistance Rg (Ohm)

Rectification Conductivity Ideality Barrier height

Device based on ratio (Sm™ factor (1) (pB) (eV) dvidInj vs. J H(J)vs. J Ref.
Ni(u)-metallogel 34.77 1.53 % 1043 3.18 0.68 4170 3990 This work
Cd-CADS 19.51 1.49 x 107° 0.61 0.62 2372 2220 67
Cd-N,H, 23.53 2.04 x 107° 3.01 0.47 6730 6640 6h
CaoH3,Cu,NgO; g 8.46 2.02 x 107° 2.78 0.47 81.7 84.3 68
C,oH;5CuN,0;, 8.49 2.34 x 107° 2.08 0.44 50150 53170 68
Zn@TA 37.06 7.77 x 107 3.78 0.47 3751.26 3587.73 69
Ni-SA 21.54 11.16 x 10~° 1.79 0.66 1700 1880 70
Zn-SA 20.83 6.72 x 107° 2.53 0.70 2890 3000 70
Cd-SA 20.11 4.02 x 10°° 2.61 0.73 4110 4170 70
Ni-SB 1.64 2.62 x 107° 3.00 0.74 18900 18830 71
Zn-SB 14.63 1.18 x 107° 3.93 0.75 37340 3930 71
Fe-metallogel 42.19 4.53 x 10°° 2.92 0.78 14080 13420 72
[(NiLB),(SCN),Mn] — 5.29 x 10°° 1.22 0.70 4025 3016 73

based device has an approximate conductivity of 1.53 x
107° S m™ %, similar to that of a semiconductor. The measured
J-V curve of the gel-based device shows that it has good
rectifying properties, establishing Schottky diode (SD) behavior.
The correction ratio (Jon/Jorr) Of the gel-based SD was deter-
mined as 34.77 based on the JV characteristic at +1 V.

To examine the J-V characteristics obtained in this case, we
used the thermionic emission theory and applied the technique
proposed by Cheung to extract some key diode parameters.®®
The following general equations were used to initiate the

analysis of the J-V curve:**!

qV
J = J — | =1 1
o[ow(ir) - | g
Jo = saturation current density
2)
. qPs (
= A*T? -2
eXp( KT>

Each parameter has its conventional interpretation. We also
calculated the series resistance, ideality factor, and impedance

potential height using eqn (3) and (4).5**°

av nKT
—— = AJRs + — 3
dinJ s+ 4 3)

nKT ( J )
HJ) =V ="l
q A*T (4)
= AJRS + 1’]@3

For complex-based devices, the ideality factor (n) was calculated
from the intercept of the dV/d(Inj) vs. J plot, while the barrier
height was calculated from the intercept of the H vs. J plot
(Fig. 8). The calculated ideality factor value shows that the MS

3632 | Mater. Adv, 2023, 4, 3628-3635

junction is not behaving ideally. This departure from the ideal
value may be primarily due to impedance height, the presence
of series resistance, and inhomogeneity of MS junction inter-
face conditions.®® The series resistance (Rs) was determined
using the slope of the H vs. J and dV/d(In}J) vs. J plots (Fig. 8).
Table 1 provides an overview of the estimated barrier potential
height (¢g), series resistance (Rg), and ideality factor () for the
synthesised complex-based SD. The results shown in the table
indicate clearly that both approaches (eqn (3) and (4)) employ-
ing Cheung’s functions produce results that are very similar.
The synthesized complex can play an important role in the
development of metallogel-based semiconductor devices,
according to all measured parameters.

The parameters of our fabricated semiconductor device were
then compared with various other reported semiconductor
devices and the results are presented in Table 2. From Table 2,
it is clear that our synthesized Ni(u)-metallogel has greater elec-
trical conductivity than other materials reported.

4. Conclusions

Briefly, a novel supramolecular Ni(u)-metallogel based on
5-aminoisophthalic acid gelator was prepared by immediate
mixing of nickel acetate and 5-aminoisophthalic acid in DMF
followed by sonication at room temperature. Various non-
covalent interactions contribute to the formation of stable
Ni@5AIA metallogels at room temperature. The FESEM micro-
structural analysis of the Ni@5AIA metallogel revealed a flake-
like hierarchical architecture of the hydrogel. The mechanical
stability of the Ni@5AIA metallogel material was verified by
rheological tests. Optical band-gap measurements of our
synthesized Ni@5AIA metallogel suggest the semiconducting
nature of the metallogel. In addition, a metal-semiconductor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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junction thin film device was fabricated using Au metal and
semiconducting Ni@5AIA metallogel. The nonlinear charge
transport of the device obtained from the I~V characteristic
graph confirmed the fabrication of a Schottky diode. Thus, the
present study of a sandwich-like configuration of ITO/Ni@5AIA
metallogel/Au suggests the future possibility of achieving
supramolecular Ni** metallogel based electronic devices for
advanced technology. Indeed, this study on Ni@5AIA metallo-
gel based on 5-aminoisophthalic acid and a nickel(u) source
indicates a pioneering method and metallogel for the fabrica-
tion of semiconducting devices.
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