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Abstract Nanorods (NRs) have been a subject of profound interest because of
a wide variation in their electronic properties with confinement. In this article,
a single-step, self-stabilizing, two-electrode electrochemical synthesis method is
demonstrated for growing metal-oxide and metal-hydroxide NRs at room tempera-
ture. Barium hydroxide NRs were fabricated using a simple electrochemical reduc-
tion of Ba?* ions from a barium chloride precursor solution without using any
capping agent. The synthesized NRs were characterized using Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray Diffraction
(XRD), Optical Microscopy (OM), Energy Dispersive X-Ray Spectroscopy (EDS),
Selected Area Electron Diffraction (SAED), and UV-Vis. absorption spectroscopy.
Effects of temperature and potential differences across the electrodes on the shape
and size of the synthesized NRs were also investigated. NRs of diameters in the range
of 80 to 300 nm were fabricated with different growth parameters. Furthermore, the
synthesis of silver oxide NRs at room temperature is also demonstrated with the
method.

Keywords Barium hydroxide nanorods - Silver-oxide nanorods * Electrochemical
synthesis + Surfactant-free synthesis

M. Asif - V. Pundir - I. Ahmad (<)

Interdisciplinary Nanotechnology Centre, ZHCET, Aligarh Muslim University (AMU),
Aligarh-202002, India

e-mail: irfanplsr @ gmail.com; i.ahmad @alientt.com

M. Asif
Department of Electrical Engineering, Indian Institute of Technology Delhi (IITD), New
Delhi-110016, India

V. Pundir
Material Science Program, Indian Institute of Technology Kanpur (IITK), Kanpur-208016, India

I. Ahmad
School of Engineering Sciences and Technology (SEST), Jamia Hamdard, New Delhi-110062,
India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 111
I. Uddin and I. Ahmad (eds.), Synthesis and Applications of Nanomaterials

and Nanocomposites, Composites Science and Technology,
https://doi.org/10.1007/978-981-99-1350-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1350-3_4&domain=pdf
mailto:irfanplsr@gmail.com
mailto:i.ahmad@alientt.com
https://doi.org/10.1007/978-981-99-1350-3_4

112 M. Asif et al.

1 Introduction

Nanomaterials (NMs) are a very exciting class of materials offering properties that
their larger siblings usually could not. One of the very obvious is a larger surface area
which is advantageous in the applications where the surface becomes a playground
for atoms and molecules such as catalysis and Electrochemical (EC) capacitors.
NMs can be engineered in numerous shapes, most common being sphere, prism,
rod, cube, and sheet, with every method of their preparation providing different
dimensional variations to them. With different shapes, the properties NMs exhibit
could be different. [1-4] Researchers could achieve technological advancements
that previously seemed impossible by exploiting these properties. Nanorods (NRs),
due to their unusual physical properties, originating out of the confinement in two
dimensions, [5] have a wide range of applications in the fields of piezoelectric devices,
[6, 7] solar cells, [8] LEDs, [9] gas-sensors, [10] etc. Properties of NRs may vary
with size, surface density, and alignment [11] which are tuneable and thus can be
utilized to control (enhance) the performance of NRs in many applications.

Not only the shape and size are crucial, but their preparation route also plays a
vital role in the efficacy of NMs for many applications. EC methods have been used
to synthesize metal [12] and metal-oxide [13] NMs. In the EC synthesis method,
electrons are provided from a low-voltage electric power supply through the cathode
for the reduction of the positively charged metal cations. Metals with more negative
reduction potential tend to oxidize in water by giving up electrons to the dissolved
oxygen and forming their respective oxides. This redox process primarily results
in the formation of nanosheets of metal oxides, but with a controlled process other
shapes such as NRs are also possible to synthesize.

Capping agents/surfactants are crucial for the chemical and the biological
synthesis of NMs, [14] but adversely impact their effectiveness, especially in appli-
cations such as catalysis, as they make it difficult for reactants to access the surface of
the catalyst. [15] Therefore, the capping-agent-free synthesis approach is desirable
in several applications. Several researchers have previously demonstrated surfactant-
free techniques for nanostructure fabrication, but a high temperature or some other
harsh conditions are usually required. [16] Some attempts have also been made with
the EC method for surfactant-free synthesis of nanomaterials, [17] but the approach
involves stochastic collisions of aqueous nanodroplet reactors on microelectrodes
and has thus far produced only metallic nanoparticles.

Barium hydroxide is an alkaline-earth metal hydroxide with a diverse line of
applications such as catalysis, [18, 19] cathode buffer layer of polymer solar cells,
[20] heat storage, [21] etc. The shape and size of nanomaterials play essential roles
in determining their properties. [22] Barium hydroxide NRs and nanoparticles have
attracted a great deal of attention in the conservation of cultural heritage. [23, 24] In
the past, approaches such as microwave-assisted synthesis in aqueous solution [25]
have been used for the synthesis of barium hydroxide NRs.

In this work, we demonstrate a simple, economical, and effective EC method to
synthesize metal-oxide and metal-hydroxide NRs at room temperature by reducing
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metal ions directly from the precursor solution without using any other chemical in
the synthesis. Effects of varying growth parameters (voltage and temperature) on the
synthesized NRs were also investigated. To the best of our knowledge, this work
on barium hydroxide NRs synthesis is the first report with a two-electrode electro-
chemical synthesis method at room temperature without using any surfactants. Silver
oxide nanomaterials have also attracted interest due to applications in electronics,
[26] gas sensing, [27] antimicrobial [28] and biomedical [29] research. To exhibit the
versatility of the proposed method, synthesis of silver oxide NRs is also demonstrated
with the method.

2 Electrochemical Synthesis of Metal Hydroxide Nanorods

Barium chloride salt (BaCl,.2H, O, purity 99%) was purchased from Qualigens Fine
Chemicals. The salt weighing 0.98 gm was dissolved in 20 ml of double distilled
water to make a 200 mM barium chloride solution. A two-electrode electrolytic cell
was formed by using an ITO coated glass (100 €2/sq.,) purchased from Techinstro®
as the cathode (2.5 cm x 1.25 cm) and a small aluminium sheet (2.5 cm x 1.25 cm)
as the anode. The two electrodes were held 3 cm apart in 100 ml of double distilled
water with the ITO coating side facing the other electrode. The temperature of the
solution was measured by using a digital thermometer and controlled with the help
of an ice bath and a hot plate. A DC voltage was applied across the two electrodes
by using a regulated power supply. 1 ml of the as-prepared solution was added
gradually in a dropwise manner to the cell system. With each drop, the current
from the power supply spiked and gradually reduced as the ions were consumed by
respective electrodes. After a few drops, coatings on both the electrodes were visible,
marking the deposition of respective ions in the solution on the electrodes. Initially,
the electrodes were only about 10% submerged (along the longer edge) in the water.
After a few drops, the reaction was slowing down, marking nearly complete coverage
of non-conductive coating on at least one electrode. A few drops of the distilled water
were added as needed to raise the level of solution to about 2 mm and thus expose fresh
areas of electrodes for the reaction. The reaction continued in this manner until about
75% area of the electrodes was visibly coated. The ITO electrode was taken out of the
setup for characterization, and the Al electrode was discarded. Some detachment of
coating off of the cathode (ITO) was observed that inevitably mixed in the solution.
The left-over solution in the EC setup was also dried to obtain the remainder of the
material as a residual powder for characterization. SEM images were captured for
morphological characterization of the material deposited on ITO as well as in the
powdered form by using a JEOL-JSM 6510 LV electron microscope with 15 kV
accelerating voltage. EDS was performed by using the EDS attachment with SEM
to analyze the chemical composition and impurities in the samples. Carbon tape was
used for holding the powder sample inside the chamber. JEOL-JEM 2100 TEM was
used with 200 kV accelerating voltage to obtain information about the size and shape
of the synthesized nanomaterial. A carbon-coated copper grid was used for holding
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the material in the vacuum chamber. SAED attachment with JEM 2100 was used for
structural characterization of the material. XRD data of the residual powder sample
containing barium hydroxide NRs (Fig. 5) was obtained using Rigaku Miniflex-1I
X-Ray diffractometer with Cu-Ka radiation (wavelength = 1.54 A) and scan step of
0.02°.

2.1 Mechanism

When an ionic salt is dissolved in water, it creates positively charged metal cations
and negatively charged anions. In the presence of an applied electric field, the metal
cations accelerate towards the cathode and impinge on it. At the cathode, the cations
are reduced from M* to MO state and form a thin coating. In the case of alkaline earth
metals, a swift hydroxide formation occurs in an aqueous medium at the cathode. In
the case of barium, barium hydroxide with monohydrate { Ba(OH),-H,O}, trihydrate
{Ba(OH),-3H,0} and octahydrate { Ba(OH),-8H,0O} formation occur, the latter two
being more common in an aqueous medium. [30] In the case of precursor solutions
containing ions of noble metals, no reaction with water occurs to form hydroxide
after the coating of the metal at the ITO cathode. However, since with every drop of
dilute precursor solution a very thin coating of metal forms on the cathode, oxidation
is possible. Nanomaterials of different shapes and sizes can be fabricated with the
proposed method and synthesis parameters can be tuned to provide good control over
the synthesized material.

2.2 Results and Discussion

In Fig. 1a, synthesized barium hydroxide NRs are presented. NRs seem coalesced
and formed a dense network. Several randomly oriented NRs of diameters in the
range of 100 to 300 nm and lengths in the range of 1500-2500 nm are observed. A
closer view of NRs is shown in Fig. 1b. A NR of diameter about 150 nm and length of
about 2000 nm is observed in the central region of the image. Another NR of diameter
about 300 nm and length of about 3000 nm is observed in the lower central region,
which at the other end is branching out into 4 NRs of average 150 nm diameter.
Another NR of diameter about 120 nm and length of about 800 nm is observed in
the central top region of the image.

EDS spectrum of the fabricated Ba(OH), NRs on ITO is displayed in Fig. 2.
Atomic percentages of the elements measured on the surface of the sample are
listed on the inset of the figure. A large amount of oxygen (55%) and carbon (32%)
were present on the surface. A substantial amount of barium (8.41%) and small
amounts of silicon (2.27%), chlorine (1.51%), and indium (1.05%) were measured.
It is not uncommon to find about 30% carbon on ITO substrate, due to hydrocarbons
present in usual workplaces [31]. While about 5% oxygen is being contributed from
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Fig. 1 Barium hydroxide nanorods synthesized on ITO cathode (a) and a magnified view of NRs

(b)

the glass substrate (SiO;), about 2% of oxygen is being contributed from the ITO
coating and about 38% (~7.7% x 5) is originating from barium hydroxide trihydrate
{Ba(OH),.3H,0} NRs. A small amount of chlorine was measured on the sample,
due to the presence of unreacted chlorine ions in the precursor solution.

TEM image of barium hydroxide NRs grown on ITO is shown in Fig. 3a. A
network of NRs of different aspect ratios was formed. A NR of diameter about
12 nm and length of about 100 nm is observed in the left central region of the image.
Another NR of diameter about 20 nm and length of about 200 nm is observed in the
left central region.

It is crucial to mention that performing XRD measurement to identify the exact
phases of the synthesized NRs was not practical on the coated film of NRs on ITO
substrate. The EC reaction on the cathode is self-limiting after a thin coating of
barium hydroxide forms on top of the ITO substrate. The film is not thick enough for
XRD measurement. To mitigate the issue, we performed SAED measurement, which
is compatible with this sample. However, the XRD measurements were performed
on the residual powder samples containing NRs and are discussed later in the article.
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Fig. 2 EDS of Ba(OH); nanorods on ITO with inset showing the atomic percentage of constituent
elements

SAED image of the sample is presented in Fig. 3b. Discrete diffraction spots are
aligned in a distinct rectangular grid fashion, without diffraction rings. The pattern
strongly indicates a highly crystalline nature of the synthesized NRs. It is impor-
tant to note that the diffraction pattern of unreacted barium would reveal a body
centre cubic (bcc) pattern, [32] which would result in two square grids pattern,
symmetrically intersecting each other with one grid of significantly higher intensity
than the second grid. The coated barium layer would react with the water present
in the medium to form barium hydroxide with trihydrate. The structure of barium
hydroxide octahydrate is monoclinic with f = 99°, [33] partly eliminating the possi-
bility of its presence since the observed SAED has a rectangular grid pattern. It is
also crucial to point out that commercial ITO coating on glass substrates is mostly
performed with the sputtering technique. Thus prepared ITO coatings are known to
have very limited crystallinity. Vaufrey et al. have reported SAED of sputtered ITO
with multiple diffraction rings and occasional discrete diffraction maxima and have
termed it nearly an amorphous phase [34]. Therefore, the diffraction pattern in the
image has no significant contribution from the ITO substrate. Since no other chem-
ical was used in the synthesis, the SAED pattern could not have originated from any
other material than barium hydroxide trihydrate {Ba(OH),.3H,0} deposited on the
ITO electrode, which is also consistent with the analysis of the EDS data.

Some of the coated material from the ITO cathode was detached-off. In order
to investigate the material, we dried the left-over solution as a residual powder and
characterized it. In Fig. 4, an SEM image of the residual powder is presented. Multiple
NRs were found in the residual sample. Some NRs seem to coalesce, while a few are
isolated. Two NRs are visible in the central-right region of the image with diameters
in the range of 150-200 nm and lengths between 2000-2500 nm.

In Fig. 5, XRD data of the residual powder of barium chloride (with some barium
hydroxide NRs) is presented. Multiple peaks are observed in the data, indicating
several growth planes. Major peaks are measured at 44.6°, 43.3°, 35.0°, 30.4°,
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Fig. 3 TEM image of
barium hydroxide nanorods
on ITO (a) and
corresponding SAED image
(b)

19.9°, 63.9°, 36.9°, 16.1°, 37.6°, 26.2°, 60.5°, and 40.5°, in decreasing peak inten-
sity order. These peak positions match well with the reported XRD data of barium
chloride dihydrate {BaCl,-2H,0} in the literature. [35, 36] Peaks at 30.4°, 63.9°,
36.9°, and 60.5° matches with the reported XRD peaks of barium hydroxide trihy-
drate {Ba(OH),-3H,0}. [37] The peak at 36.9° is better matched with the barium
hydroxide trihydrate data. The findings are consistent with SEM and EDS data of
the residual powder.
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Fig. 4 SEM of residual
powder. Barium hydroxide
trihydrate nanorods with
BaCl, agglomerated
particles

Fig. 5 XRD data of the
residual powder (barium
chloride dihydrate
containing some barium
hydroxide trihydrate NRs)
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3 Electrochemical Synthesis of Metal Oxide Nanorods

In order to establish the versatility of the synthesis method, the growth of silver
oxide NRs is also demonstrated in this section. The synthesis was carried out in
a similar manner as before, just the synthesis setup was deliberately placed inside
an ultra-sonicator to assist detachment of the synthesized NRs from the cathode to
increase NRs/salt ratio in the residual powder. AgNO3 salt (from RFCL Ltd., India)
was utilized for the precursor solution. No other chemical or capping agent was used
in the synthesis. After the reaction, partial detachment of the ITO coating was also
observed on the cathode. The residual powder was characterized to investigate the
synthesized material.

A digital optical microscope (OM) from Metzer (Model: Vision Plus 5000DTM)
was used to capture images of the structures formed on ITO electrodes. Agilent Cary
5000 UV-Vis.-NIR spectrometer was used to record the absorption spectrum of the
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Fig. 6 SEM image of
residual powder containing
silver oxide nanorods and
agglomerated AgNO3
particles (a) and a magnified
view of silver oxide
nanorods (b)

SEl  15kV WD12mm S50 x20,000
USIF, AMU ALIGARH

materials. The residue powder from the specimen was dissolved in double-distilled
water and taken in quartz cuvette for the purpose.

Presented in Fig. 6a, b are the SEM images of the residual powder containing
silver oxide NRs and agglomerated AgNOj3 particles that did not take part in the
electrochemical reaction. In the image (a) multiple NRs with no preferred growth
direction are observed. Since in this case there was a deliberate attempt to detach NRs
from the cathode, the density of NRs is much higher in comparison to that observed
in the residual powder of barium chloride (with barium hydroxide NRs Fig. 4. In
Fig. 6b, a magnified section of the specimen is shown. Multiple NRs with diameters
in the range of 80-250 nm and lengths of 1200—4000 nm are observed in the image.

UV-Vis. absorption spectrum of the synthesized material is presented in Fig. 8.
The lower (red) and the upper (black) curves are from the absorption spectrum of
AgNOj; (precursor) and the residual powder, respectively. The absorption spectrum
of the residue powder has a broad absorption ramp that saturates beyond 400 nm.
Haram et al. have reported UV-Vis spectrum of silver oxide nanoparticles with a
broad peak around 400 nm, which is in reasonable agreement with our results. [38]
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Fig. 7 UV-Vis. absorption
spectrum of silver oxide
nanorods (black) and silver AgOx nanorods
nitrate solution (red). Inset:
dark black colour of the
coated material
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It is also pertinent to point out that UV-Vis spectra of Ag nanoparticles display a
much sharper characteristic peak around 410 nm. [39] Thus, the UV-Vis. spectrum
also indicates the growth of silver oxide NRs. In the inset, an image of the coated
material on another cathode is shown that was grown in a similar setup. The dark
black colour of the material also indicates the presence of silver oxide in the residual
powder.

4 Effects of Parameter Variations on the Aspect Ratio
of NRs

In Fig. 8, optical micrographs of barium hydroxide nanostructures grown at different
temperatures (10 °C, 25 °C, and 60 °C) are displayed. The voltage in this investiga-
tion was maintained at 5 V. At lower temperature (10 °C), a dense dendritic network
of rods is observed with a relatively lower aspect ratio. At room temperature (25 °C)
rods became isolated with a higher aspect ratio than that synthesized at the previous
temperature. Further increase in the growth temperature (60 °C) resulted in an even
higher aspect ratio of the fabricated rods. There are multiple rods in Fig. 8c that are
twice the length of the reference bar of 10 wm in the image. It is straightforward to
conclude from the investigation that an increase in the growth temperature would lead
to longer rods, at least up to the temperature range investigated here. This observation
is consistent with the articles reporting a lower surface sticking coefficient on the
substrate with increased temperature [40, 41]. Lower sticking coefficient at higher
temperature results in lower surface density of nucleation points [42] (per unit area
on the glass/ITO substrate) on which nanorods eventually grow. The lower density of
nucleation points leads to dispersed nanorods at higher temperatures. Furthermore,
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Fig. 8 Optical micrographs showing effects of temperature variation: a 10 °C, b 25 °C and ¢ 60 °C

since the current density (or the influx of Ba*? ions on the cathode) has a feeble depen-
dence on the substrate temperature, a preferential/channelized deposition would take
place, resulting in a higher aspect ratio of nanorods at higher temperatures.

The effect of voltage variation on the synthesized barium hydroxide nanostruc-
tures was also studied and is displayed in Fig. 9. The temperature was maintained at
around 25 °C during the study and samples were investigated at 1, 2.5, 5, and 10 V.
At 1V, a network of small rods was formed. The network became denser at 2.5 V.
At 5V, the growth of isolated well-formed rod-like structures was visible. Further
increase in the voltage resulted in a massive reduction in the aspect ratio. The study
demonstrates the optimum voltage of around 5 V for the synthesis of NRs.

5 Conclusions

An efficient and cost-effective two-electrode electrochemical synthesis method is
presented for the fabrication of self-stabilized metal-oxide and metal-hydroxide
nanorods directly from the precursor solution at room temperature. The demonstrated
method does not require any surfactant or any other chemical for the synthesis of
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Fig. 9 Optical micrographs showing effects of voltage variation:a 1 V,b2.5V,¢5V,andd 10 V

nanorods. Barium hydroxide trihydrate and silver oxide nanorods were successfully
fabricated using this synthesis method. Based on SEM images, Ba(OH),-3H,0 NRs
of diameters in the range of 100 to 300 nm and AgOx NRs in the range of 80—
250 nm were synthesized with different parameters. EDS, SAED, and XRD results
confirmed the formation of barium hydroxide trihydrate. The effect of temperature
variation revealed that a higher growth temperature favors a higher aspect ratio of
the fabricated nanorods. The voltage variation study disclosed an optimum applied
voltage of 5 V at 3 cm electrode separation. UV—Vis results indicate the formation
of silver oxide NRs. The versatility of the method is demonstrated in the present
work and the synthesis method can be utilized to synthesize other metal-oxide and
metal-hydroxide nanorods.
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