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Ag nanostructure morphologies and physicochemical properties dictated by the polyols used in the synthesis

Abstract: The mixing of ethylene glycol (EG) with diethylene glycol (DEG) has been studied to analyse the effect
of viscosity rise of solvent on the Ag nanostructures and their morphologies. The rise of viscosity has been
adjusted by increasing the molar ratio of DEG to EG under optimized conditions of temperature and capping
agent- poly (vinylpyrrolidone) (PVP). It has been seen that increasing the proportion of DEG resulted increasing
the viscosity of solution and thus decreased the diameter of nanowires. The production of quantum nanowires has
further become possible during reaction. The synthesized material was characterized using UV—Vis spectroscopy,
SEM, EDX, XRD, PL and DSC. Surface Plasmon resonance and luminescence was determined using UV—Vis
spectroscopy and PL spectroscopy. The data showed that Ag nanowires have a strong absorption band at 356 nm
and 401 nm which can be attributed to the transverse and longitudinal surface Plasmon resonance. The XRD
results indicated that the prepared product is made of pure Ag with face centred cubic structure, and the DSC
analysis demonstrated the presence of amorphous domain within metal nanostructures. Finally, temperature
fluctuations have caused the formation of nanoparticle of different shapes and sizes which bears the synthetic

mechanistic insights.

1. Introduction

1-D silver nanowires (Ag NWs) have been particularly investigated recently, due to their excellent optoelectronic,
mechanical, thermal and catalytic properties [1-3]. These have been used as prime interconnects in the integrated
circuit units of many nanodevices. The NWs can be tuned to control the transfer of electron at a single electron
level by controlling their diameter and applied voltage. Therefore, different methods for synthesis of Ag NWs
have been developed, like hydrothermal, electrochemical, liquid-phase synthesis, solvothermal co-reduction
method, ultraviolet irradiation, thermal reduction, vacuum vapour deposition and polyol process [4-6]. These are
aimed to regulate their morphologies, structures and properties.
The polyol process mainly employs ethylene glycol (EG) as a reducing agent for the synthesis of Ag NWs; it is
also a suitable solvent for AgNOs and PVP, due to its high polarity and dielectric constant [7-9]. Usually, an
oxygen free environment is preferred to avoid oxidation of nanostructure [10-11]. Interestingly, polyol process
has been shown to be the most promising methods, mainly because the preheating required results in an
aqueous/oxygen free system which can avoid surface oxidation [12]. Its high viscosity, polarity and dielectric
constant resist against agglomeration, and further help to tailor the pristine Ag nanostructures [13]. Changchao
Jia and co- workers synthesized Ag NWs and NPs using glycerol and EG as solvents where large number of Ag
nanoparticles (NPs) and few Ag NWs were observed [14]. The production of NWs has been improved, when
optimized quantities of DEG, TEG and glycerol were mixed with EG.
Additionally, a sodium bromide (NaBr) solution has been used in the polyol process which further improved the

production of Ag NWs [15]. Such outcomes have been suggested to be a result of the increase in solution viscosity,
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which decreased the Ag" migration rate onto a growing nanostructure. It further resulted in a decrease in the
diameter and an increase in the length of the Ag NWs [16-17].

Polyol being a versatile method is also very helpful in controlling the length and diameter of Ag nanostructures
and tuning its properties. In this study, we focus to further enrich polyol process by mixing of EG and DEG with
many proportional ratios and gradually increased the viscosity of each solution, while maintaining all other
parameters constant. This method allowed us to synthesize Ag NWs possessing a high aspect ratio with tuneable
diameter. We also observed the particles formation of different shapes and sizes, which is advantageous in
allowing us to understand the mechanistic growth of Ag NWs under varying solvent conditions. The produced
NWs have been investigated for their optical properties, as well as the properties of their amorphous domain
within as designed NSs, which can be further related to elaborate the quantum confinement effect and quantum
freedom effect, where y function can freely spread.

2. Experimental

2.1. Materials

All chemicals were purchased from commercial sources. Polyvinyl pyrrolidone (PVP, Mw = 90,000) was
purchased from Sigma Aldrich. Diethylene glycol (DEG) and sodium chloride (NaCl, > 99.0%) were purchased
from the Shanghai Chemical Reagent Company. Similarly, ethylene glycol (EG, 99%) and sodium nitrate
(AgNOs3) were purchased from Duksan Pure Chemicals, absolute ethanol from Merck and acetone from Ridel-de-

Haen.

2.2. Synthesis of Ag Nanowires

Ag NWs were prepared using a polyol reduction method, where both EG and DEG have been used. In a
typical synthesis, 10 ml EG was pre-heated for 30 min at 160 °C. Then, a 0.01M NaCl solution (60 ul) was added
and subsequently 5 ml of 0.17M AgNOs & 5 ml of 0.18M PVP solutions prepared in EG, EG-DEG mixture and
DEG were added. These solutions were added simultaneously to preheated pure EG following an injection rate
0.2 ml/min. Six samples have been prepared which are designated as E|Do, EoDy, EsD,, E4D3, EsD4and E¢Ds due
to the EG:DEG ratio; 10:0, 8:2, 6:4, 4:6, 2:8 and 0:10, respectively. The reaction mixtures turned blue at very
initial stage, however as the addition proceeded, the colour changed from yellow green, pale yellow and finally

grey. The reaction was allowed to continue for one hour.

As synthesized Ag NWs and other nanostructures were purified using sonication and centrifugation in
acetone and ethanol. For this, acetone (almost double volume) was added to reaction mixture and centrifuged at
3000 rpm for 15 min. The Ag NWs were washed several times with ethanol until the supernatant became clear.

The Ag NWs were dispersed in ethanol before characterization.

The composition of each sample with designation is given in a Table 1.
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Table. 1 Designation and compositions of the samples

Sample: EG DEG AgNO3 NaCl PVP
/mL /mL /g /g /g
E1Do 10 0 0.143 0.008 0.09
E:D1 8 2 0.143 0.008 0.09
EsD2 6 4 0.143 0.008 0.09
EsD3 4 6 0.143 0.008 0.09
EsDs 2 8 0.143 0.008 0.09
EoDs 0 10 0.143 0.008 0.09
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Scheme 1. Mechanism of Silver Nanowires

2.3. Characterization

The samples were characterized using a SHIMADZU 1800 UV-Vis spectrophotometer. The crystallinity and

phases of the Ag NWs were characterized using an X-ray diffractometer (Bruker’s D8-discoverer). The chemical
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composition and morphological observations were determined using a TESCAN MIRA3 XMU scanning electron
microscope. Fluorescence of each sample was analysed using a SHIMADZU RF-6000 Spectrophotoflourometer.
Thermal properties for investigating amorphous domain were studied by employing PerkinElmer Differential

Scanning Calorimeter 6000.

3. Results and Discussion

3.1 SEM and EDX characterization

Firstly, the effect of DEG proportion in EG on morphology of the Ag NWs was investigated. DEG has higher
viscosity (30 mPa-s at 25 °C) than EG (17 mPa: at 25 °C) due to having more hydrogen bonding. This resulted an
increase in the viscosity of the mixed solvent, which appeared to slow down the migration of Ag" onto the growing
nanostructure, making them thermodynamically favourable [18]. The increased viscosity affected in diameter,
with Ag NWs possessing decreased diameters being observed; thereby increasing the length and aspect ratio of
the Ag NWs [19-21]. Furthermore, the appearance of new structures formed appeared in different forms including
tetrahedral, cubic, triangular, hexagonal, rod like, capsule and rhombic shaped particles which was solvent mixture
dependent, Figure 1(a-f). According to the Fig 1a the nanostructures produced from the E Do solvent mix, where
the dominant product is Ag NWs which possess a diameter between 70-80 nm and length in the pm scale. Such
observations are quite in accordance with reported data [22]. However, as the proportion of DEG is increased, Ag
NWs with small diameter were observed, along with the presence of NPs of differing shape, dependent on the
DEG constituent. The results of these samples are expressed in Figure 1(b-f), showing the images for samples
E:D, EsDy, EsDs, EsDy, EoDs respectively. The SEM image of EoD; given in Figure 1b (1&2) shows the presence
of Ag NWs with a diameter of 60 -70 nm, as well as ultrathin Ag NWs with diameters of approximately 35 nm
also present. Such Ag NWs were not observed in Figurela. These quantum wires can control conduction of even
a few electrons. Moreover, the shape observed in this sample is tetrahedral particles which is being highlighted in
the inset of Figure bl. While in Figurel (c) the diameter of Ag NWs of sample E3D> is 55-60 nm with ultrathin
Ag NWs possessing diameters of approximately 30 nm present along with the large hexagonal and cubic NPs
present as a particular shape. Similarly, Figurel (d) shows that diameter of the Ag NWs formed from E4Dj; are
observed to be 55-60 nm, with the presence of ultrathin wires around 30 nm diameter, along with NPs with
geometry tetrahedral, triangular and cubic shapes. Likewise, Figurel (e) depicted that the diameter of Ag NWs of
sample EsDy is 50-60 nm similar to the EsD, sample with ultrathin wire diameter 30 nm as well as the presence
of cubic, tetrahedral and hexagonal nanoparticles, along with rod like particles. Figure 1(f) shows the diameter of
Ag NWs formed from the E¢Ds solvent mix, which is 50-55 nm and similarly, along with ultrathin NWs bearing
diameter 30 nm. It also displayed the formation of tetrahedral, capsule, cubic nanostructures, with additional
rhombic shaped particles. On reviewing the formation NPs, it was observed that the formation of tetrahedral is
particular to the E»D; sample, hexagonal and cubic in EsD», triangular in E4Ds3, rod like in EsD4, and finally the
capsule and rhombic in EsDs. Such hierarchical formation leads to the foundational materials such as triangular,
rhombic, capsule and rod like NPs. These formations are prerequisite for anisotropic growth that develop into Ag

NWs and quantum Ag NWs. These observations suggested clear mechanistic evidence of nano intermediates for
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the complete design of Ag NWs. The observed order of the transformation of shapes is; rhombic-triangular-

hexagonal-tetrahedral-NWs.

Figure 1. SEM micrograph displays the formation of Nanostructures produced from
(a)E1Do, (b)E2D1, (¢)EsD», (d)E4D3, (e) (EsDs, (f)E¢Ds and (g) represents the EDX pattern of
Ag NWs

EDX characterization of Ag NWs on a silicon substrate are shown in Figure 1(g). The data shows that the samples
are composed of almost pure silver with only a few other elements detected.

3.2 X-ray Diffraction Analysis (XRD)

X-ray diffraction was used to study the degree of crystallinity of the Ag NWs in Fig 2(a-¢). According to Figure
2(a), four distinct diffraction peaks at 20: 38.13°, 44.4°, 64.4° and 77.4° have been assigned the plane: (111),
(200), (220), (311) respectively. The diffraction peaks are indexed to the face centred cubic (fcc) phase of silver,
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which agrees to other reported data [23-24]. Figure 2(b) shows additional peaks observed at 20: 33.46° with plane
(122), and another two peaks at 45° and 51° due to the hexagonal phase of the silver related to planes (103) and
(104). However, the (111), (200), (220) and (311) planes appeared at 26 in Figure 2(b) are similar to Figure 2(a).
In Figure 2(c), dominant peak located at diffraction angle 38.20° (111). Figure 3(d) shows highest peak located
at diffraction angle 38.10° (111) with some additional peaks also present. While Figure 2 (e) further shows
anisotropic behaviour, however at 20° there is a peak related to PVP, which is present due to its affinity with
particles in the sample. Usually, the binding of nanoparticles with polymer is more, so it can be interpreted that
sufficient existence of polymer is there, which appeared in XRD. The remaining four distinct diffraction peaks of
Ag in Figure 2 (e) are like peaks in Figure 2(a). The role of capping agent to develop Ag NWs at high enthalpy
is related to its preferential binding ability with (100) lattice phase of crystal surface and allowing “Ag” deposition
at (111) lattice planes. Thus, suppressing the one phase and allowing the growth at other thermodynamically stable
phase result the production of Ag NWs [25-26].

According to the experimental data, the lattice spacing of the synthesized silver nanowires for samples (E2Dj,
EsDy, E4Ds, EsD4, E¢Ds) is determined to be 2.35A, 1.82 A, 2.36 A, 2.35 A, 2.37 A. The silver nanowire location
of (111) is preferred because, in the FCC lattice, the atom density of the (111) crystal surface is 90.7%, which is
considerably higher than that of the (100) crystal surface. The crystallite size is calculated by using Scherer

Equation 1:

D = KM Bcosb 1)
The average crystallite size calculated from most dominant peak 26 = 38%in the XRD pattern was found to 5.1

nm.
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Figure 2. X-ray diffraction (XRD) pattern of as-prepared Ag NWs of samples (a)E:Di, (b)EsD»,
(c)E4Ds, (d)(EsDs, (¢)EoDs

3.4 UV-Visible spectroscopy

Surface Plasmon resonance was determined for each sample via lambda max measurement on a UV—Vis
Spectrophotometer. The morphological evolution of Ag NWs displayed in Figure 3 (a-e) shows the surface
Plasmon resonance and the morphological evolution of Ag NWs. The shapes and sizes of the metal nanostructures
produced varying degrees of SPR at different wavelengths [27-28]. According to the literature, the absorption
peak of silver nanowires occurs between 350 nm and 380 nm [29]. For silver nanowires, this range is the transverse
Plasmon resonance absorption peak. In Figure 3(a) two relatively sharp SPR peaks are observed at 356 nm and
386 nm which belong to the transverse plane of Ag NWs. The shoulder peak at 356 nm is attributed to out-of-
plane quadrupole resonance and peak at 386 nm is due to out-of-plane dipole resonance of the Ag NWs. Figure 3
(b) shows a shoulder peak present at 358 nm and a broad absorption band at 428 nm which is due to the © -n*

transitions. Figure 3(c) show peaks at 357 nm and 426 nm while in Figure 3(d), shoulder and broad absorption
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peaks are observed at 348 nm and 413 nm. Figure 3(e) shows peaks at 357 nm and 423 nm while in Figure 3(f)
the observed peaks are at 357 nm and 446 nm.
The band gap of Ag NWs is calculated using the Equation 2:

Eg=hc/ A (2)
Where Eg is for band gap, hc are constant and A is an absorption wavelength, the calculated band gap of Ag NWs
is 2.82 eV. The existence of band gap in Ag NWs or nanostructures clearly demonstrates that y function of electron
is restricted in nano domain, which is supported by many studies and thus allowed in micro domain for the

conduction of electrons [30].
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Figure 3. UV-Vis spectra of Ag NWS samples (a)EiDo, (b)E2D1, (c)E3Da2,
(d)E4Ds, (e) (EsDa, (f)EoDs

3.5 Photoluminescence spectroscopy

The light harvesting property of the samples was investigated using Photoluminescence Spectroscopy (PL)
[31]. Metal nanostructures fluorescence is not limited to single wavelength, their fluorescence is established on
excitation and emission wavelengths [32]. The PL spectra of Ag NWs at different excitation wavelengths are

shown in Figures 4 (a). The variations of PL emission from the Ag NWs dispersed in ethanol were recorded at the
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excitation wavelengths; 354 nm, 357 nm, 356 nm, 359 nm, 367 nm for samples ExDi, EsD», E4D3, EsDas, EoDs.
The blue—green PL emission for every sample has been observed within range of 446 nm, 451 nm, 460 nm, 462
nm, 474 nm. In Figure 4(b) excitation wavelengths are at 400 nm, 414 nm, 416 nm, 418 nm, 440 nm. The emission
bands observed in the range 480 nm, 514 nm, 517 nm, 527 nm, 531 nm and these emissions are assigned to
radiative recombination of Fermi level electrons and sp- or d-band holes. Inset of Figure 4(a, b) luminescence has
also been seen from the range 480 nm-531 nm. The fluorescence of Ag is more evident in sample E4D3; which is
more intense compared to other samples. High enhancement of fluorescence emission, improved fluorophore
photostability, and significant reduction of fluorescence lifetime have been obtained from high aspect ratio Ag
NWs. The samples were excited at different wavelengths and the respective emissions were recorded. A solvato-
chromic red shifted emission band at different solvent composition was observed. The data showed that Ag
emissions followed the relationship in Equation 3.

n}\ﬂexcitation = 2n)\'emission (3)

This is a typical non-linear second order optical trend demonstrated by Ag NWs following the equation 3, which

resulted due to the electric-dipole interaction with radiation of strong intensity [33].
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Figure 4. Photoluminescence spectra of Ag NWs at different excitation
wavelengths from 354-440 nm for samples E>D1, E3D», E4D3, EsDs, EoDs

3.6 DSC analysis
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Thermal properties of samples were measured using differential scanning calorimetry (DSC) [34]. The
amorphous domain of the Ag NWs were determined using a DSC heating rate of 10°C/min and showed a large
endothermic peak at 300 °C as latent heat in Figure 5. Figure 5 (a, b, ¢) shows the DSC plots for samples E;D;,
EsDs, E4Ds, respectively. It is directly linked with the existence of amorphous domains or distorted crystal
structures within each sample of Ag. The latent heat determined by DSC is possibly consumed by calcination or
crystal reorganization. Such latent heat is greatly reflected by the samples which possess a higher extent of
ultrathin Ag NWs. The E4D3 sample demonstrated a more intense peak compared to the others, where existence
of small particles and ultrathin Ag NWs is also the dominant structure, as shown by SEM in Figure 1. It is further
suggested by SEM that there is also the presence of cubic, hexagonal, rod like, rhombic, triangular and capsule
shaped particles in the sample. These geometries have definite grain boundaries which are amorphous in nature,
therefore such endothermal heat at latent temperature is explicitly assigned for these domains. Moreover, through
the DSC analysis it can be concluded that the metal nanostructures which are usually estimated as highly
crystalline in form, could possess the amorphous/grain boundaries or distorted crystal structures. The existence of
such domains or structures are highly desired for the confinement of electrons and tuning conductivity. Therefore,
the mixed solvent system could highly be a beneficial chemical approach where conduction of electrons at single

electron level can be achieved via controlling the diameter scale and tailoring the amorphous domain.
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Figure 5. DSC curves of Ag NWs for samples ExDy, EsD,, E4D;

Conclusion

The mixed polyols synthesis process proved successful in the production of Ag NWs with a high aspect ratio. The
data showed that this mixed polyol method resulted in the formation of ultrathin Ag NWs; and that the extent of
DEQG directly impacted the Ag NWs diameter. Moreover, the presence of Ag NPs including cubic, hexagonal, rod
like, rhombic, triangular and capsule shaped was also observed. XRD characterization elaborated the materials as
anisotropically crystalline mainly at phase (111) and phase distortions for extra thin diameters. Additionally, DSC
highlighted the formation of significant grain boundaries, and these are more concentrated in the samples where
ultrathin NWs are present and again where XRD phase distortion is seen. These findings supported the quantum

confinement effect and trend of allowed electronic wave function (y) to tune their conductivity. Furthermore,
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each sample had demonstrated SPR with Ama in the range of 388 nm to 446 nm. The materials have also
demonstrated second order optical trend for respective Amax and Showed luminescence around 500 nm. These SPR
and PL characteristics are highly desirable in the design of photovoltaic cells. Similarly, the existence of grain
boundaries or amorphous domains mainly restrict electric conductivity, therefore these materials can find
applications in the fabrication of diodes. Finally, ability to tune the formation of particle morphologies at specific

DEG content, proved helpful in suggesting the mechanistic growth of Ag NWs.
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