
Use of Tilia extract to improve the optical

and electrochemical properties of ZnO semiconductor

nanoparticles

H. E. Garrafa-Gálvez1, L. Cardoza-Avendaño1,*, R. M. López-Gutiérrez1, M. E. Martı́nez-Rosas1,
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ABSTRACT

In order to meet the growing demand for new technologies, new materials with

improved electrical, electronic, and electrochemical properties are needed. In

the present work, the biosynthesis of zinc oxide nanoparticles was carried out

with the aid of Tilia extract, varying the amount of extract used to obtain unique

properties. The amounts of extract used were 1, 2, and 4% (volume ratio of

water/weight of Tilia). The nanoparticles were characterized by FTIR, TEM,

XRD, UV–Vis, and EIS. The analyses revealed that the nanoparticle composition

includes organic material components from the Tilia extract. The average sizes

shown by the nanoparticles were 41.8, 38.5, and 33.2 nm. XRD analyses deter-

mined that the nanoparticles have a hexagonal structure with a Wurtzite phase

and crystallite sizes of 30.97 nm for 1%, 28.62 nm for 2%, and 14.52 nm for 4%.

For the optical properties, the band gap values of the samples were 2.80, 2.64,

and 2.47 eV for 1, 2, and 4%, respectively. Due to these characteristics, the

obtained nanoparticles presented outstanding electrochemical properties that

could benefit optoelectronic devices.

1 Introduction

Zinc oxide (ZnO) is one of the most important

semiconducting materials, having a wide band gap

(3.30 eV) and good exciton-binding energy (60 meV)

[1]. It is used in numerous applications such as sun-

blocks, paints, cosmetics, and optoelectronic devices

[2]. There exists a great number of methods for

obtaining ZnO nanoparticles [3]. The main issue

regarding the current ones is the costly and toxic

reactants used [4], making necessary the use of more

environmentally friendly and cheaper methods that

also improve the properties of the synthesized

nanoparticles. One of the most important methods to

attain these goals is biosynthesis [5]. Biosynthesis is a

method in which toxic reactants are avoided by

substituting them for fungi, bacteria, and plants [6].

For the biosynthesis of ZnO nanoparticles, several
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natural stabilizing agents have been reported as the

ones published by Velsankar et al. in 2019, who uti-

lized Curcubita seed extracts [7]. In 2020 Sheik Myd-

een et al., reported the preparation of ZnO

nanoparticles with the aid of Prosopis juliflora, helping

their antibacterial and photocatalytic properties [8].

In 2021 the use of Sonneratia alba was reported by

Mujahid, which increased the antioxidant activity

and anti-inflammatory properties of the nanoparti-

cles obtained [9]. Tilia extract has previously been

used in the biosynthesis of nanoparticles such as Cu

[10], AgCl [11], Ag [12], CuO [13], and Au [14]

nanoparticles, among others. However, to this date,

there is no account of the use of Tilia for the biosyn-

thesis of ZnO nanoparticles. Tilia is a plant native to

Europe and Western Asia. Among its main active

ingredients are flavonoids, mucilage, volatile oil,

phenolic acids, amino acids, and others. Tilia flowers

are used to treat muscle spasms, as expectorant, and

to heal cold flus [15]. In this investigation, green

synthesis of ZnO nanoparticles was carried out using

different amounts of Tilia extract, which works as

stabilizing agent. The as-obtained nanoparticles were

characterized through different techniques to reveal

their composition, structure, morphology, and optical

properties and were characterized through electro-

chemical impedance spectroscopy (EIS) to know the

electrochemical properties they present.

2 Experimental

2.1 Materials

Dry Tilia and deionized water were used to obtain the

Tilia extract. For the biosynthesis of the nanoparticles,

Tilia extract, zinc nitrate hexahydrate (Zn(NO3)2-

6H2O) 99% (Sigma Aldrich), and deionized water

were used.

2.2 Extract preparation

For extract preparation, different quantities of dry

Tilia were weighed (0.5, 1, and 2 g). Afterward, 50 mL

of deionized water were added and stirred at room

temperature for 2 h; the solutions were labeled 1, 2,

and 4%, respectively. After that time, the solutions

were placed in a hot water bath at 60 �C for 1 h.

Filtration with Whatman #4 paper was followed to

remove the remaining Tilia solids and to obtain the

final extract solutions.

2.3 Synthesis

For the biosynthesis of the nanoparticles, 2 g of

Zn(NO3)2�6H2O were added to the previously pre-

pared solutions (1, 2, and 4%) and stirred for 1 h.

Subsequently, the different solutions were set in a

60 �C hot bath for 13 h until all the liquid was

evaporated. The as-obtained material was given a

thermal treatment at 400 �C for 1 h. Finally, the ZnO

nanoparticles were obtained and labeled TL1, TL2,

and TL4 according to the percentage of extract used

(1, 2, and 4%, respectively). The described procedure

is depicted graphically in Fig. 1.

2.4 Materials and methods

Powder corresponding to each of the three samples

(labeled 1%, 2%, and 4%) was compressed under a

pressure of 312 GPa for 30 min, and three pellets

were obtained. Each hada 1 mm width (1 = 1 mm)

and a 10 mm diameter (d ¼ 10 mm). The pellets were

placed, respectively, between two polished copper

electrodes in order to model a parallel plate capacitor.

The samples were connected to an E4980A Precision

LCR Meter. As a result, a set of data corresponding to

magnitude of total impedance ZTj j, phase angle hd,
and frequency values were obtained. The measure-

ments were obtained at room temperature, which can

be considered 25 �C.

2.5 Characterization

The obtained nanoparticles were characterized

through a Perkin Elmer-Fourier transform infrared

(FTIR) spectrometer with a 0.5 cm-1 resolution

within a 400 to 3500 cm-1 measurement range.

A JEOL JEM-2010F transmission electron microscope

(TEM) was used at an accelerating voltage of 120 kV.

A Bruker D2-Phase Kit X-ray diffractometer (XRD)

was run at 30 kV, 10 mA, 1 s/step, and 2�/min.

A Perkin Elmer Lambda 365 UV–Vis spectrometer-

was operated within the 800–190 nm range and with

a scanning speed of 600 nm/min. And, a LCR Pre-

cision E4980A electrochemical impedance spectro-

scope (EIS) was used.
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3 Results

3.1 FTIR

The FTIR analyses were carried out, and the results

are shown in Fig. 2. It can be seen that for TL1, TL2,

and TL4, there is a very intense band at 400 cm-1.

This band is assigned to the stretching vibration

mode of the Zn–O bond [16]. The presence of this

band indicates the formation of ZnO nanoparticles

for the three samples. Within the 770 a 1640 cm-1

range, a set of bands is shown due to the different

vibrations of the C–C, C=C, C–O, C=O [17]. These

bonds belong to different organic components of the

Tilia extract, within which phenolic acids, flavonoids,

polyphenols, etc. are found [18]. These bands indicate

that when nanoparticle formation occurs, some Tilia

extract components remain as well. Furthermore, it

can be noted that as the amount of extract increases

from 1 to 4%, the assigned bands of extract organic

molecules are enhanced in intensity and are further

defined. The findings confirm that using a greater

amount of extract translates into a greater amount of

organic molecules in the final product.

Fig. 1 Graphical representation of ZnO nanoparticles preparation process using Tilia extract
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Fig. 2 FTIR analysis of the TL1, TL2, and TL4 ZnO

nanoparticles
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3.2 Morphological properties

The shape of the TL1, TL2, and TL4 nanoparticles

was studied, and the results are shown in Fig. 3. For

all samples, similar shapes were displayed, depicting

nanoparticles of quasi-spherical shape (Fig. 3a, d, g)

with size distribution that varied from 20 to 69 nm.

The average calculated diameters were 41.8, 38.5, and

33.2 nm for TL1, TL2, and TL4, respectively (Fig. 3c,

f, i). As the concentration of Tilia extract used in the

biosynthesis increased, the diameter decreased. This

effect is due to organic molecules from the extract

functioning as stabilizing agents that prevent the

nanoparticles from agglomerating and growing in

size [19], as reported in various ZnO biosynthesis

studies [30]. The formation of ZnO nanoparticles that

was revealed through FTIR was supported by

HRTEM (Fig. 3b, e, h) since TL1, TL2, and TL4 pre-

sented a lattice fringe of 0.25 nm, which is attributed

to the (002) plane from the Wurtzite phase of the ZnO

nanoparticles crystallized through this synthesis

process [20, 21].

3.3 XRD

The crystalline structure analysis of the samples was

carried out, and the results are disclosed in Fig. 4. In

the samples diffraction patterns, it was found that

TL1, TL2, and TL4 displayed peaks at 31.8, 34.5, 36.3,

47.6, 56.6, 62.9, and 68.1 h�. These peaks can be

indexed to the (100), (002), (101), (102), (110), (103),

and (112) planes, respectively [22]. The set of peaks

belongs to ZnO with a hexagonal structure of a

Wurtzite phase [23] according to the JCPDS #79-2205

crystallographic card [24, 25]. These results are in

good correlation with the HRTEM results. Crystallite

sizes of TL1, TL2, and TL4 were estimated through

the Scherrer model (Eq. 1) [26],

D ¼ Kk
bcos hð Þ ð1Þ

where D is the average crystallite size, K is the shape

factor considered as 0.9, k is the wavelength of the

incident x-ray, b is the full width at half maximum

height of the peak, and h is the diffraction angle of the

rays. The crystallite size estimations of TL1, TL2, and

TL4 were 30.97, 28.62, and 14.52 nm, respectively,

similar to those reported in the literature for this type

of nanoparticles [27, 28]. Moreover, it is possible to

Fig. 3 TEM (a, d, and g) and HRTEM (b, e, and h) micrographs and diameter size distribution of the TL1, TL2, and TL4 ZnO

nanoparticles (c, f, and i)
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note that as the amount of extract used increased, the

crystallite size diminished, following the same ten-

dency disclosed through the TEM analysis. It was

proven that by changing the amount of extract uti-

lized, it was possible to manipulate the diameter size

of the nanoparticles and the crystallite size of the final

products. Rietveld refinement was performed to cal-

culate some of the characteristics of TL1, TL2, and

TL4. The results are shown in Table 1. The crystalline

structure and space group remained the same

throughout the samples. TL4 rendered the highest

value for lattice strain. The increase in lattice strain is

attributed to the interaction between nanoparticles

and organic molecules from the Tilia extracts.

3.4 Optical properties

The analysis of the optical properties was performed

by the UV–Vis spectrophotometry technique; the

results are illustrated in Fig. 5. The UV–Vis absor-

bance spectrograms (Fig. 5a) for TL1, TL2, and TL4

depicted a band at 374 nm. This band is attributed to

the characteristic surface plasmon resonance [29, 30]

of Wurtzite phase ZnO nanoparticles, as estab-

lishedinthe literature [31, 32]. Therefore, it indicated

the formation of ZnO nanoparticles for TL1, TL2, and

TL4. The materials optical properties were supple-

mented by estimating their band gap values. The

band gap is defined as the energy requiredto promote

an electron from the valence band to the conduction

band. The Tauc model, Eq. 2, was implemented for

this calculation:

ahvð Þ
1
n ¼ Aðhv� EgÞ; ð2Þ

where h is Planck’s constant, m is the photon fre-

quency, a is the absorbance coefficient that relates to
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Fig. 4 Diffractograms obtained by XRD of the TL1, TL2, and

TL4 ZnO nanoparticles

Table 1 Results obtained by

Rietveld refinement Sample Crystalline structure Space group e (%) Density (g/cm3)

(calculated)

TL1 Hexagonal P 63 m c 0.338 5.6120

TL2 Hexagonal P 63 m c 0.311 5.6587

TL4 Hexagonal P 63 m c 0.604 5.6413
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nanoparticles
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the sample’s nature and the trajectory of the photon

beam, Eg is the band gap, A is a dimensionless con-

stant, and n denotes the nature of the electronic

transition (1/2 for direct allowed transitions, 3/2 for

direct forbidden transitions, 2 for indirect allowed

transitions, and 3 for indirect forbidden transitions)

[33]. The ZnO nanoparticles have a direct allowed

type of transition; hence the value for n was consid-

ered 1/2.

The results conveyed by the Tauc model can be

observed in Fig. 5b. It is disclosed that by adding any

amount of Tilia extract, the band gap is consequently

modified in comparison to commercial ZnO (ap-

proximately 3.30 eV) [34]. The values were found to

be 2.80, 2.64, and 2.47 eV for TL1, TL2, and TL4,

respectively. It is proven that by varying the amount

of Tilia extract used, it is possible to manipulate the

structural and electronic properties of the ZnO

nanoparticles. This has been manifest in different

reported investigations where biosynthesis has been

executed to attain ZnO nanoparticles [35]. The results

achieved through the various characterization tech-

niques of the obtained nanoparticles gave way to

analyzing TL1, TL2, and TL4 by electrochemical

impedance spectroscopy to further detail their elec-

trochemical properties.

3.5 Electrochemical testing

From the direct measurement of impedance magni-

tude, experimental data for each sample are

retrieved. The impedance data of samples TL2 and

TL4 show similar behavior, but the data corre-

sponding to TL1 is significatively different from the

other two samples (Fig. 6a); this, for samples TL2 and

TL4, is an indicative of a similar relationship—or

contribution—of the real and imaginary parts. In the

case of TL1, the impedance spectra difference indi-

cates different conductive processes inside the sam-

ple TL1 compared to TL2 and TL4. When observing

the phase angle from the direct measurements, the

similarity in the frequency response for samples TL2

and TL4 is confirmed, where the local minimum

phase angle is observed, for each case, to be in the

frequency range corresponding to 8.42 and 629 kHz.

Fig. 6 Electrochemical

impedance spectroscopy

results of analyzed sample:

Bode plots of impedance (a),

phase (b), total conductivity

(c), and Nyquist plot (d) of

real and imaginary impedance

values
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For TL1, the local minimum phase angle is observed

to lie within the 320 Hz and 4.12 kHz range. For

samples TL2 y TL4, there is a similar behavior in how

the reactive and resistive effects act, but there is a

difference in the magnitude of these effects; this is

expressed in the phase angle as local minimums at

almost the same frequency values. Furthermore, a

local maximum is observed for TL1 near the local

minimums of TL2 and TL4. This is a consequence of a

different relation between the magnitude of reactive

effects in sample TL1 compared to TL2 and TL4.

The AC conductivity of each sample is shown in

Fig. 6c. The relationship between the AC conductiv-

ity rac and the DC conductivity rdc is given by Jon-

sher’s power law [36]:

rac ¼ rdc þ Axn; ð3Þ

where A is the pre-exponential factor, x is the

angular frequency, and n is the frequency exponent,

which defines how the transition from rdc to rac is.

After using the conductivity data, the Eq. 3 was

implemented as ‘‘user-defined’’ for non-linear fitting

in OriginPro 2019. Then, Eq. 3 was fitted to data

shown in Fig. 6c, and as a result, the parameters of

Jonsher’s power law were estimated for each sample,

where all the data points of f ; rac were considered.

The results are presented in Table 2.

For all samples, the AC conductivity increased

when the frequency was increased (Fig. 6c). How-

ever, three zones can be differentiated in the con-

ductivity behavior of each sample. The first zone

corresponds to the DC conductivity, an almost con-

stant value. In this regard, rdc denotes where the fit-

ted equation intersects the ordinate axis. The DC

conductivity represents a zone in the observed con-

ductivity where there is no slope, in particular, rdc is

in the 20 to 100 kHz range. For these samples, the DC

conductivity is expected to be almost the same from

the data in the impedance spectra and the phase plot.

However, although the samples TL2 and TL4 have

close values of rdc, TL1 has a value an order of

magnitude below TL2 and TL4, which is confirmed in

the numerical value presented in Table 2. For the

same two samples, zone 2 is the transition from

constant value (DC conductivity) to the asymptotic

behavior, which is observed for the AC conductivity

of TL2 and TL4.; in these two cases, the transition

differs in the growth rate, this is observed in the

exponent magnitude (n). Conductivity of both these

samples follow the universal behavior associated to

Jonsher’s power law. In addition, for these two

samples, the n lies between 0.6 and 1, characteristic of

ionic compounds [37]. In the case of TL1, only two

zones are observed, the DC conductivity and the

transition zone, the asymptotic behavior is not

observed, and it could be expected to appear at fre-

quencies higher than 2 MHz. Nevertheless, the same

behavior is observed for the AC conductivity of all

samples, which coincides with what was expected for

ionic compounds.

As it has been reported elsewhere [36–39] for ZnO

NPs with the above-mentioned morphology, the

observed electrical behavior can be modeled through

the electrical circuit shown in the inset of Fig. 6d.

Electrical characterization and modeling results are

defined by the sample properties, such as particle

size or semiconductor properties. As it is reported in

Fig. 4, the average crystallite size of samples TL1 and

TL2 has a difference of 2 nm, but the impedance and

phase angle are quite different in these samples

(Fig. 6a). In this sense, the smaller crystallite size is

observed for the sample TL4, but the impedance

spectrum is almost the same as TL2; nevertheless,

some differences are observed in the phase angle

(Fig. 6b). When observing the conductivity (Fig. 6c),

AC conductivity increases for all the samples after an

increase in the frequency, but the increase rate in the

conductivity values is observed to be the greatest for

the sample with the smallest band gap (see Fig. 5 for

reference), at the same time, the sample with the

biggest band gap shows the smallest conductivity.

Aside from the electronic nature of the materials, the

conductivity and impedance are known to depend on

the particle dimensions. In other words, conductivity

occurs through the nanoparticles and between parti-

cles [36]. In order to elucidate what processes take

place and where, an electrical circuit can be proposed

for modeling the electrical behavior of the sample

from the Nyquist plot (Fig. 6d). The suggested elec-

trical model is presented in Fig. 6d, and its parame-

ters were fitted to the experimental data. The fitting

process was carried out in MATLAB, and validation

of the obtained values was done through numerical

Table 2 Estimated parameters for the conductivity equation

Sample rdc A n

TL1 2:65 � 10�7 1:48 � 10�9 0.80219

TL2 2:02 � 10�6 3:87 � 10�10 0.93705

TL4 3:58 � 10�6 1 � 10�10 1
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analysis of the circuit frequency response. The results

of the fitting are presented in Table 3.

The CPEp and Rp values are intended to model the

electrical effects due to electrical connections to the

impedance analyzer. As observed, the capacitive or

reactive effects due to contact effects is almost the

sample for the samples TL1 and TL2. In addition, the

smallest CPEp value is observed for the sample TL4;

at the same time, the purely resistive effects of Rp are

significatively greater for TL1 than for the other two

samples. Branch 1, composed of CPE1 and R1, is

related to the conductivity through the particles, and

as can be observed for samples TL1 and TL2, the

values of CPE1 are the same. This can be attributed to

the similarity in the crystallite size; the R1 value is

affected by the crystallite size. Branch 2, with the

elements C2 and R2, shows the effect of conductivity

between particles; as a result, the smallest C2 value is

observed for the sample TL4, where the smallest

crystallite size is observed. Although it has been

discussed that there is a feasible effect of average

crystallite size D
� �

, comparing the results exposed

herein with others from the literature is useful. In

Table 4, the conductivity analyses of TL1, TL2, and

TL4 are compared to other samples with similar

treatments [36, 40]. Conductivity is compared after

the use of average particle size. From the data in

Table 3, it can be seen that the particle size of TL1,

TL2, and TL4 are within the range of sample 3 from

ref [36] and sample CR from ref. [40]. As is evident,

the organic extract generates a variation in the aver-

age crystallite size and also in the exhibited

conductivity.

The data from Tables 2 and 4 are plotted in Fig. 7.

as observed. There is an increment in the DC con-

ductivity at the smallest crystallite size until an

absolute maximum is reached at 15 nm. Then, a

decrement is observed until a local minimum is

achieved. Finally, after a small increment, the con-

ductivity decreases until the absolute maximum is

reached at 67 nm. In general terms, the DC conduc-

tivity decreases as a result of an increase of �
D. Due to

the effects of inter-particle contact or thorugh grain

boundaries, crystallites with a smaller exposed sur-

face promote a greater conductivity among them.

When the crystallite size grows, there is a greater

effect of conductivity through the particles, or

through the bulk of each particle, which generates an

AC conductivity that is driven by the inner electro-

chemical properties of each particle. This is observed

after the variation of n, which follows a similar

behavior to rdc. However, it is observed that there is

ionic conductivity for all samples. Furthermore, it can

be noted that the value of A increases as a result of an

increment of the average crystallite size, and also,

exponential growth can be observed.

4 Conclusion

The use of environmentally friendly stabilizing

agents amid biosynthesis opens up a heap of possi-

bilities for acquiring nanomaterials with exceptional

characteristics,such as the ones described in this

research for TL1, TL2, and TL4. Using different

amounts of Tilia extracts in the biosynthesis process

helps to have greater control over the optical, elec-

trochemical, and morphological properties of the

obtained nanoparticles. The nanoparticle sizes ren-

dered in this investigation are within the 33.2 to

Table 3 Estimated parameters for the equivalent electrical model

Sample CPEp [F] CPE1 [F] C2 [F] Rp [X] R1 [X] R2 [X]

TL1 10 � 10�11 15 � 10�11 9 � 10�11 150 � 106 90 � 106 1 � 106

TL2 10:55 � 10�11 15 � 10�11 9:2 � 10�11 10 � 106 30 � 106 2 � 106

TL4 5:9 � 10�11 7:8 � 10�11 2:3 � 10�11 1:6 � 107 55:5 � 106 9 � 106

Table 4 Comparison of electrochemical properties of ZnO

nanoparticles reported in the literature

Sample rdc A n �
D References

1 2:57 � 10�4 1:45 � 10�9 0:97 66 [36]

2 9:06 � 10�5 6:34 � 10�8 0:71 53

3 9:94 � 10�4 1:16 � 10�9 0:95 67

MS 2:74 � 10�7 2:54 � 10�8 0:9 29 [40]

CR 3:93 � 10�6 3:61 � 10�9 1 14
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41.8 nm range, while the band gap values revolve

around the 2.47 to 2.80 eV range. Regarding the

electrochemical properties, elements C2 and R2 show

the conductivity effect between particles. Thus the

smallest C2 value is observed for the sample TL4

where the smallest crystallite size is observed, while

for TL1 and TL2, they are similar, which is a conse-

quence of a greater area of contact among the parti-

cles. In future work, the effect of organic reagents

during synthesis on the electrochemical properties

will be explored. This study proves that biosynthesis

is a viable option for synthesizing nanomaterials that

may have unique properties that can be implemented

in abundant areas.
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