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Research Article

Influence of silver electrochemically
deposited onto zinc oxide seed
nanoparticles on the photoelectrochemical
performance of zinc oxide nanorod films

Alejandro Aranda1, Richard Landers2, Patricio Carnelli3 ,
Roberto Candal3, Hugo Alarcón1, and Juan Rodrı́guez1

Abstract
The present article examines the synthesis and characterization of zinc oxide nanorods grown on zinc oxide and silver
nanoparticle seeds. Zinc oxide seeds were electrodeposited on a support of fluorine-doped tin oxide glass and heat-
treated at 380�C. Silver nanoparticles were then deposited on this substrate, which was heat-treated at 160�C. Their
presence was confirmed using ultraviolet–visible spectroscopy, by observing an absorption peak around 400 nm, cor-
responding to surface plasmon resonance. Growth of zinc oxide nanorods was achieved in a chemical bath at 90�C. The
obtained films were analyzed by cyclic voltammetry, X-ray diffraction, and scanning electron microscopy. They consisted
of zinc oxide with a Wurtzite-type crystal structure, arranged as nanorods of 50 nm. X-ray photoelectron spectroscopy
exhibits peaks attributed to silver (0) and to the formation of silver oxide on the silver nanoparticle surface. In addition,
two types of oxygen (O 1 s) were observed: oxygen from the crystalline network (O–2) and chemisorbed oxygen (–OH),
for the seed and the nanorod films, respectively. The nanorods grown on zinc oxide seeds with silver deposits had a round
shape and greater photoactivity than those grown without silver. This difference is attributed to the additional reflection
that silver provides to the light reaching the film, thereby increasing the photogeneration from the charge carriers.
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Introduction

The optical bandwidth of semiconductors lies within the

ultraviolet (UV)–visible (UV-Vis) range.1 When synthe-

sized as thin films, they have been used as optoelectronic2

and photovoltaic3 devices, as well as for water purifica-

tion.4,5 The substrates used have included blends of sili-

con,6 glasses,7 conductive glasses of fluorine-doped tin

oxide (FTO),8 among others. Zinc oxide (ZnO) films have

an optical bandwidth of 3.18–3.37 eV,2,9 which allows

them to absorb UV-A radiation, a property of interest in

photovoltaic applications. Within their morphologies, there

1 Center for the Development of Advanced Materials and

Nanotechnology, Universidad Nacional de Ingenierı́a, Lima, Peru
2 Applied Physics Department, Universidade Estadual de Campinas,

Campinas, Brazil
3 Instituto de Investigación e Ingenierı́a Ambiental, CONICET, Escuela de

Ciencia y Tecnologı́a, Universidad Nacional de San Martı́n, Buenos Aires,

Argentina

Corresponding author:

Juan Rodrı́guez, Center for the Development of Advanced Materials and

Nanotechnology, Universidad Nacional de Ingenierı́a, Av. Tupac Amaru

210, Rimac, Lima 25, Peru.

Email: jrodriguez@uni.edu.pe

Nanomaterials and Nanotechnology
Volume 9: 1–9

ª The Author(s) 2019
DOI: 10.1177/1847980419844363

journals.sagepub.com/home/nax

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(http://www.creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/

open-access-at-sage).

https://orcid.org/0000-0001-9874-550X
https://orcid.org/0000-0001-9874-550X
https://orcid.org/0000-0002-9887-6419
https://orcid.org/0000-0002-9887-6419
mailto:jrodriguez@uni.edu.pe
https://doi.org/10.1177/1847980419844363
http://journals.sagepub.com/home/nax
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1847980419844363&domain=pdf&date_stamp=2019-05-19


are vertically aligned nanostructures that have been exhaus-

tively used as electron transport materials in photovoltaic

cells. Nanorods, nanotubes, or nanowires, high surface area

nanostructures, increase the absorption of photons.10 In

these materials, the bandgap variations would also improve

the absorption of lower energy photons.11 The development

of ZnO films is very attractive for these applications, as the

synthesis process can modify their structure and morphol-

ogy. Within the methods of nanorods synthesis, we can find

carbothermal evaporation,12 seed-layer-assisted sol-

vothermal method,13 hydrothermal method,14 and chemi-

cal bath deposition.15 When using the chemical bath

deposition process, the substrate is first covered by a thin

seed layer of the material to be deposited. This layer can

be prepared by the sol–gel method,16,17 which makes it

possible to obtain a variety of morphologies for the mate-

rial to be grown on the substrate. This seeding step usually

takes place between 70�C and 90�C in an alkaline solution

of zinc nitrate (Zn(NO3)2�6H2O)17 and zinc acetate

(Zn(CH3COO)2�2H2O),16 which modifies the growth pat-

tern of the films.

A versatile and easy to implement process developed in

the last few years is the electrochemical method,8 which

allows adjusting parameters for modifying the growth char-

acteristics, and does not require high temperatures like

other methods.18 It consists in obtaining on the electrode

surface the reduction of OH– producing species, which

react with the Zn2þ ions in solution. This leads to the

deposition and growth of thin layers on the FTO8,17 or

indium tin oxide conducting electrode. This usually takes

place at temperatures between 60�C and 80�C8,18 with salts

like (Zn(NO3)2�6H2O)8 or ZnCl2.
19

To improve the ZnO structure and avoid carrier recom-

bination, hybrid materials have been developed by combin-

ing ZnO with p-type semiconductors, such as copper

oxide,19 or by doping with metallic ions, such as Ni,9

Fe,18 or Co,20,21 mainly to improve ferromagnetic proper-

ties and to increase the optical absorption range. The addi-

tion of metallic nanoparticles in ZnO nanorods improves

the electronic and chemical effect of the surface of the

nanorods, improving their applications as a sensor22; these

induce an effective electron-hole separation on the ZnO

particles.23 Recent studies have shown that metal nanopar-

ticles can be used to improve the semiconducting properties

of ZnO films, by generating surface plasmon resonance.

Through the adjustment of size and composition of the

nanoparticles,24 this phenomenon can cause the absorption

of sunlight in the visible range and improve the photoche-

mical response. Among the methods of metal nanoparticle

synthesis, we can find radio frequency sputtering tech-

nique,24 laser ablation,23 chemical reduction,22 photodepo-

sition,16 and electrodeposition,25 the latter being a practical

method which uses not expensive equipment or reagents, in

which the morphology of the films can be modified.

This work is focused on the production of silver (Ag)

nanoparticle seeds by electrodeposition method to obtain

ZnO nanorods, in order to reduce the recombination pro-

cess and improve its photocatalytic effect.

Experimental details

Preparation of ZnO seeds

ZnO seeds were electrodeposited26 on a 5-cm2 FTO glass

conductor washed in 5% nitric acid and ultrapure water. A

0.1-M zinc acetate dehydrate solution with a 0.1-M sodium

nitrate (NaNO3) as a supporting electrolyte in order to

improve the electrolytic medium conductivity and a poly-

vinylpyrrolidone (PVP) with a final concentration of 4 g/L

for size control of ZnO seeds were used. This solution was

introduced in an electrochemical cell equipped with an Ag/

silver chloride (AgCl) reference electrode, a platinum

counter electrode, and the FTO sample as the working

electrode. The electrochemical process took place at 70�C.

Cyclic voltammetry was performed with a potential

window between �1.5 V and �0.5 V, and a reduction peak

was observed at �1.1 V, corresponding to ZnO electrode-

position, as shown in Figure 1(a); the O2 was not removed

from the solution, because O2 is needed for the oxide for-

mation process on the FTO surface. The actual electrode-

position was carried out by chronoamperometry, fixing the

potential at �1.1 V for 240 s, under dark conditions.

Finally, the samples were rinsed in ultrapure water and

heat-treated for 2 h at 380�C.

Preparation of Ag nanoparticles

Ag nanoparticles27 were electrodeposited from a 2 � 10�4

M silver nitrate solution, which contained as well 4 g/l of

PVP as surfactant, 0.01 M of sodium citrate (Na3C3H5

O(COO)3), and 0.1 M of NaNO3 as supporting electrolyte.

The operation took place at 60�C using an Ag/AgCl refer-

ence electrode, a platinum wire as counter electrode, and

the sample of FTO glass covered with previously deposited

nanoporous ZnO seeds as working electrode. A cyclic vol-

tammogram with a potential window between�0.95 V and

0 V gave an Ag reduction peak at �0.4 V, as it can be seen

in Figure 1(b). Ag was electrodeposited by chronoampero-

metry at �0.4 V, for periods varying from 100 s to 400 s.

Finally, the sample was rinsed in ultrapure water and heat-

treated at 160�C for 30 min.

ZnO nanorods growth on Ag/ZnO seeds

ZnO nanorods growth28 was performed in a chemical bath

solution containing 0.8 M sodium hydroxide, to which a

0.08 M solution of Zn(NO3)2�4H2O was added. This solu-

tion was stirred for 3 h. After that time, Zn(OH)2(s) was

removed by filtration and the filtrate was used as a growth

solution, in which FTO glass samples with Ag/ZnO seeds

were immersed for 75 min at 90�C. Finally, the samples

were left to dry at room temperature.

The whole procedure is presented in Figure 2.
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Photoelectrochemical characterization

The films were analyzed by cyclic voltammetry with a

Princeton Applied Research model 263A potentiostat/gal-

vanostat, in a 1 mM solution of NaNO3 at a scan rate of 50

mV/s using a potential range of �1.0 V to 1.0 V. Twenty

cycles were used to reach stability, and the results pre-

sented here are those of the last cycle. When the analysis

was done with light, the film was illuminated with a Wes-

tinghouse (13 W) lamp, in which an increase in the photo-

current was observed, due to the charge carrier’s separation

effect of light on the surface of the films (Figure 3).

Characterization of the films

The Ag/ZnO nanorod films were examined by X-ray dif-

fraction, with a Philips PANalytical X’PERT MPD dif-

fractometer (Panalytical, Eindhoven, the Netherlands),

using copper Ka as a source of radiation (l ¼ 0.154 nm).

The optical transmittance was measured with a Shimadzu

1800 spectrophotometer (Shimadzu , Kyoto, Japan), with a

measuring range between 190 nm and 1100 nm.

The morphological structure of the films was character-

ized with a Zeiss Supra 40 field emission scanning electron

microscope (Carl Zeiss AG, Oberkochen, Germany) (SEM),

operating at 3 kV. The chemical species present in the films

were identified with a VSW HA-100 X-ray photoelectron

spectrophotometer (XPS) spherical analyzer (VSW Atom-

tech Ltd, Oxfordshire, UK), using an aluminum (Al) anode

(Al Ka line, hn ¼ 1486.6 eV) as the X-ray source.

Results and discussion

The main reaction in the electrodeposition of ZnO is based

on the reduction of the precursor of OH–, for the formation

of Zn(OH)2 according to the equation

Znþ2þ2OH� $ ZnðOHÞ 2

In the electrochemical deposition of ZnO, the concen-

tration of OH– ions at the electrode interface can be con-

trolled by the reduction of precursors, such as O2 or nitrate

ions (NO3
–). The presence of molecular O2 in the solution

is due to the aerobic conditions under which the process

occurs. The electroreduction of O2 to hydroxide ions is

based on the following reaction

O 2þ2H 2 Oþ 4e� ! 4OH�

Figure 1. Electrodeposition using cyclic voltammetry at (50 mV/s) onto FTO: (a) ZnO seeds and (b) Ag electrodeposition onto ZnO
seeds. FTO: fluorine-doped tin oxide; ZnO: zinc oxide; Ag: silver.

Figure 2. General outline of film growth.

Figure 3. Cyclic voltammetry at 50 mV/s for: (a) ZnO nanorod
films onto Ag/ZnO seeds under UV-A illumination, (b) ZnO
nanorod films under UV-A illumination, and (c) ZnO nanorods in
the dark. ZnO: zinc oxide; Ag: silver; UV: ultraviolet.

Aranda et al. 3



The NO3
– produces the following reaction

NO�3 þ2H 2 Oþ 2e� ! NO�2 þ2OH�

The presence of Znþ2 causes consumption of the OH–

ions generated in the electrode, by generating ZnO

precipitation.29

The cyclic voltammetry (Figure 1(a)) shows a peak of

reduction of the hydroxide precursor that can be O2 or

NO�3 at �0.85 V and another at �1.1 V that is due to the

formation of ZnO on the electrode surface.

In the electrochemical deposition of the Ag nanoparti-

cles, the formation of a crystalline structure with spherical

morphology is observed and this is due to the use of sur-

factant (PVP).

Organic encapsulating reagents such as PVP are used for

the selective synthesis of metallic nanoparticles due to their

ability to affect their growth by a selective adhesion to

specific crystalline planes.30

The structural shape in the deposition of Ag can be

modified by two variables: the current density “J” and the

molar ratio R

R ¼ n PVP

Ag
ðmonomerÞ

Each variable was analyzed and it was found that a high

current density produces Ag in branched form (dendrites),

while low current densities give agglomerates of compact

nanoparticles. This effect is very similar to changing the

intensity of a reducing agent in chemical reduction systems,

where spherical nanoparticles are formed with a weak redu-

cer, while dendrites are produced in the presence of strong

reducers.30

X-ray diffraction results for the ZnO samples electrode-

posited by chronoamperometry, present peaks at 20.37�

and 34.18� (Figure 4), corresponding to the (003) and

(004) planes, respectively, of basic zinc acetate

(Zn5(OH)8(CH3COO)2�2H2O).31 After calcination, these

two peaks disappear, and the peaks corresponding to the

(100), (002), and (101) planes of ZnO increase.

Calcination changed the ratio of the sizes of the (002)

and (101) peaks: the (101) peak is larger before calcination,

while the (002) peak is larger afterward. It appears there-

fore that after electrodeposition of the seeds, a phase com-

posed of ZnO and basic zinc acetate is obtained first,

leaving only ZnO after calcination.

Optical transmittance of the seed samples in the 300–

700 nm range is shown in Figure 5. The ZnO absorption

peak, as well as the plasmon absorption peak at 450 nm, can

be observed only in Ag/ZnO samples. Optical transmit-

tance reduction in the visible range for the Ag/ZnO sample

can be associated with metallic reflection from the depos-

ited Ag seeds.

The growth of ZnO nanorods films on Ag/ZnO and ZnO

seeds was studied with SEM (Figure 6). It can be seen that

ZnO seeds formed initially as nanosheets (Figure 6(a)).

After the 380�C heat treatment, these structures collapsed

to form semispherical nanoparticles (Figure 6(b)) with a

mean size of 21 nm.

The Ag/ZnO sample treated at 160�C (Figure 6(d))

showed spherical nanoparticles of 52.5 nm mean size. In

the case of electrostatically deposited nanoparticles, the

current density was very low (approximately 100 mA/

cm2), which explains the spherical and compact shape of

the Ag nanoparticles (Figure 6(d)). Very low concentra-

tions of Ag (2 � 10�4 M) were used, which with respect

to the relation R indicates us that with higher values there is

a tendency to form smaller spherical structures R > 100.30

Calculated value of R in our synthesis gives a value of

approximately 180, which supports the hypothesis of the

form obtained with the electrodeposition of Ag.

The the reduction of the Ag associated diffraction peak

occurs because the ZnO seed films are porous- (Figure

6(b)). For the adhesion of the nanoparticles of Ag on that

surface, was used electrodeposition at�0.4 V, and the film

was formed with the characteristic (yellowish) coloration

of the nanoparticles of Ag.

The ZnO nanorods films can be seen in Figure 6(c) and

(e). There is a clear difference between the ZnO nanorods

grown on Ag/ZnO seeds and those grown on ZnO seeds, as

Figure 4. X-ray diffraction of the ZnO seeds, before and after
calcination. ZnO: zinc oxide.

Figure 5. Optical transmittance between 300 nm and 700 nm of
the ZnO (solid line) and Ag/ZnO (dashed line) seeds. ZnO: zinc
oxide; Ag: silver.
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Figure 6. SEM images of (a) the electrodeposited ZnO seeds before and (b) after calcination, (c) ZnO nanorods obtained on the ZnO
seeds, (d) Ag nanoparticles electrodeposited on calcinated ZnO seeds, and (e) ZnO nanorods obtained on Ag/ZnO seeds. Insets to the
right shown the ZnO nanorod diameter distribution. SEM: scanning electron microscope; ZnO: zinc oxide; Ag: silver.
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the former are circular and the latter hexagonal in shape.

This difference is attributable to the epitaxial growth typ-

ical of each film: the cubic structure of Ag nanoparticle

seeds transforms the hexagonal structure of the ZnO nanor-

ods to produce cylindrical nanorods.32 Conversely, ZnO

seeds produce hexagonal nanorods, typical of the ZnO

structure.

X-ray diffraction of the ZnO nanorods formed on Ag/

ZnO and ZnO (Figure 7) showed the (100), (002), and (101)

planes typical of the Wurtzite structure. The (002) prefer-

ential plane is characteristic of the orientation of the nanor-

ods along the c-axis of the crystal structure.33

It can be seen that Ag nanoparticles produce a prefer-

ential orientation along the (002) plane during the growth
Figure 7. X-ray diffraction of ZnO nanorods. ZnO: zinc oxide.

Figure 8. XPS spectra for (a) Zn 2p in the ZnO electrodeposited seeds, (b) Ag 3d in the Ag nanoparticles electrodeposited on ZnO
seeds, (c) Ag 3d in the nanorods grown on Ag/ZnO seeds, (d) O 1 s in the Ag/ZnO seeds, and (e) O 1 s in the nanorods grown on Ag/
ZnO seeds. XPS: X-ray photoelectron spectrophotometer; ZnO: zinc oxide; Ag: silver.
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of the nanorods; small amounts of Ag are known to pro-

mote a growth effect along the c-axis of ZnO films34

The XPS spectra give information on the elements pres-

ent in the ZnO/Ag film and their chemical bonds in each

phase of the growth process. Figure 8(a) shows the spec-

trum obtained for Zn in electrodeposited ZnO seeds after

calcination, with the Zn 2p peak at 1020.8 eV, correspond-

ing to Zn (II) in the ZnO structure.35

The XPS spectrum for Ag 3d in the seeds (Figure 8(b))

presents two peaks for Ag (0) at 367.1 and 373.1 eV. As for

the finished films containing nanorods, Figure 8(c) shows

the spectrum of Ag 3d with two peaks at 366.81 and 372.81

eV, characteristic of the Ag (0) state.36 It also shows two

supplementary peaks at 371.59 and 377.59 eV, indicating

the formation of a silver oxide (Ag2O) layer36 during the

growth of the ZnO nanorods on these nanoparticles.

One can observe that the intensity of the Ag 3d XPS

spectra is larger for the ZnO seeds with Ag nanoparticles

than for the finished film of ZnO nanorods grown on the

same seeds. This can be explained by the method of anal-

ysis, which is superficial; the Ag nanoparticles are more

easily detected when they are present on the ZnO seeds

than when the ZnO nanorods have grown on the surface.

The O2 XPS spectrum of the ZnO seeds (Figure 8(d))

shows two types of O2 bonds: a higher 529.7 eV peak cor-

responding to the ZnO structural oxygen37 (O2–) and a

smaller 531.5 eV peak corresponding to the O2 of the super-

ficial hydroxyls37 (–OH) bonded to the ZnO species. These

features are obtained because the 380�C heat treatment has

caused desorption of most of the superficial hydroxyls to

form water and the structure outlined in Figure 9.

Unlike the ZnO seeds, the nanorods have an O2 XPS

spectrum (Figure 8(e)), where the main peak (531.1 eV)

corresponds to the O2 of the superficial hydroxyls, and

the smaller peak (529.5 eV) to the structural O2. This is

the reverse of what was observed for the ZnO seeds,

since the nanorods were formed at 90�C, and at this tem-

perature, the dehydration of the hydroxyls does not take

place and the surface of the nanorods contains therefore

more –OH. A smaller peak at 535.3 eV may be due to

chemisorbed water on the surface of the nanorods.

The illumination of a film of ZnO nanorods without Ag

produces a change in current, due to the light-induced

photocurrent on the semiconductor (Figure 3(a)). An

increase in the photocurrent was also observed for the ZnO

films containing Ag nanoparticles, as can be seen in

Figure 3(b), together with a comparison between this effect

on ZnO films with or without Ag nanoparticles.

The influence of the nanoparticles in the production of

photocurrent is due to the reflective effect of Ag nanopar-

ticles when the beam of light hits the Ag/ZnO films. This

effect can also be observed on the measurements of UV-Vis

transmittance (Figure 5). The Ag nanoparticles caused a

larger and different dispersion of light on the surface of the

nanorods, compared to the samples without Ag, in such a

way that the former absorbed a larger proportion of the

light and produced a higher photocurrent.

Conclusions

A method has been developed for the synthesis of ZnO

nanorods with Ag nanoparticle seeds, using the techniques

of electrodeposition and chemical bath. A change in the

structure of the seeds was obtained through heat treatment,

transforming a mixture of ZnO and basic zinc acetate into

pure ZnO, as evidenced by X-ray diffraction. The presence

of Ag nanoparticles on the ZnO seeds caused a change in

the morphology of the film, from the hexagonal-shaped

nanorods characteristic of the ZnO seeds, to cylindrical-

shaped nanorods on the Ag/ZnO seeds.

The plasmon absorption of ZnO/Ag seeds can produce a

reflective effect to improve the light absorption in the

nanorods of ZnO as a consequence the photocurrent

increased.

The characteristics of the superficial atomic bonds of the

films were obtained from the XPS spectra. The growth of

the ZnO nanorods introduced changes on the surface of the

Ag nanoparticles, with the appearance of peaks indicating

to a thin layer of Ag2O.

The O2 XPS spectra revealed that the heat treatment of

the sample resulted in a larger presence of interstitial O2,

compared to hydroxyl O2, in the ZnO seeds. However, the

ZnO nanorods showed a larger presence of hydroxyl O2,

compared to interstitial O2, as their synthesis took place at

only 90�C.

At potentials larger than 0.5 V, a larger photocurrent

was observed on the ZnO nanorods grown on Ag/ZnO

seeds, compared to those grown on ZnO seeds. This differ-

ence is attributed to the beneficial effect of Ag seeds, which

reflect the light not absorbed by the sample and increase the

photogeneration of the charge carriers.

Figure 9. Formation of structural oxygen from superficial hydroxyls.37
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