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Abstract The preparation of Ce(OH)3/CeO2 nanostruc-

tures (NSs) through electrogeneration of base into anodic

alumina membranes was studied. The effects of solvent

(alcohol and/or water), Ce3? partner anion nature (chloride

or nitrate) and concentration, applied potential or current

density in driving the morphology toward nanowires

(NWs) and/or nanotubes (NTs) was described. The struc-

tural analysis performed by X-Ray Diffraction and Raman

Spectroscopy allowed to evidence that the presence of

Ce(IV) into the nanostructures strongly depends on the

oxygen content in the growing environment.

Keywords Ceria � Nanowires � Nanotubes � Template �
Electrogeneration of base

1 Introduction

In recent years electrodeposition of several metal hydrox-

ides and oxides has been successfully achieved at room

temperature by electrogeneration of base from the cathodic

reduction of metal salt solutions such as nitrate or chloride

[1–4]. Oxide can be directly produced via electrogeneration

of base from properly selected organic solvent or indirectly

by thermal treating the corresponding hydroxide. This

technique has been recently adapted as a soft electro-

chemical route to the preparation of nanotubes/nanowires

metal hydroxides and/or oxides through the employment of

a template [5–9]. The deposition of metal hydroxides

involves two steps at the cathode/electrolyte interface: the

cathodic generation of hydroxyl ions and the chemical

precipitation of the hydroxide. Both steps depend on the

nature of chemical species present in the electrolyte sub-

jected to the reduction process as well as on the local

concentrations and solubility product of the hydroxide/

oxide in the employed solvent. Owing to presence of an

electric field, the electrolytic deposition allows better

control of the deposition rate and deposit uniformity, also

on substrates of complex shape such as anodic alumina

membrane (AAM). Only few examples are reported in the

literature on the effect of different parameters in control-

ling the morphologies of the nanostructures inside a hard

template, and are mainly related to metal deposition. For

instance, the pulse voltage during the electrodeposition into

track-etched polycarbonate membrane has been used to

pass from Co and Fe nanowires to nanotubes [10] and the

template pore-wall-modification method has been recently

developed [11–14] to fabricate metal nanotubes array using

a porous alumina film.

To the best of our knowledge nothing is reported in the

literature about the possibility to control, during electro-

deposition inside AAM, the shape of the oxide and/or

hydroxide nanostructures (NSs), which in turn considerably

influences the practical applications. For instance, owing to

their hollow interiors and high specific area, ceria nano-

tubes find applications as auto exhaust catalysts [15–17]

and/or as co-catalysts for enhancing the performances in

terms of higher thermal stability and catalytic activity [18–

23], while CeO2 nanowires can be employed as oxygen

sensor [24], for energy storage [25] and as electrolyte for

intermediate temperature solid oxide fuel cell (IT-SOFC)

[26, 27]. This last potential application is really promising

considering that doped ceria has been investigated over the

past 20 years as possible oxide-ion electrolyte competitive

with stabilized zirconia [26, 28–34] with the advantages of
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higher ionic conductivity at lower operation temperature

(700–800 �C vs. 900–1,000 �C currently used for zirconia-

based electrolyte). On the other hand, if we take into

account that AAMs have been proved to be efficient sup-

port of ionic conductor in low temperature fuel cells [9,

35–37], allowing to decrease the ionic conductor thickness

in absence of short circuits and gas crossover, the possi-

bility to directly use the AAM/NWs composite in thin film

fuel cell appears really appealing.

In a previous work [8] we have shown that high quality

arrays of Ce(OH)3/CeO2 nanotubes can be prepared via

electrogeneration of base into AAM pores from a cerium

nitrate aqueous solution, while the same process carried out

in ethanol solution containing cerium chloride brings to the

formation of nanowires structures [9]. Starting from these

findings, in this work we exploit the possibility to design a

process, i.e. template-assisted electrogeneration of base,

toward the formation of NTs or NWs for specific appli-

cations. At this aim the influence of different

electrodeposition parameters on the morphology of the

grown Ce(OH)3/CeO2 nanostructures without any pre-

treatment of alumina template is examined. The effects of

solvent (alcohol and/or water), nature (chloride or nitrate)

and concentration of Ce3? partner anion, applied potential

or current density in driving the morphology toward

nanowires and/or nanotubes are described.

2 Experimental

2.1 Synthesis of Ce(OH)3/CeO2 nanostructures

Commercial anodic alumina membranes (Whatman, aver-

age pore diameter 200 nm, porosity 43%) were employed

as template. Gold was sputtered on one side of the mem-

brane to serve as conductive layer. AAM/Au electrodes

were electrically connected with aluminum using a silver

paste. The active surface area exposed to the solution was

delimited by using 1) a holder with silicon gaskets,

2.54 cm2 and 2) an insulating lacquer (Lacomit, UK)

1 cm2. The AAM/Au electrodes were left in the electrolyte

for 2 h before the electrodeposition in order to allow the

permeation of solution within the membrane pores.

The electrodeposition process was carried out by using

multichannel potentiostat VMP2 (Princeton Applied

Research) in both aqueous and non aqueous (in ethanol)

solution. CeCl3 � 7H2O or Ce(NO3)3 � 6H2O were

employed as solute for the deposition of Ce(OH)3/CeO2

NSs, and Co(NO3)2 � 6H2O was added in order to prepare

cerium-cobalt containing NWs.

A classic three-electrode cell was employed with the

AAM/Au as working electrode, a DSA (Dimensionally

Stable Anode) as counter electrode and a saturated calomel

electrode (SCE) as reference electrode. For ethanol con-

taining solutions, the reference was connected with the cell

through a salt bridge and the anodic and cathodic com-

partments were separated by a sintered glass disk.

Thermal treatment of AAM/NSs was realized in an oven

at 500 �C in air.

2.2 Characterizations

Morphology and quality of the NSs were investigated by

using a Philips XL30 ESEM Scanning Electron Micro-

scope (SEM). The AAM/NSs samples were sometimes

chemically etched in 1 M NaOH for 2 h in order to remove

the alumina host, and successively washed in H2O and

filtered, producing numerous pieces of random broken NSs

arrays on the stub. Energy dispersive X-ray analysis (EDX)

was also performed in order to identify the elements into

the deposited materials. X-ray analysis of composite AAM/

NSs arrays was realized by a Philips X-Ray Generator

(Model PW 1130) and a PW (Model 1050) goniometry.

All diffractograms were obtained in the 2h range 10�–

100� with a step of 0.02� and a measuring time of 0.5 s for

step, using copper Ka radiation (k = 1.54 Å). The identi-

fication was performed according to the ICDD (The

International Centre for Diffraction Data�) available cards.

Raman spectra were obtained at room temperature using

a Renishaw (inVia Raman Microscope) spectrometer

equipped with a microprobe (50x) and a CCD detector. The

excitation was provided by the 532 nm line of a Nd:YAG

laser. The power of the incident beam on the sample was

5 mW and the width of the analyzed spot for each sample

was about 2 lm. The time of acquisition was adjusted

according to the intensity of the Raman scattering. The

wavenumber values reported in the spectra have 1 cm-1

accuracy. The Raman analysis were performed in different

areas of the the surface sample in order to verify the

homogeneity of the deposit.

3 Results and discussion

In Fig. 1 we report the current vs time curves recorded

during potentiostatic polarization of the AAM/Au elec-

trodes in 0.3 M CeCl3 � 7H2O ethanol solution. In these

conditions, uniform, continuous and high ordered network

of nanowires form without an appreciable influence of the

electrical conditions on their morphology, according to the

SEM images of the nanostructures after AAM removal (see

Fig. 2).

Under the applied cathodic potentials the circulating

current can be sustained by the following reduction

processes:
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2H2Oþ 2e� ! H2 þ 2OH� ð1aÞ

2H3Oþ þ 2e� ! H2 þ 2H2O ð1bÞ
O2 þ 2H2Oþ 4e� ! 4OH� ð1cÞ
O2 þ 2H2Oþ 2e� ! 2OH� þ H2O2 ð1dÞ

According to the following equation, the reduction of

solvent cannot be excluded [38] owing to the high cathodic

potential applied during the deposition,:

CH3CH2OHþ 3H2Oþ 4e� ! 2CH4 þ 4OH� ð1eÞ

All these half-cell reactions produce under cathodic

polarization a pH increase at the cathode (bottom of

AAM), inducing the precipitation into the AAM pores of

cerium hydroxides Ce(OH)3 [39]:

Ce3þ þ 3OH� ! Ce OHð Þ3# ð2aÞ

and/or the formation of Ce(IV) ionic species [40, 41]:

2Ce3þ þ H2O2 þ 2OH� ! 2Ce OHð Þ22þ ð2bÞ

responsible of the precipitation of CeO2 according to the

following reaction:

Ce OHð Þ2þ2 þ2OH� ! CeO2 þ 2H2O ð3Þ

The reactions (1c), (2b) and (3) are less probable

because of the great number of involved species and the

very low oxygen concentration inside the pores, bringing to

a low CeO2 content into the deposited NSs. This suggestion

is confirmed by the X-ray diffraction patterns of the

composite AAM/NSs prepared by polarizing the AAM/Au

electrodes, for 1 h at -3, -6 and -9 V/SCE, in 0.3 M

CeCl3 � 7H2O ethanol solution (see Fig. 3). The AAM/

NWs of Fig. 3 are mainly constituted of Ce(OH)3 (ICCD

74-0665 card) with broad and not pronounced peak, due to

the presence of the AAM host and/or to scarce cristallinity.

The main peak at 28,8� relative to CeO2 (ICCD 34-0394

and 81-0792) appears only when the circulated charge is

enough to allow the complete pore filling and the

subsequent formation of a compact layer over the AAM

template, where more oxygen is available. This is the case

of the electrodeposition performed at -9 V/SCE for 1 h,
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Fig. 1 Current density vs. time during the electrodeposition of Ce

oxy-hydroxide NWs inside porous AAM in 0.3 M CeCl3 � 7H2O in

ethanol solution at different applied potentials: -9 V/SCE; -6 V/SCE;

-3 V/SCE

Fig. 2 S.E.M. images of Ce oxy-hydroxide NWs after removal of

the alumina template electrodeposited in 0.3 M CeCl3 � 7H2O etha-

nol solution for 1 h at different applied potentials. a -3 V/SCE;

b -6 V/SCE; c -9 V/SCE
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where the presence of a compact layer 13 lm thick over

the nanodeposit array was revealed. This finding was

confirmed by comparing the XRD spectra relating to AAM/

NWs assemblies prepared at the same current density for

several circulating charges corresponding to partially filled

and covered templates (see ref. 9), and is in agreement with

XPS analysis performed on thin films electrodeposited

from 0.3 M CeCl3 � 7H2O in naturally aerated ethanol

solution [42].

According to the XRD spectra of Fig. 3, thermal treat-

ments (4 h at 500 �C under air exposure) of AAM/NWs

samples induce the complete oxidation of Ce(OH)3 to

CeO2 and improve the crystallinity of the deposited

materials.

The described results have been also confirmed by

Micro Raman Spectroscopy analysis. The Raman spectra

of AAM/NWs of Fig. 1 display bands at 250, 452, 600 and

750 cm-1 (Fig. 4). The prominent band at 452 cm-1 can

be assigned to the symmetric breathing mode of O atoms

around each Ce4? cation (Raman mode in metal dioxides

with fluorite structure), while the weaker band at 250 cm-1

can be referred to cubic CeO2 second order scattering [43,

44]. The main line at 452 cm-1 is in good agreement with

the value of 454.2 cm-1 reported in [45] for ceria films

cathodically deposited on steel substrate from Ce(III)

chloride solution, while it is sensibly different from the

frequency of 466 cm-1 often reported in the literature for

single crystal CeO2. The peak around 600 cm-1 is usually
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Fig. 3 X-ray diffractograms of

AAM/NWs prepared in 0.3 M

CeCl3 � 7H2O ethanol solution

at different applied potentials

(-9 V/SCE; -6 V/SCE;

-3 V/SCE) for 1 h. The

thermal treatment of

AAM/NWs prepared at

-9 V/SCE has been performed

at 500 �C for 4 h under air

exposure

Fig. 4 Raman spectra of

AAM/NWs prepared in 0.3 M

CeCl3 � 7H2O ethanol solution

at different applied potentials

(-9 V/SCE; -6 V/SCE;

-3 V/SCE) for 1 h
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assigned to the oxygen vacancies due to the nonstoichi-

ometry of CeO2 and often reported in literature for

nanocrystalline ceria [46, 47]. In agreement with XRD

results, the peaks intensity (related to CeO2) performed on

AAM/NWs samples decreases drastically with the applied

potentials (or deposit thickness), due to the low percentage

of CeO2 lattice. The thermal treatment of AAM/CeO2

samples (Fig. 4) induces a shift of the intense band from

452 to 463 cm-1 together with a sharpening and an

improved symmetry, attributed to the grain size of the

sample increasing at higher calcination temperature (better

crystallization) [48].

In conclusion, the use of ethanol and CeCl3 � 7H2O

allows to prepare high quality Ce(OH)3/CeO2 NWs, which

can be completely oxidized by thermal treatment to ceria

NWs.

Since our recent results [8] have proved that also ceria

NTs can be produced via electrogeneration of base by

using an aqueous solution, we have evaluated the effect of

water content on the morphology of the nanostructures.

The addition of water into 0.3 M CeCl3 � 7H2O ethanol

electrolyte brings to the formation of mixed arrays of

nanowires and nanotubes, as shown in Fig. 5, where the

morphologies of nanodeposits prepared in mixed ethanol/

water solvent at different H2O/EtOH ratios are reported.

This indicates that the nanowire growth is the preferred

process only when the water acts as solute, as in the case of

CeCl3 � 7H2O in ethanol. Nanotubes morphology appears

when water behaves like solvent, evidencing that the

dielectric constant of the electrolyte and, thus, the solu-

bility of the hydroxide/oxide in the employed solvent, is a

key factor. This is confirmed also by electrodepositions

performed using an amphiprotic solvent with dielectric

constant close to that of ethanol, i.e. methanol, which

produce nanowires arrays with morphologies very similar

to those obtained in ethanol [9].

According to the literature [49], the addition of ethyl

alcohol into an aqueous electrolyte promote particle

coagulation and gel formation because reduces the solu-

bility of the deposit. This procedure is commonly used in

the corrosion field because leads to homogeneous and

continuous coatings with reduced cracked areas and

porosity [50]. Our results suggest that these features can be

reported to a restricted geometry, such us the nanometric

pores of AAMs, leading to a complete and uniform filling

of the pore and, thus, to a nanowire morphology. This can

be explained considering that hydrolysis reactions result in

the accumulation of colloidal particles at the pore bottom

(cathodic area) that form a deposit by flocculation assisted

by the electrolyte (according to DLVO theory of colloidal

stability [49]). Thus, a lower solubility of the hydroxide/

oxide induces a more enhanced coagulation of colloidal

particles near the cathode, because of the high

concentration and pressure resulting from the formation of

new particles.

The synergetic wiring effect of chloride/ethanol was

successfully employed for preparation of mixed Ce/Co

Fig. 5 S.E.M. images of Ce oxy-hydroxide nanostructures after

removal of the alumina template electrodeposited in 0.3 M

CeCl3 � 7H2O ethanol solution at i = 4 mA/cm2 for 1 h at different

H2O/EtOH ratios. a H2O/EtOH = 10% vol; b H2O/EtOH = 25%

vol; H2O/EtOH = 50% vol
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oxi-hydroxide nanowires through electrogeneration of base

into AAM. In Fig. 6 we report the SEM image of the

nanostructure after AAM removal deposited from a

CeCl3 � 7H2O/Co(NO3)2 7H2O in ethanol solution. A

nanowire-type morphology is evident, while energy-dis-

persive X-ray (EDX) spectrum (corresponding to the

specimens in Fig. 6a) reveals the Ce and Co peaks, indi-

cating the co-deposition of cerium and cobalt. If we

consider that the addition of small amount of cobalt oxide

to gadolinia-stabilized ceria resulted in much lower sin-

tering temperature, higher shrinkage rates and grain sizes in

the final sintered product [51–54], these preliminary results

appear promising for SOFC electrolyte applications.

The current results obtained in CeCl3 � 7H2O mixed

water/ethanol solvent emphasized that water exhibits a

significant tubizing effect on the morphological growth of

the hydroxide, but neither the employment of pure water

solvent is enough to produce uniform and high quality

Ce(OH)3 nanotubes, as shown in Fig. 7.

In order to check a possible influence of solute con-

centration we also performed electrogeneration of base

process in more dilute solution. As shown in Fig. 8a the

morphology of the nanostructures prepared in 0.05 M

cerium chloride in water is very similar to that obtained in

more concentrate electrolytes.

As already found in alcoholic solution, the morpholog-

ical features of nanostructures deposited in aqueous

solution are almost independent on the electrical parame-

ters as confirmed by the SEM analysis relating to

nanostructures prepared in a wide current density range.

From 4 mA cm-2 down to 10 lA cm-2 (see Fig. 8b) the

nanostructures maintain similar morphologies, consisting

of mixed nanotubes/nanowires arrays.

In order to achieve high quality nanotubes arrays the metal

chloride must be replaced with metal nitrate. Fig. 9 shows

the SEM images of the Ce(OH)3/CeO2 nanotubes electro-

deposited from 0.05 and 0.3 M Ce(NO3)3 � 6 H2O aqueous

solution. In presence of cerium nitrate water solution, a

further reduction process must be added to the eq. (1):

NO3
� þ H2Oþ 2e� ! NO2

� þ 2OH� ð4Þ

This reaction, which is thermodynamically favoured

with respect to water reduction due to the high standard

reduction potential of nitrate ions in aqueous solution, leads

also to the OH- formation and, thus, to the subsequent

hydroxide precipitation. According to the morphological

findings, uniform arrays of hollow interior nanostructures

can be produced only in absence of both ethanol and

chloride ions, thus confirming that the kinetic of the

coagulation of colloidal particles near the cathode is

influenced also by Cl- ions, as already observed on flat

geometry for ceria thin film, which are more adherent and

uniform if prepared from CeCl3 solutions with respect to

other salts [55].

Fig. 6 a S.E.M. image of

Ce/Co oxy-hydroxide NWs

after removal of the alumina

template electrodeposited in

0.24 M CeCl3 � 7H2O ?

0.06 M Co(NO3)2 7H2O ethanol

solution at i = 4 mA/cm2 for

1 h. b Energy-dispersive X-ray

(EDX) spectrum corresponding

to the specimens of Fig. 6a
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In summary, the results obtained in aqueous baths

indicate that the morphology cannot be precisely controlled

by electrical parameters and the use of Ce(NO3)3 � 6 H2O

remains the preferable way to make uniform and parallel

cerium oxide nanotubes.

4 Conclusions

The fabrication of cerium hydroxide/oxide nanowires and/

or nanotubes via template-assisted electrogeneration of

base has been investigated. The growth of the nanostruc-

tures was associated to the to the precipitation of Ce(OH)3

induced by the pH increase on the cathode surface caused

by the reduction processes, as well as to precipitation of

CeO2 induced by the formation of Ce(OH)2
2? complexes.

The experimental results suggest that there is not a

strong influence of the electrical variables (i.e. current

density or applied potential) in determining the morphol-

ogy of the grown nanostructures, while their shape

(nanowire or nanotube) can be controlled by an appropriate

choice of anion and solvent. As general trend, it can be

concluded that while water solvent and nitrate drive the

deposits toward a nanotube morphology, ethanol and

chloride drive the morphology of the deposit toward

nanowires.

Fig. 7 S.E.M. images at different magnifications of Ce oxy-hydrox-

ide nanostructures after removal of the alumina template

electrodeposited in 0.3 M CeCl3 � 7H2O aqueous solution at

i = 4 mA/cm2 for 1 h

Fig. 8 S.E.M. morphologies of Ce oxy-hydroxide nanostructures

after removal of the alumina template electrodeposited in aqueous

solution for 1 h. a 0.05 M CeCl3 � 7H2O at i = 4 mA/cm2 and

b 0.3 M CeCl3 � 7H2O at i = 10 lA/cm2
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As confirmed by XRD and Raman analyses, the struc-

tural features of the nanowires are influenced by the

circulating charge but thermal treatments allowing the

formation of CeO2 (fluorite structure) via a complete oxi-

dation of Ce(III) to Ce(IV) are necessary to enhance the

crystallinity of the deposit.

In response to a growing need for metal-oxide nano-

tubes and nanowires for different applications, the

template electrogeneration of base approach appears an

efficient technique in fabricating nanowires and/or nano-

tubes. We are currently exploring the possibility to apply

this method to other metal hydroxides/oxides in different

nanometric shapes through the regulation of operational

parameters.
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