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Abstract

Nanocrystalline ZrO2 has been prepared by using ZrO(NO3)2�6H2O through direct precipitation followed by calcination. Transmission Electron

Microscopic characterization of the powder shows the particle size dominantly of the order of 10 nm. The X-ray diffraction pattern shows the

formation of both tetragonal and monoclinic phases where the tetragonal phase is dominant. The estimation of tetragonal phase has been carried out

using the Raman scattering spectroscopy. Zeta potential of suspended ZrO2 in aqueous medium with surfactant has been measured at varying pH

and temperature to understand the effects of temperature at the interface of nanocrystalline ZrO2 in water.
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1. Introduction

Zirconia is an important ceramic material due to its versatile

properties [1]. Recently, ZrO2 has attracted considerable

attention in corrosion science because of its possible

application in preventing high temperature aqueous corrosion

of stainless steel [2–4]. ZrO2 is a wide band gap material and

suitable for inhibitive protective coating of stainless steel. In

principle, ZrO2 coating stops the redox reaction occurring at

grain boundaries of stainless steel in presence of dissolved

oxygen which is known to aggravate inter-granular corrosion

cracking.

Zirconia has three stable crystal forms: monoclinic (up to

1170 8C), tetragonal (1170–2370 8C) and cubic (2370–

2680 8C) [5]. The tetragonal form can be retained in a

metastable state at room temperature by adding various oxides,

in particular yttria [5] or by decreasing the particle size below a

certain critical size [6,7]. In case of thin films (nm range),

tetragonal zirconia is more stable [8]. Tetragonal structures

have higher strength and toughness compared to monoclinic

zirconia. Higher toughness of tetragonal zirconia can be
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understood in terms of transformation toughening [9]. In thin

films, zirconia particles interact around a propagating crack of

the substrate at the crack tip zone and the metastable tetragonal

particles in the crack tip zone transform to the monoclinic

crystal structure. The tetragonal to monoclinic transformation

is associated with 4% increase in volume. Due to this volume

expansion, crack tip compresses which retards crack growth.

This leads to enhancement of fracture toughness of coatings

made with metastable tetragonal zirconia particles [10]. So, it is

advantageous to produce a predominant tetragonal phase in

ZrO2 coating. Several routes are followed for forming the

zirconia coating viz. pulsed laser deposition [11], chemical

vapour deposition [12], plasma spraying [13], electro-deposi-

tion [14], laser engineered net shaping (LENS) [15], hydro-

thermal [16,17] and sol–gel [18]. Most of the physical

techniques used for coating the surfaces are difficult to

implement at industrial scale as well as systems having

complex designs. Hence, among the other techniques,

hydrothermal method is more suitable because of its simplicity

and applicability for industrial scale. Also the method is

suitable for systems with complex designs.

Forming ZrO2 coating by directly depositing the ZrO2 nano

powder over stainless steel through hydrothermal process is

challenging and promising [19]. In this process, the phase of the

coating can be controlled. Tetragonal phase of zirconia is
d.
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Fig. 1. Bright field TEM micrograph of the ZrO2 powder showing the nano

sized particles.
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preferred as compared to monoclinic phase for a stable

protective coating on stainless steel. In the process of

nucleation of the ZrO2 coating, it is known that the electrostatic

interaction between the substrate and the suspended particles

[20] play the major role. So, it is essential to know the surface

charge of ZrO2 nano particles suspended in aqueous solution

[21] for properly maintaining the experimental parameters such

as pH and type of dispersants [22] in the solution. In this article,

the preparation of nanocrystalline zirconia powder by

precipitation [23] route has been reported. Here, efforts have

been made to form dominantly tetragonal zirconia powder by

producing high quality nanocrystalline ZrO2 particles. Prepared

Zirconia powder was characterized for its phase determination,

size distribution and chemical composition by X-ray diffraction

(XRD), Transmission Electron Microscopy (TEM) and X-ray

photoelectron spectroscopy (XPS) techniques, respectively.

Zeta potential of the nanocrystalline zirconia powder was

studied as a function of pH at various temperatures and with the

addition of surfactant.

2. Experimental details

2.1. Materials synthesis

Nanocrystalline ZrO2 was prepared through direct precipita-

tion process by using ZrO(NO3)2�6H2O (Fluka), NH3�H2O

(Merck), ethanol (Merck), polyethylene glycol (PEG) 8000 and

ultra pure water. Initially, 0.25 M solution of zirconyl nitrate was

prepared by dissolving ZrO(NO3)2�6H2O in water containing

ethanol (18%, v/v). PEG-8000 (2.5%, w/v) was added into the

ZrO(NO3)2 solution. The NH3�H2O (0.5 M) solution was added

drop-wise (3 ml/min) to the ZrO(NO3)2 solution kept at 80 8C
with continuous stirring. The pH of the solution was adjusted to

9. A white, gelatinous precipitate obtained was filtered, washed

with ethanol (18%, v/v), dried at 100 8C for 2 h and then calcined

at 550 8C for 4 h. Prepared powder was characterized by

different techniques to get a complete understanding of its

particle size, crystallographic phases and chemical state of

zirconium.

2.2. Materials characterization

The Raman spectrum of the prepared powder was obtained

using HORIBA Jobin Yvon HR 800 spectrometer with

514.5 nm Ar+ ion laser.

X-ray photoelectron spectroscopic (XPS) studies were

carried out using VG-ESCA Lab MK 200x equipment using

Al Ka as the incident X-ray and the data was collected using a

hemispherical analyzer kept at 20 eV pass energy.

The XRD patterns were recorded using a Philips (XPERT

MPD) X-ray diffractometer employing Cu Ka radiation with 2u

scanning speed of 0.058/min. TEM studies were carried out in a

Philips CM200 ATEM using a LaB6 filament and an

acceleration potential of 200 kV. The ZrO2 powder were first

dispersed in ethanol, sonicated for about 10 min, spread on a

3 mm diameter carbon coated copper grid and finally dried at

40 8C.
2.3. Zeta potential measurements

Nanocrystalline ZrO2 powder was dispersed in aqueous

solution at different pH. The pH of the solution was adjusted by

adding dilute solutions of NaOH and HCl. Prior to the

measurement of zeta potential, the ZrO2 particle was suspended

in water and sonicated to avoid agglomeration. After

sonication, the solution containing the particles was left

undisturbed for 24 h to get a stable suspension. Zeta potentials

were measured with a Zeta meter (Malvern Instruments,

Malvern, UK) by phase analysis light scattering. The light

source was He–Ne laser (633 nm) operating at 4.0 mW. The

zeta potential values were calculated from the electrophoretic

mobility data using Smoluchowsky approximation. The

experiment was carried out using a quartz cuvette (universal

‘dip’ cell) with 10 mm light pathway. These measurements

were performed at 25 8C, 40 8C and 70 8C. The effect of widely

used dispersant like sodium docecyl sulfate (SDS) on zeta

potential of the nanocrystalline ZrO2 was also studied as a

function of pH at 25 8C.

3. Results and discussion

3.1. Micro-structure analysis by TEM and XRD

The bright field TEM micrograph of an agglomerate of the

ZrO2 powder on the carbon film is shown in Fig. 1. The image

has been recorded at slight under focus in order to enhance the

contrast at the boundaries of the particles. It is observed from

the figure that the powder particles are in nanometer size and

these nano-particles are faceted indicating their crystalline

nature. The sizes of these nano particles are observed to be

typically in the range of 10–20 nm. However, for a more

accurate estimation of the crystallite size distribution, an image

analysis technique was employed on a dark field micrograph

shown in Fig. 2. This dark field micrograph was imaged using



Fig. 2. Dark field TEM micrograph of the powder particles showing nano-

crystalline ZrO2.

Fig. 4. (a) Electron diffraction pattern evaluated from the image processing

technique from SAD pattern shown in the inset, and (b) X-ray diffraction pattern

of the nano ZrO2 powder; peaks corresponding to tetragonal (major) and

monoclinic (minor) ZrO2 phases may be identified from this viewgraph.
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the objective aperture around the diffraction spots measuring

2.8–3.1 Å. It is observed from the histogram (Fig. 3) that most

of the nano crystals measure 10 nm and some are in the size

range of 15–25 nm while a few measure up to 50 nm. This

result is consistent with the observation made from the bright

field image in Fig. 1 earlier. It is believed that the use of PEG-

8000 as steric dispersant controlled the particle size with

narrow size distribution. The mechanism of interaction of PEG

with precipitated particles is discussed below.

It is known that in the process of formation of nano particles

through wet chemistry route, the colloidal stability plays an

important role in the development of precipitate morphology

[24]. PEG-8000 used in the preparation acts as a steric

dispersant. Due to its amphiphilic nature, it can give steric

stabilization to control the colloidal interaction potential with

its hydrophobic ends adsorbed on the particle surface while the

oxyethylene chain stretching into water phase. The precipitated

particles are separated from each other due to the surrounding
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Fig. 3. ZrO2 crystallite size distribution obtained from analysis of TEM dark

field micrograph.
polymer matrix. So PEG adsorbed on the surface of precipitate

prevents agglomeration during particle growth and both particle

size and distribution would decrease [25].

Ethanol as solvent plays important role in ZrO2 preparation.

During powder preparation, if water alone were used, the

hydroxide precipitate would have undergone agglomeration

due to hydrogen bonds between the particles. This would lead

to the formation of hard agglomerates during drying and

calcinations. By using the ethanol, hydrogen bond between the

adjacent precipitates that are responsible for formation of hard

agglomerates were weakened [26] that resulted in the formation

of small size fine nanocrystalline ZrO2.

The X-ray diffraction patterns as well as the electron

diffraction pattern recorded from the sample are shown

simultaneously in Fig. 4. The electron diffraction pattern has

been evaluated by image processing technique from the selected

area diffraction (SAD) pattern and is shown in the inset. The

reciprocal space unit of the SAD pattern has been converted to

actual lattice spacing (d in Å units) after calibration with respect to

polycrystalline gold. The background, which contains undefined

quantities of contribution from various inelastic scatterings from

the sample, has been arbitrarily subtracted in order to compare the

peak positions with those of the XRD pattern. Analysis of the

XRD pattern reveals two phases of ZrO2, marked by ‘t’ and ‘m’ in

the figure (Fig. 4) for tetragonal and monoclinic phases,

respectively. The broadening of the XRD peaks is attributed to

the nanometric sizes of the particles under investigation. The

particle sizes (D) were calculated from the Scherrer’s formula,

D ¼ 0:9l

b cos u

where b2 = B2 � b2, B and b are the angular half-widths for the

sample under investigation and a standard sample, respectively.

Analytically pure, crystalline Si powders have been used as the

standard sample. Considering l for Cu Ka as 1.5418 Å, the



45

60 O KVV O1s Wide spectrum

N. Garg et al. / Ceramics International 38 (2012) 2507–25122510
calculated average size was observed around 15 nm. Since,

XRD measurements reveal the average size of coherent crys-

talline domains; this result is consistent with our estimation of

crystallite size from dark filed TEM imaging shown in Fig. 3,

wherein the actual distribution was presented.

Analysis of the electron diffraction pattern reveals that all

the diffraction peaks seen in the XRD pattern are present here as

well. A small shift of the peak position in the SAD compared to

the XRD pattern cannot be understood in terms of inherent

inaccuracy in determining ‘d’ values from electron diffraction

results and calibration. This result also indicates that there is an

intimate mixture of the monoclinic and tetragonal ZrO2 phases

even at microscopic scales and not as local clusters of separate

monoclinic and tetragonal phases. This observation is

consistent with earlier observations by Chraska et al. [27].

3.2. Phase and volume fraction analysis from Raman

spectroscopy

TEM and XRD analyses show that the nanocrystalline

powder prepared was composed of both tetragonal and

monoclinic phases. It is interesting to find the compositions

of the phases in the powder. Raman spectroscopy was used to

evaluate the quantity of each phase in the powder samples. The

corresponding Raman spectrum is shown in Fig. 5. Raman

peaks at 148, 269, 317, 462 and 646 cm�1 correspond to the

tetragonal phase of zirconia, while 180, 192, 379 and 476 cm�1

peaks correspond to monoclinic zirconia [28]. The three peaks

at 148, 180 and 192 cm�1 marked in the figure were taken to

estimate the monoclinic phase in the powder.

The fraction of the monoclinic phase ( fm) was estimated

using following formula [29]:

f m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:19 � 0:13

Xm � 1:01

r
� 0:56

where

Xm ¼ Ið180Þ þ Ið192Þ
Ið148Þ þ Ið180Þ þ Ið192Þ

where ‘I’ stands for the peak area under respective Raman

modes. It worked out to be 35% as monoclinic and 65% as

tetragonal phase in the powder.
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Fig. 5. Raman spectrum of the ZrO2 powder showing the presence of both

tetragonal and monoclinic phases (marked on the spectrum).
It is presumed that nitrate group in ZrO(NO3)2 has played the

vital role in stabilizing the tetragonal phase in the zirconia

powder. Precursor obtained from ZrO(NO3)2 solution exist as

[Zr(OH)2(OH2)2(NO3)]+ chains having one nitrate group

covalently bonded to zirconium. The stabilization of tetragonal

phase occurred due to the presence of lattice defects or oxygen

vacancies created due to the presence of nitrate group covalently

bonded to zirconium ion [30,31]. In this context, it can be stated

that ZrOCl2 widely used for producing nanocrystalline ZrO2, is

not a preferred material for producing predominant tetragonal

phase of nanocrystalline ZrO2. In case of ZrOCl2, Cl� ions do not

form any complex with zirconium. So creation of oxygen

vacancies during thermal annealing in this precursor is unlikely.

The oxygen vacancies seem to be responsible for stabilization of

tetragonal phase at room temperature. In addition, the presence

of nitrate ions retarded the crystallization and delayed the growth

of nanocrystalline ZrO2 powder formed at 550 8C. Metastable

tetragonal phase of zirconia is possible to prepare at room

temperature without dopants when the particle sizes are below

some critical crystallite size around 10–30 nm [7,32]. In the

present study, the ZrO2 particle size distribution (Fig. 3) is in the

range of 10–25 nm. This size distribution may be crucial for the

tetragonal phase to be dominant in our case. It was observed that

the surface free energy favors the stabilization of tetragonal

phase below the critical size [33,34]. Thus, it can be concluded

that small size of particles are responsible for stabilization of

tetragonal phase owing to the lattice distortion caused by NO3
�

ions in the precursor solution.

3.3. Chemical analysis from X-ray photoelectron

spectroscopy

X-ray photoelectron spectroscopy measurements were

performed to find the chemical composition of the material

and the chemical state of Zr in the nanocrystalline ZrO2

samples. A wide scan of XPS spectrum has been presented in

Fig. 6. It is observed that the photoelectron spectrum is
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Fig. 6. XPS analysis of ZrO2 powder on indium foil showing the composition of

the powder. The inset of figure shows the near Fermi level spectral features of

the powder.
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composed of Zr peaks and O peaks. The absence of C indicated

that the organic materials used for the preparation was

completely burnt out. The indium 4d peak arises from the

indium foil used for holding the ZrO2 powder for XPS

experiments. Zr 3d binding energy at around 182 eV indicates

the presence of only Zr4+ state in these samples. The chemical

analysis indicated that the material was not contaminated with

any hydroxides or other chemical species.

In the inset of Fig. 6, the near Fermi level spectrum obtained

from the powder is also shown. The spectrum is associated with

a broad peak from 0 to 7 eV indicating the formation of Zr–O

hybridization bonding and non-bonding states [35]. The peak at

around 15 eV is Zr 4d occupied states. Though, it is expected

that the Zr 4d orbital should be completely unoccupied due to

the formation of Zr4+ states that gave rise to the Zr4d–O2p

conduction band states, the presence of the peak indicates that

there is some reduction in Zr oxidation which led to the

appearance of the occupied Zr 4d states. The peak around 8 eV

is associated with the indium metal which was used for holding

the powder for XPS measurements.

3.4. Zeta potential measurements

Effect of temperature and dispersant on charge behavior of

zirconia powder was experimentally measured using zeta

potential technique. The zeta potential measurements of

nanocrystalline ZrO2 in aqueous suspension was performed at

25, 40 and 70 8C as a function of pH. The detailed results are

shown in Fig. 7. The figure shows the pH of zeta potential

reversal (pHpzc) decreased from 6.45 to 5.30 with the increase

of temperature. The lower pHpzc at higher temperature

indicated that the surface hydroxyl groups were more ionized

at higher temperature leading to a higher negative surface

charge. Thus more protons are required to neutralize the

surface charge. This results in shifting the pHpzc to lower pH

values [36].

The zeta potential of ZrO2 in aqueous suspension in

presence of 10% sodium docecyl sulfate was determined as a

function of pH at 25 8C as shown in Fig. 7d. The figure shows

almost a constant high negative zeta potential of ZrO2 at all pH

unlike the systems where SDS was not present. The high

negative zeta potential corresponds to the increased stability of

the system due to SDS dispersant. SDS is an electrosteric kind

of dispersant. In presence of SDS, this behavior of zirconia

suspension can be explained by double phase inversion [37],

SDS can interact with zirconia both electrostatically (through

its sulfate group) and hydrophobically (via its alkane tail-

group). Adsorption of SDS molecules on the surface of

nanocrystalline zirconia takes place because of coulombic

interaction. Beyond a certain SDS concentration, hydrophobic

interaction takes place between the alkyl chains of SDS

adsorbed on nanocrystalline ZrO2 in suspension. As a result, the

sulfate functional groups are oriented outwards that lead to

negative surface charge and negative zeta potential at high SDS

concentration. Similar double phase inversion in SDS with

CaCO3 was also observed by Cui et al. [37]. So, it is concluded

that both functional sulfate group at surface and its hydrophobic
chain has influenced the adsorption of SDS on the zirconia/

water interface.

4. Conclusions

Nanocrystalline zirconia with dominant tetragonal phase has

been synthesized by direct precipitation route. The zirconia

samples consist of varying sizes but the majority of the

nanocrystals are of the order of 10 nm. The charge behavior of

the nanocrystalline ZrO2 in aqueous solution is observed by

measuring the zeta potentials. Zeta potential of nanocrystalline

ZrO2 is seen to be negative and stable for a wide range of pH

with SDS in solution. These observations may help in deciding

appropriate conditions for developing nanocryatelline ZrO2

coating on steel through hydrothermal process.
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