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Abstract: Nanometer-sized zirconia (ZrO,) powder was synthesized from ZrOCl,-8H,0O through a hydrothermal method. The aqueous
suspension stability of ZrO, powder was studied by zeta potential measurement and particle size analysis. Results show that ZrO,
nanoparticles are ellipsoidal with uniform particle size, and the particle size is mainly in the range of 40—100 nm. The isoelectric point

(IEP) occurs at pH=9.0. ZrO, particles are well dispersed far from IEP and severely agglomerated near IEP.
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ZrO,-based materials have unique physical and chemical
properties. They have been widely used in solid oxide fuel
cells, thermal barrier coatings, oxygen sensors, adsorbents and
other fields. In contrast, nanocrystalline ZrO,-based materials
have enhanced mechanical, thermal, electrical and optical
properties! 7. These materials are generally prepared from
nanopowder, so it is vital to synthesize nanometer-sized
powder with uniform particle size and high purity, which
should be superfine and non-agglomerated™.

Nanocrystalline coatings are usually prepared by a suspen-
sion of nanopowder. For example, the suspension plasma
spraying (SPS) first uses nanopowder as starting material to
prepare suspension and then this suspension was fed into the
plasma torch. ZrO,-based coatings prepared by SPS have
nanometer-sized grains and high bonding strength with the
substrate, which can effectively improve the coating proper-
ties!®* . However, coatings > properties depend to a large
extent on the suspension feedstocks’ properties, especially the
dispersion of powder in the liquid carrier™. Similarly, the
electrophoretic deposition (EPD) process also uses suspension
to prepare coatings. The charged particles suspended in the
liquid medium are attracted by the external electric field and
deposited on the conductive substrate. Nanocrystalline ZrO,-
based coatings prepared by EPD have been applied in many
areas, and the properties of the suspension are also crucial to

control the electrophoretic processes!>'". Therefore, mea-
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suring suspension properties is a prerequisite to realize these
preparation techniques. The suspension stability of
nanopowder can be assessed by zeta potential measurement.
The higher the zeta potential of particles in the suspension, the
more stable the suspension™'*'"\. Analysis on the relationship
between powder’s zeta potential and particle size plays an
auxiliary role in characterizing the suspension properties.

In this study, nanometer-sized ZrO, powder was synthe-
sized by a one-step hydrothermal method using zirconyl
chloride octahydrate (ZrOCl,-8H,0) as the starting material.
The phase analysis and morphology characterization of the
prepared powder were performed by X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM). By dispersing the
nanometer-sized ZrO, powder in aqueous solutions, the
powder’s zeta potential and particle size were measured as a
function of the pH to study the stability of the suspensions,
which was expected to investigate and to optimize the

properties of ceramic suspensions.
1 Experiment

1.1 Preparation of ZrO, powder

The starting material was ZrOCL-8H,0 (>99%, Shanghai
Macklin Biochemical Co., Ltd). First, 2.4169 g ZrOCl,-8H,0
was dissolved into 50 mL deionized water. After stirring
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vigorously for about 1 h, the solution was transferred to a
hydrothermal autoclave and reacted at 413 K for 4 h. The
precipitates were collected and washed 4 times with deionized
water until all the unreacted ZrOCl,-8H,0 was removed. The
obtained precipitates were dried at 353 K for 12 h, and the
ZrO, powder was created.

1.2 Characterization

The phase structure of the powder was determined by XRD
with Cu Ko radiation (D/max 2500/PC; Rigaku, Japan).
FESEM (SU8220; Hitachi, Japan) was used to identify the
morphology of the powder. Before imaging, the sample was
sputtered with gold under vacuum for 200 s (JEC-1600 auto
fine coater; JEOL, Japan). The microstructure of the powder
was observed by TEM (Talos F200X; FEI, USA). The
nanoparticle size analyzer (90Plus Zeta; Brookhaven, USA)
was used to measure the powder’s particle size distribution
based on the principle of dynamic light scattering (DLS).

1.3 Zeta potential measurements

An aqueous suspension of 0.2 mg/mL ZrO, powder was
used to measure the zeta potential. And the suspension pH was
adjusted by adding dilute solutions of NaOH and HCI. After
ultrasonic treatment for the suspension for 10 min, a zeta
potential analyzer (90Plus Zeta; Brookhaven, USA) was used
to measure the zeta potential of the powder by the
electrophoresis light scattering (ELS) method.

2 Results and Discussion

2.1 ZrO, powder characterization

Fig. 1 shows the XRD pattern of ZrO, powder synthesized
by hydrothermal process. The XRD peaks reveal that ZrO, is
the monoclinic phase, which can be indexed according to PDF
#86-1451, indicating that the hydrothermal method can
directly get crystalline oxides from an aqueous solution.
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Fig.1 XRD pattern of ZrO, powder

During the hydrothermal reaction, ZrOCl,-8H,0O first hydroly-
zes to form Zr(OH), and HCI, and finally Zr(OH), transforms
into ZrO, and H,0. The formation mechanism is as follows"":
ZrOCl,-8H,0 + 3H,0 — Zr(OH), + 2HCI (1)
Zr(OH), — ZrO, + 2H,0 2)
Fig. 2a shows the FESEM morphology of ZrO, powder.
Fig.2b and 2c show the TEM images of ZrO, powder in lower
and higher magnifications, respectively. It is observed that
ZrO, particles have an ellipsoidal morphology. The powder is
in nanometer size with uniform particle size and good
dispersion. The high-resolution TEM (HRTEM) image of
ZrO, powder in Fig. 2d shows well-resolved lattice fringes.
The lattice fringe spacing is 0.28 nm, equal to the spacing of
(111) planes in monoclinic ZrO,. The analysis of selected area
electron diffraction (SAED) pattern (Fig. 2e) further proves
that the ZrO, powder is a monoclinic structure, and the
polycrystalline diffraction rings correspond to the (111), (002)
and (211) planes of monoclinic ZrO,. It is observed from the

Fig.2  FESEM morphology (a), TEM images (b, c), HRTEM image (d), and SAED pattern (e) of ZrO, powder
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Fig.3  ZrO, particle size distribution measured from the TEM image

histogram (Fig.3) that the size of ZrO, particles is mainly in
the range of 40—100 nm, with a mean value of 66.6 nm. For
coating preparation with suspensions, such as SPS and EPD, it
is beneficial to use small and uniform powder, because
powder with small particle sizes will carry out Brownian
motion and can suspend for a long time in a liquid medium to
form a stable suspension"*.
2.2 Properties of ZrO, suspension

The zeta potential of ZrO, in aqueous solutions at different
pH values is shown in Fig.4. It can be seen that when pH<9.0,
the zeta potential is positive. The zeta potential value
gradually increases when the pH value drops from 9.0 to 3.0.
At pH=3.0, the zeta potential value reaches the maximum of
33.29 mV. This is because, for metal oxides powder dispersed
in water, the hydration layer on the surface is composed of a
large number of amphoteric hydroxyl groups, which can

readily adsorb H" or OH' ions on its surface!"”:

(M - OH) +H = (M - OHZ)(Surfm) (3)

(M- OH) . +OH=(M-0) +HO “

With the addition of HCI, the pH value of the suspension
decreases, and more H™ is adsorbed on the surface of ZrO,,

(Surface)

(Surface)

which makes the particle surface positively charged and
increases the zeta potential of ZrO,. However, the zeta
potential value decreases when the pH drops from 3.0 to 2.6.
This is because more HCl is needed to adjust the pH value for
strongly acidic conditions. The introduction of a large number
of ions compresses the thickness of the double electric layer,
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Fig.4 Zeta potential of ZrO, under different pH conditions

thus reducing the zeta potential of the powder. A similar
phenomenon is observed at pH>9.0, except that ZrO, particles
adsorb OH' in the suspension and are negatively charged. At
pH=11.6, the zeta potential value is —33.03 mV. The point
where the zeta potential value is 0 is the isoelectric point
(IEP), and the IEP occurs at pH value of ~9.0.

The size distribution for ZrO, powder in the aqueous
suspension is measured as a function of pH by the dynamic
light scattering method. As shown in Fig. 5, the average
particle size of ZrO, powder is in the range of 175-214 nm
under the conditions of pH<8.0 and pH>10.0. Compared with
the previous FESEM and TEM results, it can be concluded
that the agglomeration between particles is not apparent. The
average particle size of ZrO, power changes with the change
of solution pH, which agrees with the zeta potential results.
According to DLVO theory, there are two force interactions
between single suspended particles: electrostatic force and van
der Waals force. The higher the zeta potential, the greater the
electrostatic repulsion force between particles, so the particles
are unlikely to agglomerate!"”. Therefore, the average particle
size decreases as the pH value drops from 8.0 to 3.0. At high
(>11.6) and low (<3) pH levels, a moderate increase in
average particle size occurs. This is an anticipated conse-
quence of the decrease in zeta potential of the powder. Similar
results have also been reported by other researchers!”. When
the pH value reaches 9.0 (IEP), the average particle size
reaches 3281.5 nm, indicating that the particles are severely
agglomerated.

Fig.6 shows that ZrO, powder in the suspension with a pH
value of 9.0 settles rapidly, forming many low-density and
weakly adherent deposits at the bottom of the container.
However, under other pH conditions, ZrO,powder in the
suspension flocculates less and settles slowly. After 12 h or
even longer, only a small amount of dense and robust adherent
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Fig.5 Size distribution of ZrO, powder as a function of pH



1286 Guo Chunxia et al. / Rare Metal Materials and Engineering, 2023, 52(4):1283-1286

References

1 Trunec M, Chlup Z. Scripta Materialia[J], 2009, 61(1): 56
2 Bravo-Leon A, Morikawa Y, Kawahara M et al. Acta Mater-
ialia[J], 2002, 50(18): 4555
3 Guo X. Scripta Materialia[J], 2011, 65(2): 96
4 Fu L, Engqvist H, Xia W. Journal of the European Ceramic
Society[J], 2017, 37(13): 4067
5 Drazin J] W, Wollmershauser J A, Ryou H et al. Journal of the
American Ceramic Society[J], 2020, 103(1): 60
6 Kassner H, Siegert R, Hathiramani D et al. Journal of Thermal
Spray Technology[J], 2008, 17(1): 115
Ying C. Rare Metal Materials and Engineeringl]], 2017,
46(3): 601
8 Wang X M, Lorimer G, Xiao P. Journal of the American
Ceramic Society[J], 2005, 88(4): 809
9 Carpio P, Bannier E, Salvador M D et al. Surface and Coatings
Technology[J], 2015, 268: 293
10 Sokotowski P, Kozerski S, Pawlowski L et al. Surface and

Fig.6  ZrO,suspensions left for 12 h in different pH conditions 7

deposits are formed at the bottom of the container. These
results correspond to the zeta potential analysis. Under
different pH conditions, the aggregate sizes are different due
to different zeta potentials of particles. The aggregates with
small sizes suspend for a long time due to Brownian motion,
while large aggregates settle due to gravity, causing instability

of the suspension. For the ZrO, powder prepared in this work, Coatings Technology[J], 2014, 260: 97
the zeta potential value of ~17 mV is sufficient to stabilize the 11 Gong S, Vanevery K, Wang H et al. Journal of the European
suspension. Ceramic Society[J], 2014, 34(5): 1243

12 Will J, Hruschka M K M, Gubler L et al. Journal of the
American Ceramic Society[J], 2001, 84(2): 328
1) The monoclinic nano-ZrO, powder can be prepared by 13 Bai M, Guo F, Xiao P. Ceramics International[J], 2014, 40:

3 Conclusions

hydrothermal method using ZrOCl,-8H,0 as raw material. 166 11
The ZrO, nanoparticles are ellipsoidal with uniform size, 14 Lee Y H, Kuo C W, Shih C J et al. Materials Science and
which is mainly distributed at 40—100 nm. Engineering A[J], 2007, 445-446: 347

2) The isoclectric point occurs at pH value of ~9.0. At this 15 Hanaor D, Michelazzi M, Leonelli C et al. Journal of the

European Ceramic Society[J], 2012, 32(1): 235
16 Besra L, Liu M. Progress in Materials Science[J], 2007, 52(1): 1

pH. The suspension at pH=9.0 has poor stability. While under 17 Tang F Q, Huang X X, Zhang Y F et al. Ceramics Interna-
other pH conditions, the suspensions have good dispersion of tional[J], 2000, 26(1): 93
the ZrO, nanoparticles, and nanoparticles in these suspensions 18 LuJ, Zang J B, Shan S X et al. Nano Letters[J], 2008, 8(11):

pH, the ZrO, particles agglomerate seriously, and the
aggregate size reaches 3281.5 nm.
3) The stability of the suspension is related to the solution

flocculate less and settle slowly. For the ZrO, powder 4070
prepared in this work, the zeta potential value of ~17 mV is 19 Sarkar P, Nicholson P S. Journal of the American Ceramic
sufficient to stabilize the suspension. Society[]], 1996, 79(8): 1987

AR ZrO, MHAFRIFI & B H K BiF I Be

WEE, BHEER, BElD7, B2P, skEe, B
(WSS TR SRR S TR A S G KR SRR R eI, W IEAIEEF 010051)

& ZFE: LLZrOCl,-8H,O MR, MBI /KHMIEA R T Yk A b (210, Bk, 450K, ZrO, BURCNIRERIE, Kk 3 ZAE 40~100
nm {EH A, RS B E ZrO, 1) Zeta FLALAVRIAR, BTFL 7 AR pH 255 T /KT M P I ZeO, By 44 1 2 T B A AL Bl BE . K
L ZrO, By RIS L 05 (IEP) ApH=9.0, {Ei%ES [EP &b ZrO, Bk o 4T, 1G4 TEP A JUJ 1 5% 7 5

KR ZrO, Miihk: Zeta BT KR KK

EF S BRE, L, 199144, WA, U, WS T R RRE S TR, WSS PSR 010051, HiE: 0471-
6575752, E-mail: chunchunl23.cool@imut.edu.cn



