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Abstract: Transparent types of inorganic pigments are important as they can be used in a variety of
applications, such as metallic finishing, contrast enhancing luminescent pigments, high-end optical filters,
and so on. Currently, the difficulty in producing monodisperse and stable binary metal oxide nano pigments
at low temperature hampers the applicability and realization of transparent blue nano pigments. Here, for
the first time, we report organic ligand capped CoAl,O,4 hybrid transparent nano pigment, which has a
particle size less than 8 nm with well-stabilized single nanocrystals, using organic ligand-assisted supercritical
water as the reaction medium. The organic ligand capping could effectively inhibit the particle growth and
also control the size of nanocrystals. This helps to diminish the scattering effect of the nano blue pigment,
realizing a transparent cobalt blue nano pigment without any postheat treatment.

1. Introduction transparency gives an attractive finishing and improves the
eatherability resistance.

Recently, with the development of new synthetic technologies
for various materials, different colored, monodisperse nano
pigments can be obtained, which will probably lead to a new
development in the pigment industy However, it has been a
challenge to synthesize complex or mixed metal oxide blue

Inorganic pigments have been extensively used by mankind v
since ancient times. There is no alternative for inorganic
pigments in coloring building materials, glasses, glazes, plastics,
and ceramics. Recently, there is a growing interest in nanopar-
ticle pigmentst The optical property of a pigmented paint
depends on the optical properties of pigment particles, their size, ~. . .
shape, and the volume concentration. The most importantp'gments at low temperature without additional heat treatment,

properties for colored pigments are tinctorial strength and the . _have great potentlal_ln pigment industrpmong the
hiding power, which are determined by the scattering and blue plgmer_ns, cobalt k_)lue is well known as Thenards que._It
absorption cross sections of the pigment partiéiégo elevate has been widely used in color TV tubes as contrast-enhancing

the scattering effect, it is desirable to prepare pigment particles !umlnescent pigments, high-end optical filters, magnetic record-

with size much smaller than their wavelen§tRurther, one can 'r:]g rgedla, and az g hd(?;t restlstargltq cgra?fﬁfhls Cﬁ.mﬁound i
realize transparent pigments by tuning the scattering and as been prepared by diiierent methods, where a higher reaction

absorption cross sections where scattering reaches less than 5%§mp(zragjrg or posthea:t ltéelatr?er:t wasf necessaryhto syrr]1the5|ze
Transparent types of pigments are important as they can bePUre -0 b d4 ga}nocrys as.[n 1act, so art,)lresegrc ers have
widely used for metallic finishing, where their high level of 1Ot Succeeded in preparing transparent blue pigments, as it is
difficult to synthesize monodisperse and agglomerated free
T Tohoku University. single nanocrystal CoAD, particles at low temperatufeln
;L{)yota '\P/|0_t0tr CCOVFE-td addition, for the fabrication of transparent pigment, perfect
Ippon Pain 0. . - ) . .
(1) (@) Merikhi, J.. Jungk. H. O.: Feldmann, @. Mater. Chem200Q 10, dispersion of_nar_lopartlcles is necessary. For t_hat_ purpose,
2911. (b) Antonic, S. E.; Gvozdenovic, L. K.; Dimitrijevic, R.; Desportovic,  surface modification of nanoparticles with organic ligand is

S.; Petrovic, L. F.Key Eng. Mater 1997, 30, 132. (c) Arean, C. O.;
Mentruit, M. P.; Platero, E. E.; Labres, F. X.; Xamena, |.; Parra, J. B.  (6) (a) Xia, Y.; Gates, B.; Yin, Y.; Lu, YAdv. Mater. 200Q 12, 693. (b)

Mater. Lett 1999 39, 22. (d) Zayat, M.; Levy, DChem. Mater200Q 12, Wang, C.; Deng, Z. X.; Zhang, G. H.; Fan, S. S,; Li, Y.Bowder Technol.
2763. 2002 125 39. (c) Feldmann, C.; Jungk, H. @ngew. Chem., Int. Ed.
(2) (@) Buxbaum, G.Industrial Inorganic Pigments VCH: Weinheim, 2001, 40, 359; Angew. Chem2001, 113 372.
Germany, 1993. (b) Kuehnle, M. R.; Statz, H. U.S. patent pub. no. US (7) (a) Feldmann, CAdv. Mater. 2001, 13, 1301. (b) Wang, D.; Liang, X;
2005/0175836 Al. Li, Y. Chem. Asian J2006 1—-2, 91.
(3) Noll, W.; Reimer, H.; Born, LAngew. Cheni975 87, 639;Angew. Chem., (8) (a) Ji, L.; Tang, S.; Zeng, H. C.; Lin, J.; Tan, K. Appl. Catal., A2001,
Int. Ed. Engl.1975 14, 602. 207, 247. (b) Chokkaram, S.; Srinivasan, R.; Milburn, B. H.; Davis, D. R.
(4) Bittler, K.; Ostertag, WAngew. Cheml98Q 92, 187;Angew. Chem., Int. J. Mol. Catal. A: Chem1997, 121, 157.
Ed. Engl.198Q 19, 190. (9) (a) Zayat, M.; Levy, D.Chem. Mater.200Q 12, 2763. (b) Cho, W. S.;
(5) Hund, F Angew. Cheml981, 93, 763;Angew. Chem., Int. Ed. Endl981, Kakihana, M.J. Alloys Compd1999 287, 87. (c) Chen, Z.; Shi, E.; Li,
20, 723. W.; Zheng, Y.; Zhong, WMater. Lett.2004 55, 281.
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essential, which is another challenge that has not been achieved
until now due to the lack of suitable techniques that allows
organic ligand molecules to tailor complex metal oxide surface
such as CoAlO, at relatively higher temperature.

Recently, some researchers using organic-solution phase and
liquid—solid solution-phase synthetic transfer routes with sur-
factants demonstrated a versatile pathway toward size- and
shape-controlled metal oxide nanocrystdlst Combining this
concept and the properties of supercritical water (SE3AS,
our group has succeeded in synthesizing the colloidal ceria nano
crystals!* Using organic ligand molecules that are miscible with
SCW, crystal growth can be limited and agglomeration can be
inhibited in favor of small, well-dispersed partici&s'®Hereby,
using organic ligand-assisted supercritical water as the reaction
medium, for the first time, we are reporting complex metal oxide
transparent CoAD, hybrid nano pigment, which has a particle
size less than 8 nm with well-stabilized single nanocrystals.

Figure 1. (a) Dispersion of oleic acid capped cobalt blue nanocrystals
pigment in hexane (1 wt %); (b) cobalt blue nano pigment powder.

2. Experimental Section ) ) )
were dispersed in hexane before being transferred to the carbon-coated
Preparation of Cobalt Blue Nanocrystals.The precursor solution copper grids. UV-vis spectra were measured via a JASCO V-570
was prepared by dissolution of metal sulfates in aqueous solution. In spectrophotometer. The light transmission spectra were detected via a
a typical synthesis, CoA[OH)s was prepared with a solution of 0.1 M Hitachi U3010 spectrophotometer. Spectra were recorded at room

CoSQ to which 0.1 M ALSQ, solution was slowly added by stirring  temperature. An FT-IR spectrum was measured via a JASCO FT/IR-
at room temperature. To this mixture was added a 0.32 M NaOH 680 spectrometer.

solution carefully and slowly to obtain a pink color sol. The sol was
thoroughly mixed using a magnetic stirrerrf@ h followed by 3. Results and Discussion

centrifugation for 10 min and washed with distilled water. This Th tal f fi der th i li d isted
procedure was repeated three times to remove sodium and sulfate ions € nanocrystal formation under the organic ligand-assiste

from the mixture sol of Co(OH)and Al(OH). Later, 0.1 M precursor supercritical water involves three steps: (a) sub 10 nm single-
sol was made up by adding distilled water. Next, 2.5 mL of the 0.01 crystal formation in a supercritical water hydrothermal condi-
M precursor was transferred to a pressure-resistant SUS316 vessel (innetion;*® (b) the miscibility of the organic ligand molecules with
volume 5 mL). For surface modification of the nanocrystals, an high-temperature water, which is due to the lower dielectric
appropriate amount of oleic acid or decanoic acid{.5) was also constant of the water at its supercritical conditidrand (c)
loaded into the reactor vessel. The content of the reactor vessel wascontrolled nanocrystal growth from the selective reaction of
mixed well under _uItrasonic bath for 1 h. The hydrothermal reaction organic ligand molecules with the specific inorganic crystal
was performed using a homogeneously mixed precursor in the reactorg rface.

at 400 °C and 38 MPa pressure for 10 min and terminated by L . . .
submerging the reactor in a cold-water bath at room temperature. The The organic ligand-assisted SCW method resulted in colloid-

organic ligand-modified nanocrystals were extracted from the product ally stable cobalt blue nanocrySta}IS pigment 'n_ a single SteP-
mixtures with hexane. The final products were precipitated from the |he cobalt blue nanocrystals obtained can be dispersed well in

resulting hexane phase by the addition of ethanol as an anti-solventhe€xane and remain non-agglomerated, even over several months.
reagent, and then separated by using centrifugation. The obtainedThe dispersion of 1 wt % nanocrystal particles in hexane gives
nanocrystals could be redissolved in some organic solvents, such asa transparent blue pigment solution as pictured in Figure 1. We
hexane, toluene, and tetrahydrofuran. can separate these nanocrystals by centrifugation and obtain pure
Analytical Characterization. T_he XRD patterns were ret_:orded on  powders (Figure 1b). The average particle size of decanoic acid
a RINT-2000 spectrometer (Rigaku, Tokyo, Japan) with Ca K capped cobalt blue dispersed particles measured by dynamic
radiation. The samples were ground to fine powders before being jight scattering is about 10 nm as shown in Figure 2. This DLS
subjected tq XRD. The TEM images were obtained using a transmission size includes the size of the decanoic acid ligand. The DLS
electron microscope (JEM-1200EX, Japan) operated at 120 kV. A _. . - .
N . ) size excluding the organic ligand is more or less comparable to
Hitachi H-7100 electron microscope operating at 200 kV was used for h icl . btained f d d
HRTEM analysis. The samples for TEM and HRTEM measurements the particle size obtaine rom_TI_EM an XRD_ ata. DLS
measurement shows that the majority of nanoparticles are non-

(10) (a) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, HJBAm. Chem. Soc. agglomerated, resulting in a transparent pigment system in a
2001, 123 2798. (b) Rockenberger, J.; Scher, E. C.; Alivsatos, AJ.P.
Am. Chem. Sod 999 121, 11595. (c) Park, J.; An, K.; Hwang, Y.; Park, nonpOIar solvent.

J. G.; Noh, H. J.; Kim, J. Y.; Park, J. H.; Hwang, N. M.; Hyeon,Nat. The powder XRD patterns of the nanocrystals indicated that
Mater. 2004 3, 891. : : . . .

(11) Wang, X.; Zhtiang, J.; Peng, Q.; Li, Y. Biature 2005 437, 121. they form a spinel cubicHd3m with Iattlc_e_ size o_f 8.104 A,

83 }/v)emg;arﬂ_vgr,TH.|;_| Flzanck\,(EAlAngigV\g clszhem6 hlnt. Eg%%% 3%,92%(2).1 JCPDS 44-0160) structure at SCW conditions (Figure 3). They
a schiri, T.; Hakuta, Y.; Arai, KInd. Eng. Chem. Re X . . . .
(b) Adschiri, T.; Kanazawa, K.; Arai, KJ. Am. Ceram. Sodl992 75, are well crystalline d.lrectly after the preparation at 4
%8135 &cs) Adschiri, T.; Kanazawa, K.; Arai, K. Am. Ceram. Sod992 temperature. Broad diffraction patterns of the samples indicate

(14) Zhang, J.; Ohara, S.; Umetsu, M.; Naka, T. Hatakeyama, Y.: Adschiri, T. that the p_articles are nanocrystals. Th_e reaction temperature
Adv. Mater. 2007, 19, 203. plays an important role in the formation of pure Ce®}

(15) Ziegler, K. J.; Doty, R. C.; Johnston, K. P.; Korgel, B. A.Am. Chem.
Soc.2001, 123 7797.

(16) Shah, P. S.; Hanrath, T.; Johnston, K. P.; Korgel, BJAhys. Chem. B (17) (a) Savage, P. EEhem. Re. 1999 99, 603. (b) Akiya, N.; Savage, P. E.
2004 108 9574. Chem. Re. 2002 102 2725.
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Figure 2. Particle size distribution of decanoic acid ligand capped cobalt r;qa;r;g;ﬂggents and hybrid nano crystal pigment capped with organic ligand
blue nanoparticles measured by dynamic light scattering. '
¢ CoALO, intensity. When organic molecules were introduced into the
A Co-Al-LDHs - system, the organic ligand capped the nanocrystals surface,
Y AIO(OH) 5. thereby inhibiting the growth of the particles. The XRD patterns
0 «-AlLO, . 1 5 of the nanocrystals modified with organic ligand indicate that
I' vA0O & | o - the intensity of all of the peaks decreased with a peak broadenin
273 Y] 8 ] ﬁ — . . p i p g
= ¢ | & s - @ (Figure 4). This suggests that the size of the nanocrystals was
N | Py | f 400°C decreased with organic ligand capping. The average crystallite
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size of the unmodified nanocrystals calculated by the XRD data
using Scheerer’s equation is 50 nm, while the average crystallite
oy 350°C size of nanocrystals synthesized with organic modification is
I il | about 8 nm. These data support that each particle dispersed in
L A ) I il 300°C a solvent is a single nano crystal without any aggregation. From
A\ 'IHVWNWW\’WWIWM the TEM and HRTEM images, we can further confirm that
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o e & & nearly monodisperse nanocrystals with cubic morphology were
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2 Theta obtained by using the organic ligand-assisted SCW approach.
Figure 3. XRD pattern of cobalt blue nano pigments obtained at different ~ The TEM image of the nanocrystals synthesized without
temperatures. organic ligand molecules showed spherical shape particles with

an average diameter of 50 nm and nanocrystals are aggregated
nanoparticles in the organic ligand-assisted SCW conditions. (Figure 5¢). When oleic acid and decanoic acid (molar ratio to
This is because of the rapid and homogeneous reactionCoAlx(OH)s precursor 50:1) were added to the reaction system,
atmosphere under SCW. Generally, a high reaction temperatureas a result the particle growth was limited to an average diameter
or postheat treatment was necessary to synthesize pure@pAl size of 7.5 and 8 nm, respectively. These nanocrystals exhibit
crystalline particles. It is well known that Co&), particles a self-assembled 2D array on the surface of carbon coated copper
prepared in the solution process without heat treatment generallygrid with a nearest-neighbor spacing of ca. 4 and 3 nm
possessed AIOOH or-Al,O3 as impurities. Chen et al. reported maintained by oleic acid and decanoic acid capping groups,
that CoAbO,4 nanoparticles were synthesized by a conventional respectively, as shown in Figure 5a and b. This inter particular
hydrothermal method at 24% after a long 24 h reaction, but  distance corresponds to that of the two organic ligands existing
y-AlIOOH was included in the final product as impurity. In the between two particles. The size of oleic acid and decanoic acid
present study, the pure Call, nanocrystals were obtained at is 2 and 1.5 nm, respectively. The histograms of the particle
400°C temperature in 10 min reaction time without any postheat size distribution analyzed by using transmission electron
treatment. The effect of temperature (300, 350, and°@)®n micrographs data are plotted as shown in Figure S1 (see
the crystal phase and crystallinity of the product is shown in Supporting Information). These data are consistent with DLS
Figure 3. As evidenced from the XRD patterns, nanocrystals and XRD data that were mentioned before. The single-
synthesized below 35€C included traces of AIOOH phase. crystallinity and structure of the synthesized sample were further
However, the impurity phase disappeared to show pure spinelconfirmed by HRTEM. Distinct lattice planes in the HRTEM
CoAl,O, as the temperature was increased above 380 image in Figure 5d further suggest that the particles obtained
Therefore, we could obtain single nanocrystalline pure cobalt are single crystals. The HRTEM image of a selected individual
aluminate at the lowest temperature of 4@) exploiting the particle shows a well-resolved lattice plane with an interplanar
advantage of supercritical water. spacing of 0.24 nm corresponding to [311] plane of the cubic
The XRD pattern of the nanocrystals formed in the absence Fd3m space group, which was identified on the basis of data
of organic molecules shows a relatively sharp peak with higher from the standard cobalt blue database JCPDS file, no. 44-0160.

J. AM. CHEM. SOC. = VOL. 129, NO. 36, 2007 11063
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50nm

Figure 5. TEM (a, ¢) and HRTEM (b, d) images of colloidal cobalt blue nanocrystals: (a) nanocrystals capped with oleic acid, (b) nanocrystals capped with
decanoic acid, (c) nanocrystals without maodifier, and (d) well-resolved lattice plane of a selected particle in (b).

The growth mechanism for the 2D cobalt blue hybrid nano from the separation of nucleation and growth process. Zhang
pigments can be attributed to kinetic growth, which determines et all* reported the shape transformation of ceria nanocrystals
the final morphology of the nanocrystals. Here, organic ligand from truncated octahedral to cubic caused by the suppression
molecules had a pronounced effect on the morphology of the of the crystal growth on the [001] surface under similar organic
nanocrystals formed in the supercritical hydrothermal process, ligand-assisted SCW conditions. These reports support our
as reported for ceria nanocrystafsThe particle size of the  discussion that the effective control of the growth process is a
cobalt blue nano crystal obtained in the absence of organickey factor in obtaining size- and shape-controlled nanocrystals.
ligand is about 50 nm. When organic ligand is introduced to In the present study, cobalt blue nanocubes were not formed at
the reaction system, the organic ligand capped nanocrystals arenolar ratio less than 50:1; instead, relatively spherical and
formed. The organic ligands are miscible with water under tetrahedral like particles were observed. These results suggest
supercritical hydrothermal condition due to the lower dielectric that, at suitable organic ligand concentration, the organic ligand
constant of water under supercritical conditions; thus, the molecules could effectively inhibit the growth of the nanocrystal
resulting homogeneous phase provided a suitable environmenin the entire crystallographic plane, which thus blocks crystal
for the interaction of organic ligand molecules with the surface growth in all directions leading to the nanocube formation.

of cobalt blue nanocrystals. Consequently, we were able to  To examine the surface nature and interaction between the
synthesize monodisperse nanocrystals by controlling the growthcobalt blue nanocrystals and organic ligand, we have analyzed
processes, which tend to take place at long reaction time.the Fourier transform infrared (FTIR) spectrum of cobalt blue
Because the growth process is time-dependent, the precursohanocrystals obtained from oleic acid and decanoic acid-assisted
with organic ligand, aged under ultrasonic bath for 1 h, promoted SCW synthesis. Bands observed in the 282860 cn1 region

the surface modification under higher reaction temperature. In were attributed to the €H stretching mode of methyl and
contrast to this result, the samples prepared without precursormethylene groups (Figure 6). The bands at 1532 and 144% cm
aging time resulted in polydisperse nanoparticles with the size correspond to the stretching frequency of the carboxylate group,
of 8-20 nm. In addition, the absence of organic ligand which suggests that the carboxylate group from oleic acid and
molecules led to the large spherical like particles with no control decanoic acid was chemically bonded to the surface of the cobalt
over the size and the morphology (Figure 5c). The reason for plue nanocrystals and the other hydrocarbon groups were
the aging effect is not clear; a detailed study to understand theoriented outward? This result is an evidence for the chemical
interaction of precursor and organic ligand aged under ultrasonic
bath is in progress. However, these results imply that the current(18) park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park,

i H J.-H.; Hwang, N.-M.; Hyeon, TNat. Mater 2004 3, 891.
successful syntheS|s of monOdISperse nanocryStals can b 19) (a) Bolis, V.; Magnacca, G.; Cerrato, G.; Morterra, T@ermochim. Acta

attributed to the effective control of the growth processes under 2001, 379, 147. (b) Binet, C.; Datur, MCatal. Today2001, 70, 155. (c)

B ; _ P i Aronoff, Y. G.; Chen, B.; Lu, G.; Eto, C.; Schwartz, J.; Bernasek, Sl.L.
the organic ligand _aSS|sted S_CW condltlons._ Park €8 al. Am. Chem. 86a997 119, 259, (d) Tackett, J. EAppI. Spectrosclo89
reported the synthesis of monodisperse metal oxide nanocrystals 43, 483.

11064 J. AM. CHEM. SOC. = VOL. 129, NO. 36, 2007



Transparent CoAl,O, Hybrid Nano Pigment

ARTICLES

Unmaodified
CoALO
8 \ r_\
E | \J R
'E r:\:_r/_;}/f_,_j o o \\CDA|ZO,‘ Lapped
w | O o060 \ with oleik acid
s Q UIN 00" \
; g (S \
‘]? CONZO‘ capped
/V\/V\,C— with defanoic acid
E CoALO,
T v T M Ll Ll ) M T
3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 6. FTIR spectrum of cobalt blue nanocrystals formed by oleic acid
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Figure 7. UV —visible spectra of cobalt blue nano pigments synthesized
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Table 1. Transparency, Scattering, and Color Parameters of the
Decanoic Acid Capped Cobalt Blue Nano Pigment

total direct
transparency transmission scattering absorption
76% 71% 5% 24%
Color Parameters
L* a b* c
81.99 —3.90 —15.62 16.10

some of the solvated free acid was observed in the final product,
which can be removed with washing.

Optical properties of the as-prepared cobalt blue nanocrystals
pigment were studied more quantitatively by measuring-UV
vis spectra and the light transmission spectra. The energy level
for Co?™ (3d” configuration) in both octahedral and tetrahedral
ligand fields presents three spin-allowed transitions. Regarding
Co*" in a tetrahedral ligand field, which is responsible for blue
color, the UV-vis spectra of the cobalt aluminate nanocrystals
synthesized without organic ligand capping (Figure 7a) showed
a three triple band ascribed to thHj(F)—*T1(P)] transition
at aroundv; = 638 nm,v, = 585 nm, andyz = 546 nm. This
triple band can be attributed to a JahiFeller distortion of the
tetrahedral structure, according to Bambord. This spectrum is
also consistent with those blue pigments reported elsewhere in
the literature®” The samples that are prepared with organic
ligand capping showed absorption bands around 628, 578, and
538 nm, with a slight shift to lower wavelength as shown in
Figure 7b. This result is in contrast to results reported in the
literature for cobalt aluminate particles with particle size above
50 nm. This blue shift indicates that the particle size reduction
by the organic capping resulted in improved blue color when
compared to that of uncapped large particles. However, further
detailed study is necessary to confirm whether the blue shift is
because of reduction in particle size. Further, we confirmed this

bonds formation between the nanocrystal surface and organichybrid nano pigment’s optical property by measuring the light
ligand molecule in unique supercritical water reaction conditions transmission spectra. In Figure 8, it can be seen that the
similarly to that reported by Zhang et al., which are essential absorption edge of the sample is somewhat steep, indicating
for the nanocrystals perfect dispersion in organic solvents andvery pure and brilliant color of the pigment. The color

for the self-assembled type arrangement of individual nano-

parametersl(*, a*, b*), transparency, and scattering measure-

crystals. There is a band corresponding to free COOH acid, ment of the synthesized cobalt blue nanocrystals are summarized
which might be due to the presence of some unreacted organicin Table 1. The yield of blue color is mainly governed by the
reagent in the samples. Because an excess of organic ligangparameteb*: the more negative is thb* value, the bluer is

(1:50) was used with starting precursor for surface modification,

100 1

80

Al
/

60

40

Transparency (%

20

380

480

the color hue. The obtained cobalt blue nanocrystals produced

580 680 780

Wavelength (nm)
Figure 8. Light transmission spectra of the hybrid cobalt blue nano pigment measured with 0.1 wt % nanopatrticles dispersed in hexane.
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much bluer color huesf values around-16). On the other wavelength-dependent absorption constant reaches a finite value
hand, the coordinate* obtained is about 82, which gives us that means the pigment becomes transpdrditiese results

the lightness of the pigment (the higheiLs the lighter is the suggested that the nano size effect on the optical property of
color), also being an indirect measurement of the brightness orthe cobalt blue nanocrystal pigment particles can be seen in
intensity of the pigment. The color parame#gris about—4, terms of decreased scattering, less than 5% against 24%
which represents the difference between the green and red color@bsorption, resulting in the transparent pigment system.

in the color coordinates. These color parameters are comparable )

to those cobalt-based blue pigments prepared by the traditionat4- €onclusions

high-temperature ceramic synthesis procedtitdowever, the In conclusion, we report a simple and rapid synthetic method
organic ligand capped nanocrystal pigment shows excellentso the high-quality transparent cobalt blue nano pigment by
transparency, which has not been reported for complex metaline organic ligand-assisted supercritical water hydrothermal
oxide nanocrystal pigments. The transparency and scattering inmethod. This method, in general, applies to a large variety of
Table 1 were determined by the light transmission spectra. Thecomplex metal oxides and provides a scalable and flexible
chromaticity and color matching parameters were calculated 45r0ach for the advanced material fabrication. The organic
employing CIELAB procedure. The details of the measurement jiganq capping could effectively inhibit the particle growth and

and calculations are provided in the Supporting Information. 4154 control the size of nanocrystals. The unusual small particle
These data reveal that out of the total light passed, 76% of light i, ¢ of the pigment with particle surface capped with organic
corresponds to total transmittance (the blue area in the Figure"gand resulted in a stable dispersion. This helps to diminish
8) and 24% of light corresponds to absorption. The scattering o scattering effect of the nano blue pigment, realizing a

was calculated by considering the total transmittance, in which transparent complex oxide cobalt blue nano pigment without
5% of light was scattered (maroon blue area in the Figure 8) any postheat treatment.

and the remaining 71% of light was directly transmitted. In

contrast to this, the cobalt blue nanoparticles synthesized without = Supporting Information Available: Histograms of the particle
organic ligand capping showed only 37% transparency with a size distribution analyzed by using transmission electron
large amount of scattering of about 23%, which was due to the micrographs data plotted (Figure S1). Details of the light
agglomerated particles. The brilliant transparency of the hybrid transmission measurement and CIELAB color parameter cal-
nano pigment is attributed to the typical small particle size of culations. This material is available free of charge via the
the pigment with particle surface capped with the organic ligand, Internet at http://pubs.acs.org.

which in turn resulted in a stable dispersion. This leads to a
fine-tuning of the scattering of nanoparticle pigment. It was
r(_aported _that’ f_or COlpred inorga_nic pigmen_ts, there are particle (20) Llusar, M.; Fores, A.; Badenes, J. A.; Calbo, J.; Tena, M. A.; Monros, G.
size regions in which scattering has disappeared and the  J. Eur. Ceram. So2001 21, 1121.
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