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Spinel-type inorganic pigments with intensive color and chemical/thermal stability are showing extensive

applications that could be further broadened by color manipulation and improvement of the material pro-

perties through nanosizing. In this study, we report the supercritical hydrothermal synthesis of nonstoi-

chiometric spinel-type cobalt gallate nanoparticles (Co—Ga NPs) with controlled color. Without the con-

ventional calcination procedure, NPs with greenish-blue, blue, and yellowish-green colors were syn-

thesized from precursor solutions at pH 7, 9, and 11, respectively, with a low Co/Ga molar ratio of 0.25.

X-ray diffraction, scanning/transmission electron microscopy, and inductively coupled plasma-atomic

emission spectroscopy methods suggest that the products were spinel-type cobalt gallate NPs with high

crystallinity and a nonstoichiometric composition. Based on an X-ray absorption fine structure investi-

gation, the prepared nonstoichiometric Co—Ga NPs were found to have different cationic configurations

from stoichiometric CoGa,O4 produced by a solid-state reaction during calcination. Meanwhile, the

degrees of distortions at tetrahedral and octahedral sites in the NPs were evaluated by Raman spec-

troscopy. In particular, nonstoichiometric Co—Ga NPs with a blue color were prepared without calcination
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1. Introduction

Inorganic pigments with a spinel-type crystal structure show
great utilization value owing to their high thermal/chemical
stability, high mechanical resistance," good compatibility with
organic modifiers and optical absorption performance.”?
Spinel-type pigments exhibit a wide range of intrinsic colors
with a high intensity by accommodating various types of tran-
sition metal cations, including Fe**, Co®>", Cu®', Fe*’, and
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for the first time and were found to have lower tetrahedral cobalt occupancy but comparable octahedral
cobalt occupancy and larger polyhedral distortions at tetrahedral sites when compared to calcined
CoGa,04. We also discuss strategies that could realize Co—Ga NPs with a more brilliant blue color using
the present technique based on an investigation of the growth process.

Cr**.* Therefore, color manipulation can be realized by doping
with transition or rare-earth metal ions.>” Other methods for
color manipulation include the use of capping agents,® use of
different polymorphs of the starting material,” and control of
the calcination temperature.’® A change in the calcination
temperature was thought to realize different cationic configur-
ations at tetrahedral and octahedral sites in the spinel struc-
ture, which could control the color of the products." ™

Compared to the normal spinel ("(A)"'[B,]O,) and inverse
spinel (V(B)'[AB]O4) structures, CoGa,O, has a partially
inverse structure expressed as "(Co;_,Ga,)"[CoGa,_,]O,4 (x:
inversion parameter), as shown in Fig. 1. The inversion para-
meter of intensive blue CoGa,0O, calcined at 1300 °C for 24 h
was estimated to be 0.664."”> When using different calcination
temperatures, Mathur et al. successfully produced CoGa,0,
with dark green, grass green, and blue colors by calcining
intermediate species at 400-500 °C, 600-800 °C, and
1000-1200 °C, respectively.’® The emergence of the blue color
at 1000-1200 °C was considered the result of an increased
number of tetrahedrally coordinated Co>" ions (Co**-0,) and
deoxidation of Co®" to Co** during the temperature increase,
similar to CoAl,0,."” However, blue CoGa,O, nanoparticles
have not been synthesized without calcination.
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Fig.1 Crystal structure of a partially inverse

(M(Co1_4Ga,)"'[Co,Gay_,]04) created by VESTA.*

COGa204

Apart from color manipulation, inorganic pigments with
improved material properties could be realized by producing
their nanosized counterparts. In the field of painting, nano-
scale ceramic pigments could show improved brilliance with
the help of a higher surface coverage and a higher number of
reflection points, as well as enhanced mechanical strength
owing to better dispersibility with binders.'® Meanwhile, nano-
scale pigments also show negligible visible light scattering,
and therefore, applications related to high transparency are
expected.'®”® Furthermore, nanopigments could also exhibit
enhanced dispersibility in aqueous/organic solutions after
encapsulation and surface modification.>"* In regard to the
traditional preparation of CoGa,0,, calcination at 600-1200 °C
favors the production of CoGa,0O, with high crystallinity, and
color manipulation from green to blue is easily achievable.
However, the high synthesis temperature and long calcination
time could result in not only unexpected agglomeration that
makes nanosizing harder but also large energy consumption.
To our knowledge, there are still no studies that have reported
the synthesis of spinel-type metal oxides with different colors
at a fixed low temperature of approximately 300-500 °C
without calcination, which could favor the production of metal
oxides with a small crystallite size, suppress agglomeration
and serve the purpose of energy savings.

In this work, we studied the supercritical hydrothermal syn-
thesis of spinel-type cobalt gallate nanoparticles (Co-Ga NPs)
with controlled color. Supercritical hydrothermal synthesis
was conducted at 400 °C without additional calcination in air.
As seen in CoAl,0,,>*** octahedrally coordinated Co®" ions
(Co®*-0¢) could be generated from the oxidization process of
Co®" to Co®*' at 400-600 °C, and they could hamper color
manipulation due to the exhibition of an intense green
color.'”?®*” Therefore, we conducted supercritical hydro-
thermal synthesis at 400 °C for 10 min, and we consider that
the rapid synthesis time of 10 min could alleviate the previous
oxidization process. Moreover, we also used a precursor solu-
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tion with a low Co/Ga molar ratio (0.25) to further reduce the
generation of Co®* during the synthesis. To achieve color
manipulation, we changed the pH of the precursor solution to
realize different cationic configurations, as reported in our pre-
vious work.”® We investigated the effect of the precursor solu-
tion pH on the coloration, crystalline phase, composition, cat-
ionic configurations and degrees of polyhedral distortions at
tetrahedral and octahedral sites of the products. Moreover, we
also discuss the growth process of prepared Co-Ga NPs by
comparing the local structure around cobalt atoms in the solid
products obtained at 200 °C, 300 °C, and 400 °C.

2. Experimental procedure

2.1. Preparation of cobalt gallate NPs

The supercritical hydrothermal synthesis of Co-Ga NPs was
performed as follows. Cobalt(n) nitrate hexahydrate
(Co(NO3),-6H,0, 99.5%) and gallium(m) nitrate n-hydrate
(Ga(NO3);3:nH,0, n 7-9, 99.9%) were purchased from
FUJIFILM Wako Pure Chemical Co. and used without further
purification. Co(NOj3),-6H,0 and Ga(NOj3);-nH,O were dis-
solved in pure water at concentrations of 0.025 mol L™ and
0.10 mol L™, respectively. For pH control, an aqueous solution
of 1.0 mol L™' NaOH was prepared using sodium hydroxide
(NaOH, Kishida Chemical Co., Ltd, purity over 97.0%) and
added dropwise to adjust the pH of the reactant solution to 7,
9, and 11. The added volume of NaOH for each condition was
recorded, and solid precipitates with a pale pink color were
observed at this moment. Prepared precursor solutions
(1.5 mL) were poured into a pressure-resistant Hastelloy C-276
reactor (inner volume of 5.0 mL). After being tightly capped,
the reactor was placed in an electric furnace with a preheated
temperature of 400 °C. After a synthesis time of 10 min, the
reaction was terminated by removing the reactor and submer-
ging it into a cold water bath. Temperatures inside the reactor
during the heating and cooling process were recorded (see
Fig. S1 in the ESIY).

2.2. Product collection and purification

After synthesis, solid products were collected from the reactant
solutions by centrifugation (4 °C, 12000 rpm, 20 min) and
decantation and were freeze-dried (FDS-1000, Tokyo Rikakikai
Co., Ltd) for X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) analyses.

2.3. Product characterization

The crystalline phase of the freeze-dried solid products was
analyzed by AERIS (PANalytical) with Cu-Ka radiation operat-
ing at 40 kv and 15 mA. XRD patterns were recorded in the
range of 10° < 26 < 70°. For SEM observation, a JSM-7610F
(JEOL Ltd) with an accelerating voltage of 15 kV was used. For
TEM observation, a JEM-1400 Plus (JEOL Ltd) was used, and
energy-dispersive X-ray spectroscopy (EDS) was conducted to
confirm the elemental composition of the products.

This journal is © The Royal Society of Chemistry 2023
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The Co/Ga molar ratios in the solid products were
measured using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis. The solid products were dis-
solved in a mixed solution of nitric acid and hydrogen per-
oxide in a volume ratio of 1:1. For solid products that were
hard to dissolve, hydrochloric acid was added. Nitric acid
(HNOj3, weight fraction in the range of 60-61%), hydrochloric
acid (HCIl, weight fraction in the range of 35.0-37.0%), hydro-
gen peroxide (H,O,, 30.0-35.5%), and standard solutions for
ICP-AES analysis were purchased from FUJIFILM Wako Pure
Chemical Co. and used as received without any further purifi-
cation. Next, an SPS7800 (Seiko Instruments) was used to
measure the Co and Ga concentrations in the resultant
aqueous solution. Additionally, we performed ICP-AES analysis
to measure Ni, Cr and Fe along with Co and Ga in the solid
products when taking the issue of contamination from the
reactor into consideration. Moreover, the concentrations of
unreacted Co and Ga in the supernatant of the reactant solu-
tions after synthesis were also measured by ICP-AES analysis,
based on which the conversion of Co and Ga for each pH con-
dition was calculated.

To investigate the main valence states of metal ions and
their cationic configurations in the solid products, Ga K-edge
and Co K-edge X-ray absorption fine structure (XAFS) spectra
were measured at BL-9A and BL-12C, Photon Factory, KEK,
Japan, using the transmission method. Data processing of the
X-ray absorption near-edge structure (XANES) region and
extended X-ray absorption fine structure (EXAFS) region in the
XAFS spectra was carried out with a data processing program,
Athena.”® In particular, the absorption edges of the products
were determined as the photon energies at the maximum of
the first derivative of the normalized p(E) in the XANES
region.?® The cationic configurations of the products were
determined by using a linear combination of k*-weighted y(k)
oscillations, and they were used as the initial cationic configur-
ations in Rietveld refinement using RIETAN-FP.>" Specifically,
the metal occupancy of Co atoms at tetrahedral and octahedral
sites for each pH condition was quantitatively evaluated by
considering that the measured k*-weighted y(k) oscillations at
the Co K-edge of the products are a linear combination of
those of ™V(Co0)""[Ga,]0, (normal spinel) and ™(Ga)*"[CoGa]O,
(inverse spinel).”® The k*weighted x(k) oscillations of
™(Co)""[Ga,]04 and "™(Ga)''[CoGa]O, at the Co K-edge were
theoretically calculated by Larch using all possible scattering
paths, an amplitude reduction factor of 0.70, and a thermal
and static disorder parameter o” of 0.01.

The diffuse reflectance spectra in the UV-Vis region of the
solid products were measured by a UV-Vis spectrophotometer
(V-650, JASCO Co.) using an integrating sphere (SIV-767). The
measurement range was 200-900 nm, and the scanning speed
was 100 nm min~". A color compass MFA (AT System Co., Ltd)
with a spectrometer (C12880MA, Hamamatsu Photonics K. K.,
spectral response range of 340-850 nm) was used to measure
the CIE XYZ parameters of the products. Then, the CIE XYZ
parameters were converted to SRGB and RGB parameters using
a gamma correction of 2.4.

This journal is © The Royal Society of Chemistry 2023
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The degree of distortions in the solid products was evalu-
ated by Raman spectroscopy. Raman spectra were collected
using inVia Reflex (RENISHAW). The excitation was achieved
by using 532 nm green laser emission (J150GS, KYOCERA SOC
Co.) The laser power output and irradiation time on the
sample were set to 1%-5% and 30-300 s, respectively.

3. Results and discussion

3.1. Effects of precursor solution pH on the coloration,
crystalline phase, and composition of solid products

The coloration of the solid products prepared at each pH by
the present technique was investigated first. Fig. 2 shows
digital images of the solid products synthesized at each pH,
together with their corresponding RGB parameters converted
from measured XYZ parameters in the CIE 1931 XYZ color
space. The colors obtained at pH 7, pH 9, and pH 11 were
greenish-blue, blue, and yellowish-green, respectively.
Therefore, solid products with tunable coloration were success-
fully synthesized at a fixed temperature of 400 °C by supercriti-
cal hydrothermal synthesis.

To confirm whether the coloration change was due to the
difference in the crystal structure, we investigated the crystal-
line phase of the products. Fig. 3 shows the measured XRD
patterns of the products. All of them agreed with that of
spinel-type CoGa,O, (ICSD: 172183, Fd3m), and slight right-
ward shifts were observed for all three pH conditions. The crys-
tallite sizes were evaluated by the Williamson-Hall equation,
as shown in Fig. S2 (ESIf), and the calculated crystallite sizes
are summarized in Fig. 3. They were in the range of 10 nm to
53 nm, which corresponded to the obtained narrowed full
width at half maximum (FWHM) values of the XRD patterns at
pH 11. As shown in Fig. 3, there was a large difference in size
between NPs at pH 11 with a green color (53 nm) and those at
pH 9 with a blue color (10 nm). To confirm whether the size
effect of the NPs could result in the changing color, we com-
pared Co-Ga NPs prepared at pH 9 in this study to those pre-
pared at pH 7 using a precursor solution with a high Co/Ga
molar ratio (Co/Ga = 0.50) in our previous study.”® They have
comparable crystallite sizes (this study: 10 nm; previous study:
13 nm) but a large difference in coloration. Therefore, we con-
sider that the color difference between NPs prepared at
different pH in this study may not be caused by the size effect
(see Fig. S3 in ESIY).

The crystallite sizes of the Co-Ga NPs were further con-
firmed by SEM and TEM observations. Fig. 4 shows SEM,
TEM, and TEM-EDS images of the prepared Co-Ga NPs. The
SEM and TEM images indicated particle sizes comparable to
the calculated crystallite sizes and an octahedral shape of the
Co-Ga NPs prepared at all pH conditions. Meanwhile, the
TEM-EDS images showed a uniform element distribution of
Ga and Co in the prepared Co-Ga NPs (Fig. 4(c) and Fig. S4 in
ESIT). As shown in Fig. 3 and 4, a larger crystallite size was
obtained at higher pH conditions, which can be explained by
the formation mechanism reported in our previous work.”® As

Dalton Trans., 2023, 52, 16285-16296 | 16287
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Fig. 3 XRD patterns of the solid products produced at 400 °C using
precursor solutions with pH 7-11.

previously reported, the solid precipitates with a pale pink
color in the precursor solutions are a layered double hydrox-
ide-like material. In this layered double hydroxide structure,
both cobalt and gallium ions are in octahedral coordination.
Meanwhile, these solid precipitates could act as a starting
material and finally form spinel-type cobalt gallate metal
oxides during the temperature increase in supercritical hydro-
thermal synthesis. Based on the previous discussion, we con-
sider that the solid precipitates could show high stability in a
high-pH environment, such as pH 11. Thus, the reaction rate
of the formation from the layered double hydroxide-like start-
ing material to the spinel-type cobalt gallate may decrease at
pH 11, resulting in an increased crystallite size owing to
improved crystal growth.

ICP-AES analysis was conducted to investigate the compo-
sition of the Co-Ga NPs and the possibility of contamination.
As shown in Fig. 5, the prepared Co-Ga NPs had nonstoichio-

16288 | Dalton Trans., 2023, 52,16285-16296
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(a) Digital images and calculated corresponding RGB parameters (y = 2.4) of the solid products produced at 400 °C using precursor solutions

color space.

metric compositions, and the Co/Ga composition increased
from 0.282 to 0.728 with increasing pH. The Co/Ga molar
ratios of the NPs prepared at pH 9 and pH 11 greatly surpassed
those in the precursor solutions (Co/Ga = 0.25), especially the
Co/Ga molar ratio at pH 11, which exceeded that in stoichio-
metric CoGa,0, (Co/Ga = 0.50). To explain the increasing non-
stoichiometric compositions, we focused on the conversions of
cobalt and gallium and their percentages in the aqueous
phase of the reactant solutions at room temperature (see
Fig. S5 in ESI{). As shown in Fig. S5,f large amounts of
gallium were found to dissolve in the aqueous phase of the
reactant solutions, especially at pH 11, and the percentage
showed the highest value of 0.931. Compared to gallium,
cobalt remained in the solid phase of the reactant solutions at
room temperature, and the conversions were close to 1.0 at all
pH conditions. Therefore, we suppose that gallium may prefer
to dissolve in the aqueous phase and attempt to remain
unreacted during synthesis at higher pH. As a result, the
decreasing conversion of gallium contributed to the increasing
Co/Ga composition from pH 7-11. Meanwhile, contamination
was barely detected except at pH 7, where a nonnegligible
amount of Ni contamination was detected. These Ni** ions
could exist at the octahedral site and result in an unexpected
green hue, as shown in Fig. 2.%*

To investigate the main valence states of Ga and Co in the
prepared nonstoichiometric Co-Ga NPs, normalized pu(E)
values were calculated from the XAFS spectra in the XANES
region. Fig. 6(a) and (b) show the normalized u(E), and
Fig. 6(c) and (d) show the first derivative of the normalized
u(E) of our products, commercially available references, and
CoGa,0, produced by the solid-state reaction method using a
mixed powder of CoO and Ga,0; at 1300 °C for 24 hours. The
maximum peak of the first derivative of the normalized u(E) is
labeled with a black circle, at which the photon energy was
determined as the absorption edge, as previously introduced.
The Ga-K absorption edges of the Co-Ga NPs prepared at pH
7, 9, and 11 were 10370.7 eV, 10370.4 €V, and 10370.4 eV,
respectively, which were almost the same as those of $-Ga,0;

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 M/Ga (M = Co, Ni, Cr, and Fe) molar ratios of Co—Ga NPs pro-
duced at 400 °C using precursor solutions with pH 7-11 measured by
ICP-AES.

and CoGa,0, (10370.4 eV) (Fig. 6(c)). Meanwhile, the Co-K
absorption edges of the Co-Ga NPs prepared at pH 7, 9, and
11 were 7718.52 eV, 7718.53 eV, and 7718.59 eV, respectively,
which were close to those of CoO and CoGa,0, (7718.66 eV
and 7718.53 eV) (Fig. 6(d)). Therefore, Ga*" and Co®* are con-
sidered the main valence states of the prepared nonstoichio-
metric Co-Ga NPs. Nevertheless, to further investigate the
chemical condition of metal atoms in the products, photon
energies at the maximum of the white lines in the normalized
u(E) measured at the Ga and Co-K edge of the products were
also compared to corresponding references (Fig. 6(a) and (b)).
The maximum value of the white line for each pH condition at
the Ga K-edge was close to those of B-Ga,O; and CoGa,O,
(10375.4 eV), but that at the Co K-edge was slightly larger than
those of CoO and CoGa,0, (7723.80 eV and 7724.47 eV).
Therefore, there could be a small amount of Co®* existing in

This journal is © The Royal Society of Chemistry 2023
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(@) SEM images and (b) TEM images of Co—Ga NPs produced at 400 °C using precursor solutions with pH 7-11, and (c) TEM-EDS results
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Fig. 6 The normalized u(E) at the (a) Ga K-edge and (b) Co K-edge, first
derivative of the normalized u(E) at the (c) Ga K-edge and (d) Co K-edge
in the XANES region of nonstoichiometric Co—Ga NPs produced at
400 °C using precursor solutions with pH 7—-11 and corresponding refer-
ences (@KEK PF BL-9A; the maximum of the while line of the normalized
u(E), and that of the first derivative of the normalized u(E) are labeled
with a black circle).
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the Co-Ga NPs produced at pH 7 and pH 9 and more at pH 11.
In summary, color-controlled nonstoichiometric Co-Ga NPs
with little Co®" were successfully synthesized by supercritical
hydrothermal synthesis at a fixed low temperature of 400 °C
without calcination when using precursor solutions with a low
Co/Ga molar ratio of 0.25 and pH 7-11.

3.2. Investigations of the UV-Vis absorption spectra of
prepared nonstoichiometric Co-Ga NPs

Nonstoichiometric spinel-type Co-Ga NPs with Ga** and Co®"
as the main valences and greenish-blue, blue, and yellowish-
green colors were prepared at pH 7, 9, and 11, respectively. To
study the relationship between their nonstoichiometric com-
position (Co/Ga molar ratio) and coloration, we explored the
coloration mechanism based on investigations of the UV-Vis
region absorptions and cationic configurations. In this
section, we measured the diffuse reflectance spectra of the
nonstoichiometric Co-Ga NPs. The Kubelka-Munk absorbance
in the UV-Vis region is shown in Fig. 7.

At pH 7 and pH 9, where products with blue hues were
obtained, evident triplet absorption was observed at 560 nm,
600 nm, and 650 nm. We consider that the spin-allowed d-d
transition of vy [*A,(F) — “Ty(P)] of Co**-0, could result in the
triplet absorption band based on reports by Llusar et al’>*
These three transitions could give rise to blue coloration owing
to absorptions at 560 nm (green region), 600 (yellow-orange
region), and 650 nm (red region).** In addition, another broad
absorption peak was observed below approximately 400 nm.
We consider that the charge transfer between the oxygen
anion and Co>" at the tetrahedral site (0> -Co>" (Tet.)) could
contribute to this absorption.>®> When compared to pH 7 and
pH 9, the UV-Vis absorption spectrum at pH 11 showed a
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Fig. 7 UV-Vis absorption spectra converted from diffuse reflectance
spectra of nonstoichiometric Co—Ga NPs produced at 400 °C using pre-
cursor solutions with pH 7-11.
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more intensive absorption at 400-500 nm and an area with
larger absorption at approximately 700 nm. We consider that
the intensive absorption at 400-500 nm at pH 11 could also be
due to the charge transfer of 0> ~Co** (Tet.), similar to pH 7
and pH 9 but with a larger intensity. We will discuss our
assumptions on this significant increase in the absorbance
intensity at 400-500 nm later in section 3.4. In regard to the
area with a large absorption at approximately 700 nm, we con-
sider that the charge transfer between the oxygen anion and
Co" at the octahedral site (0> -Co®" (Oct.)) is contributable
based on previous studies.**?® Note that three absorption
peaks relating to v4 [*A,(F) — *T;(P)] at pH 11 were not evident,
which might be because of less Co®>~0, compared to pH 7
and pH 9. The band gaps of the prepared Co-Ga NPs were eval-
uated by Tauc plot (see Fig. S6 in the ESIT). The band gaps at
pH 7 and pH 9 were approximately 3.31 eV, which could con-
tribute to the absorption at approximately 375 nm. Meanwhile,
NPs prepared at pH 11 with the highest Co/Ga molar ratio
(Co/Ga = 0.728) showed a much lower band gap of 2.54 eV.
This band gap could cause absorption at approximately
488 nm at pH 11.

Based on previous investigations, we assume that there
could be more Co**-0, in the Co-Ga NPs prepared at pH 7
and pH 9 than at pH 11 because of the exhibition of blue color
and the evident triplet absorption of v; at 560-650 nm.
Meanwhile, there could be larger numbers of Co**-Og in the
NPs prepared at pH 11 than at pH 7 and pH 9 because of the
intensive charge transfer absorption at approximately 700 nm.
Generally, the coloration change from pH 7-11 is considered
to be due to the change in the cationic configuration. The cat-
ionic configuration will be quantitatively determined in
section 3.3. Moreover, the effect of the polyhedral distortions
at the tetrahedral and octahedral sites on the coloration will
be discussed later in section 3.4.

3.3. Investigations of the cationic configurations of prepared
nonstoichiometric Co-Ga NPs

To confirm our predictions on the cationic configuration in
section 3.2, we quantitatively determined the occupancies of
cobalt and gallium atoms at tetrahedral and octahedral sites
in the products based on the XAFS measurement and Rietveld
refinement, as shown in Fig. 8. Specifically, Fig. 8(a) shows the
measured k*-weighted y(k) oscillations at the Co K-edge of the
prepared Co-Ga NPs. The cationic configurations at the tetra-
hedral and octahedral sites were determined by fitting these
k*-weighted (k) curves. Fig. 8(b) shows the linear combination
when using k*-weighted y(k) oscillations that were theoretically
calculated for ™(Co0)'[Ga,]JO, (normal spinel) and
Y(Ga)""[CoGa]O, (inverse spinel) arrangements. Fig. 8(b) also
shows the corresponding coefficient of determination (R
factor) for each pH condition. Next, theoretically determined
cationic configurations were used as the initial cationic con-
figuration required in the Rietveld refinement to calculate the
XRD patterns of the products. The calculated XRD patterns
were compared with the observed patterns for each pH con-
dition to examine the reliability of the calculated cationic con-

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Measured k*-weighted y(k) oscillations in the EXAFS region at the Co K-edge of nonstoichiometric Co—Ga NPs produced at 400 °C using
precursor solutions with pH 7-11, (b) linear combination fitting results, and (c) result of Rietveld refinement using RIETAN-FP (pH 9, 400 °C).

figurations. As a result, the R* factor in Fig. 8(b) indicates a
good fit of the linear combination for each pH, and the calcu-
lated XRD patterns fit the observed patterns in the Rietveld
refinement well, as shown in Fig. 8(c) and Fig. S7 (ESI{). In
summary, the cationic configurations of the prepared nonstoi-
chiometric Co-Ga NPs were quantitatively determined by
linear fitting of XAFS results using the Co K-edge k*-weighted
x(k) oscillations of ™(Co0)'[Ga,]JO, and "(Ga)''[CoGa]O,
arrangements and were confirmed to have high reliability by
Rietveld refinement using XRD results.

The theoretically determined cationic configurations and
Rietveld refinement results of the prepared nonstoichiometric
Co-Ga NPs and those of the calcined stoichiometric CoGa,0,
with a bright blue color determined by Naka et al.®
marized in Table S1 (ESIf). The cationic configurations are
depicted in Fig. 9 for a better comparison.

Unlike what we assumed from the UV-Vis absorption
spectra, cobalt ions in the products mainly occupy the octa-
hedral site even at pH 7 and pH 9, at which point products

are sum-
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Fig. 9 Occupancies of Ga and Co at the tetrahedral and octahedral
sites of nonstoichiometric Co—Ga NPs produced at 400 °C using pre-
cursor solutions with pH 7-11 derived from the linear combination of
k®-weighted y(k) oscillations at the Co K-edge (black and blue lines
show the Ga and Co occupancies in stoichiometric CoGa,O4 produced
from a solid-state reaction®®).
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with a blue hue were obtained. These results show that our
products were highly inverse spinel compounds. When focus-
ing on the blue and black lines representing the Co and Ga
occupancies in the calcined CoGa,0O,, our nonstoichiometric
products have a completely different cationic configuration.
That is, the cobalt occupancies are lower at the tetrahedral site
but comparable or much higher at the octahedral site.

As shown in Fig. 9, nonstoichiometric Co-Ga NPs produced
at pH 11 with a yellowish-green color were found to have the
largest octahedral cobalt occupancy (approximately 0.603).
Notably, the octahedral cobalt occupancy at pH 11 greatly sur-
passed that in inverse CoGa,O, (0.50). One of the possible
reasons is that a part of the Co ions existed as Co®" at the octa-
hedral site. To verify this, we focused on the photon energies
at the maximum of the XAFS white lines in the normalized
u(E) measured at the Co-K edge (see Fig. 6(b)). The photon
energy at pH 11 was larger than those at pH 7 and pH 9, indi-
cating the presence of more Co®" ions. Therefore, we consider
that Co®* ions may replace Ga®* ions at the octahedral site as
Co*-Og at pH 11. This resulted in a large octahedral cobalt
occupancy of 0.603 at pH 11 and an area with a large absorp-
tion at approximately 700 nm owing to the charge transfer of
0°"-Co** (Oct.). Meanwhile, because the number of octahedral
sites is 2 times that of tetrahedral sites in a spinel structure,
this large octahedral cobalt occupancy resulted in a high Co/
Ga molar ratio for NPs produced at pH 11, as shown in Fig. 5.
The products obtained at pH 7 and pH 9, with an octahedral
cobalt occupancy comparable to that of the calcined CoGa,O,,
exhibited a blue hue. However, due to the lower tetrahedral
cobalt occupancy, they showed a Co/Ga molar ratio lower than
the stoichiometric value of 0.50.

To explain why the cobalt occupancies of the prepared Co-
Ga NPs were lower at the tetrahedral site but comparable or
much higher at the octahedral site when compared to the cal-
cined CoGa,0,, we focus again on the gallium ions in the
aqueous phase of the reactant solutions, as mentioned in our
previous discussion on the increasing nonstoichiometric com-
positions of the products in section 3.2. We suppose that
gallium ions may prefer to dissolve in the aqueous phase
during the initial temperature increase and be stable in tetra-
hedral coordination, such as Ga(OH), . With a further temp-
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erature increase, some of the Ga(OH),” species become
unstable and may prefer to incorporate into the tetrahedral
site with ease. Currently, many cobalt ions are considered to
remain in the octahedral coordination because of the rapid
reaction from the layered double hydroxide-like material to the
spinel phase. Previous assumptions could result in a large
cobalt octahedral occupancy (highly inverse spinel com-
pounds) at all pH conditions.

3.4. Investigations of the degree of distortions at tetrahedral
and octahedral sites of prepared nonstoichiometric Co-Ga
NPs

When transition metal ions exist in distorted polyhedrons with
less symmetric geometries compared to regular octahedral or
tetrahedral geometries, they may have different absorption in
the visible region, i.e., produce different colors.?” In this study,
the polyhedral distortions in the prepared NPs may be induced
by the Jahn-Teller effect of the transition metal ions (Co®",
Co’") and may also be due to the synthesis conditions.*® These
polyhedral distortions may affect the absorptions of Co**-0,
and Co®"*"-0y in the prepared Co-Ga NPs and further affect
the coloration of the NPs. Therefore, we simply evaluated the
degrees of the polyhedral distortions at tetrahedral and octa-
hedral sites in the spinel lattice by using Raman spectroscopy.
Raman spectra in the range of 150-850 nm of the prepared
NPs and reference of calcined CoGa,O, are shown in
Fig. 10(a). Because CoGa,0, belongs to the Fd3m space group,
we theoretically considered five Raman active modes (A + Eg
+ 3F,,) and assigned them to the observed intensive peaks of
calcined CoGa,0,.*° Notably, the presence of an extra peak
marked with an asterisk (A*;;) was considered to be due to the
degree of inversion.*** Compared to the calcined CoGa,Oy,,
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the Raman spectra of the prepared Co-Ga NPs generally show
broader peaks, and peaks such as E; and F,; (2) were not
evident. In particular, the increase in the breadth of the
observed peaks in our products was considered the result of
polyhedral distortions within the spinel lattice.** In Fig. 10(a),
Raman spectra of our NPs also showed peak shifts compared
to the calcined CoGa,0,. We consider that polyhedral distor-
tions could affect the bond lengths of Co-O and Ga-O and
result in a shift in the peak center. In this study, we focused
on the full width at half maximum (FWHM), that is, the
breadth of the peaks of F,, (1) and A*;, in the Raman spectra,
to investigate tetrahedral distortions and the FWHM of A, to
investigate octahedral distortions of the NPs. Multiple peak
fitting was conducted for the calcined CoGa,0, and each pH
condition, as shown in Fig. 10(b-e). The FWHM results as well
as the peak location of each fitted peak are summarized in
Table S2 (ESIf). Notably, the peak of F,, (3) was also intense in
our products. However, this peak is considered to be associ-
ated with vibrations of oxygen atoms at both tetrahedral and
octahedral sites and was not discussed in this study.*?
According to reports by Bouchard and Gambardella, the A,
peak is characteristic of vibrations involving the motion of
oxygen atoms at octahedral sites, and the F,, (1) peak is associ-
ated with the motion of oxygen atoms at tetrahedral sites.*!
Previous reports are on the study of a normal spinel of
CoAl,0,, and we referred to those results in our study of
CoGa,0,. However, the prepared Co-Ga NPs and the calcined
CoGa,0, are spinel compounds with inversions, and they have
the additional characteristic peak of A*;,. We assigned A*;, to
stretching vibrations involving oxygen atoms at tetrahedral
sites.”® When focusing on the FWHM of the peaks of F,, (1),
Ayq, and A*;,, NPs prepared at pH 9 showed the largest FWHM
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value at F,, (1) and A*;; and those at pH 11 showed the largest
FWHM value at A, (see Table S2 in ESIf). Therefore, there
could be large polyhedral distortions existing at the tetrahedral
site at pH 9 and at the octahedral site at pH 11. Nevertheless,
NPs prepared at pH 7 also showed a considerable degree of dis-
tortion at the tetrahedral site when focusing on the large
FWHM at A%,

Next, we correlated the degree of polyhedral distortions to
the UV-Vis absorption spectra of the prepared Co-Ga NPs. At
PH 7 and pH 9, the large degrees of polyhedral distortions at
the tetrahedral site might decrease the crystal field strength
(10Dq) and may further intensify the triplet absorption band
of Co**-0y, as reported by Raj and Rao.”® As a result, evident
triplet absorption at 560-650 nm and a blue hue were observed
from the NPs at pH 7 and pH 9 despite the low tetrahedral
cobalt occupancy. At pH 11, where there could be more Co>"”
#*-0g, we consider that the large degree of distortions at the
octahedral site might alleviate the effect of Laporte-forbidden
transitions of the octahedral complexes (Co®>”**-O4) due to
asymmetric octahedrons."” In our work, octahedral distortions
might intensify the transitions of v, ['A;y — Ty, of Co*'-Og.
This v, transition was observed at 430 nm in Co3;0, spinel
compounds, which have a high content of Co**-0, similar to
the NPs at pH 11 in this work.** We also consider that the
large absorption at 400-500 nm might also contain intensified
absorptions of transitions v; [*T;4(F) — *A14(G)] and v, [*Ty4(F)
— “Ty4(P)] of Co*'-Os. They were observed at 470 nm and
510 nm in an alumina-supported cobalt system.*> In summary,
all those intensified possible absorptions together with the
absorption at 488 nm induced by the band gap absorption at
PH 11 might finally cause a significant increase in the absor-
bance intensity at 400-500 nm when compared to pH 7 and
PH 9 and result in an intensive green hue in the NPs prepared
at pH 11.

In summary, color-controlled nonstoichiometric Co-Ga NPs
prepared by the present technique were found to have
different cationic configurations at tetrahedral and octahedral
sites compared to the calcined stoichiometric CoGa,O,.
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Prepared NPs were also found to have considerable degrees of
polyhedral distortions. Based on previous discussions of the
main valences, cationic configurations, and degrees of distor-
tions at the tetrahedral and octahedral sites, the relationship
between the prepared Co-Ga NPs and their colorations is sum-
marized in Table 1.

3.5.
NPs

Growth process of prepared nonstoichiometric Co-Ga

Durable inorganic blue color materials have continuously
attracted attention from human beings for a long time.**"” In
this work, we successfully prepared nonstoichiometric Co-Ga
NPs with high crystallinity and a blue hue at a fixed low temp-
erature of 400 °C without calcination but with less brilliance
than calcined stoichiometric CoGa,0,4, as shown in Fig. S8
(ESIt). We consider this result to be due to a lower tetrahedral
cobalt occupancy that could result in weaker triplet absorption
of the previously introduced spin-allowed transition of Co®*-
0,. To find synthesis conditions that could allow more Co>*-
Oy, ie., realizing a more brilliant blue color, we investigated
the growth process in the present technique. Specifically, we
conducted synthesis at 200 °C and 300 °C using the same pre-
cursor solution (Co/Ga = 0.25) and measured the XAFS spectra
at the Co K-edge of the solid particles prepared at each pH con-
dition. Next, Fourier transforms of the k*-weighted y(k) oscil-
lations in the EXAFS region of the products were derived. We
investigated the growth process and discussed the strategy for
a more brilliant blue color using the present technique by
comparing the local structures (Fourier transforms) of the
solid products produced at 200 °C, 300 °C, and 400 °C with
that of calcined CoGa,O,.

As shown in Fig. 11, the Fourier transforms of the &’
weighted y(k) oscillations of most solid products and the cal-
cined CoGa,0, generally showed an intensive peak at 1.5 A
and two intensive peaks ranging from 2.2 to 3.5 A. These
peaks correspond to Co-O interactions and interactions
between the metal atoms of Mo ~Moet, (2.2-3.0 Z&) and Mre—
Moet/tet. (3.0-3.5 A), respectively. When focusing on the cal-

Table 1 Relationship between the nonstoichiometric composition (Co/Ga) of Co—Ga NPs produced at 400 °C using precursor solutions with pH

7-11 and their coloration

pH7 pPHY pH11
Composition (Co/Ga molar ratio) 0.282 0.423 0.728
Cobalt valence Co*" as the main valence Co*" as the main Co*" and Co**
valence

Tetrahedral cobalt occupancy (0.336 for
calcined CoGa,0, *°)

Octahedral cobalt occupancy (0.332 for
calcined CoGa,0, *°)

Number of octahedrally coordinated Co
ions (Co**-04)

Distortions at tetrahedral sites

0.115 (<0.336)
0.273 (~0.332)

3" Small

focusing on A*,,)
Distortions at octahedral sites

Nonnegligible Ni** ions
Greenish-blue

Contamination
Coloration

This journal is © The Royal Society of Chemistry 2023

Large than calcined CoGa,O, (when

Larger than calcined CoGa,0,

0.129 (<0.336) 0.0540 (<0.336)

0.382 (~0.332) 0.603 (>0.332)

Small Large

The largest Smaller than calcined CoGa,O,

(when focusing on A*;,)

Larger than calcined  The largest
CoGa,0,4

Almost none Almost none
Blue Yellowish-green
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Fig. 11 Fourier transforms of the k*-weighted y(k) oscillations in the EXAFS region at the Co K-edge (@KEK PF BL-12C) of stoichiometric CoGa,O,4
prepared by calcination at 1300 °C for 24 h (dotted line) and solid products prepared at 200 °C, 300 °C, and 400 °C using precursor solutions with

(@) pH 7, (b) pH 9, and (c) pH 11.

cined CoGa,0, (dotted line) with a brilliant blue color, there is
nearly no difference in height between the two intense peaks
ranging from 2.2 to 3.5 A. Therefore, to prepare Co-Ga NPs
exhibiting an intense blue color, the difference between the
two peaks from 2.2 to 3.5 A needs to be as small as possible.

This difference was smaller at pH 7, larger at pH 9, and
much larger at pH 11. This result indicates that cobalt ions show
higher selectivity for the octahedral site during the growth
process at higher pH. At pH 9, the differences between the two
peaks at 2.2-3.5 A significantly decreased with increasing syn-
thesis temperature. This indicates the possibility of producing
Co-Ga NPs with a more brilliant blue color when using a higher
synthesis temperature in the present technique, even for an alka-
line environment of pH 9. Unlike pH 9, the difference between
the two peaks changed only slightly at a high synthesis tempera-
ture when using the precursor solution of pH 11. We consider
this result to probably be due to an extremely high octahedral site
selectivity of cobalt ions at pH 11. Therefore, Co-Ga NPs with a
more brilliant blue coloration could be realized in an acidic syn-
thesis environment or in an alkaline synthesis environment (pH
< 11) when using a synthesis temperature higher than 400 °C in
the present technique.

4. Conclusions

In this research, color-controlled nonstoichiometric spinel-
type cobalt gallate nanopigments were realized by a rapid
supercritical hydrothermal synthesis at 400 °C for 10 min
without calcination when using a precursor solution with a
low Co/Ga molar ratio (0.25) and different pH values. To sum-
marize, the prepared Co-Ga NPs exhibited a higher Co/Ga
molar ratio (0.282-0.728), a larger amount of Co’", a larger
octahedral cobalt occupancy (0.273-0.603), and a larger degree
of octahedral distortions as the precursor solution pH
increased. Generally, the color manipulation from greenish-
blue to yellowish-green is probably due to an increasing

16294 | Dalton Trans., 2023, 52, 16285-16296

amount of Co***-04 and an increasing degree of distortions

at the octahedral site in the spinel structure at higher pH. In
particular, nonstoichiometric Co-Ga NPs with a blue color (R:
80, G: 150, B: 185) were successfully synthesized without calci-
nation for the first time and were found to have a large degree
of tetrahedral distortions. Additionally, investigations of the
growth process of Co-Ga NPs during temperature increase
indicated the possibility of producing Co-Ga NPs with a more
brilliant blue color when using a higher synthesis temperature
in the present technique. Our synthesis method has merits
such as a lower synthesis temperature, a shorter synthesis
time, use of inexpensive metal nitrate as raw materials, and
less use of cobalt compared to traditional calcination
methods. We believe that the present technique could lead to
energy-efficient and environmentally friendly production of
coloristic cobalt gallate nanopigments in the future.
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