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Abstract

The bottom-up synthesis of ruthenate nanosheets was examined by aqueous solution process. Upon heating mixtures of
RuCl; and N(CH3),OH aqueous solutions at 80 °C for 1 day, highly water-dispersible ruthenate nanosheets were yielded.
However, the use of RuO, xH,O or (NHy4),RuClg instead of RuCl; xH,O did not produce ruthenate nanosheets. The
oxidation state of ruthenium ion in the ruthenate nanosheets was +4, which inferred that the chemical composition of
nanosheets is Rug9s0,%% or [N(CH;3)4]92Rug 950,. Thus, the compound including Ru*", i.e., RuCl; xH,0, was shown to be
more useful for the synthesis of ruthenate nanosheets including Ru**. Probably, Ru" species played an important role in the
formation of ruthenate layers. Moreover, the heating for prolonged periods or at high temperatures and the washing of
ruthenate nanosheets with 2-propanol transformed some of the ruthenate nanosheets to the precipitates of layered ruthenates,
which were not exfoliated in aqueous sols. It is likely that the highly water-dispersible ruthenate nanosheets are metastable
states. The ruthenate nanosheets exhibited lateral sizes smaller than 100 nm and were highly dispersible in water even after
the washing with 2-propanol possibly due to extensive exfoliation. Furthermore, electric properties are measured for the thin
films fabricated by drying the aqueous sols of ruthenate nanosheets on a glass substrate. It is known that ruthenate
nanosheets have metallic or semimetallic characters; however, the nanosheet thin films rather exhibited semiconducting
properties, presumably because of poor ohmic contacts between the nanosheets.
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¢ Ruthenate nanosheets were synthesized in aqueous sols by bottom-up process.

e Ruthenium salts including Ru*" like RuCl; are useful for the formation of ruthenate nanosheets.
e Layered ruthenates with a large basal spacing were exfoliated in aqueous sols.

e The ruthenate nanosheets had lateral sizes smaller than 100 nm.

1 Introduction

Two-dimensional materials have attracted increasing atten-
tion because of interesting chemical and physical properties,
which are attributed to their highly anisotropic shapes [1-4].
Metalate nanosheets are two-dimensional materials and are
originated from the metalate nano-slabs in layered metalates
[3-7]. They are obtained by exfoliating layered metalates.
Sasaki et al. [5, 6] found that when layered metalates with
bulky interlayer cations, e.g., N(C4Hg),T (TBA™), are pre-
pared in aqueous solutions or sols, the layered metalates are
swollen and exfoliated, yielding aqueous sols of metalate
nanosheets. Conventionally, metalate nanosheets have been
prepared by ion-exchange method [3-7]. First, the acid
treatment of layered metalates leads to the replacement of
interlayer cations by hydrogen ion H". Next, TBA™ ion is
intercalated into the interlayer by reacting the layered
metalates with N(C4Hg),OH (TBAOH) aqueous solution,
i.e., by the acid-base reaction between interlayer H" and
TBAOH. The resulting layered metalates with interlayer
TBA™ are exfoliated, producing metalate nanosheets.

We previously found out the method for synthesizing
titanate nanosheets, based on bottom-up process utilizing
chemical reactions [8]. Until now, we also have synthesized
other types of metalate nanosheets by the bottom-up process
[9-13]. For the bottom-up synthesis, the acid-base reactions
between metal hydroxides and the hydroxides of bulky
cations, such as N(CH3);,OH (TMAOH) and TBAOH,
produce layered metalates with bulky interlayer cations in
aqueous solutions, resulting in the formation of metalate
nanosheets by the exfoliation of the obtained layered
metalates. From the viewpoint of the aqueous solution
chemistry relevant to the dissolution of metal hydroxide in
water, the bottom-up synthesis of metalate nanosheets can
be seen, as follows: Metal hydroxides with relatively strong
acidity, that is, the hydroxides of the metals having large
oxidation states are dissolved as metalate ions in basic
aqueous solutions. However, when the hydroxides of bulky
cations such as TMAOH and TBAOH are used as a pH
adjuster, highly water-dispersible metalate nanosheets yield
in the pH region between the precipitation of metal
hydroxides and the dissolution as metalate ions because of

the stabilization of anionic oligomers, i.e., metalate
nanosheets, by bulky cations.

Though other researchers also have reported bottom-up
syntheses of metalate nanosheets utilizing chemical reac-
tions [14-19], the bottom-up synthesis of metalate
nanosheets, which was found out by us, have some
advantages. The bottom-up synthesis yields metalate
nanosheets with small lateral sizes. Since small nanosheets
have a large ratio of edge length to surface area, they are
useful for the catalysis and photocatalysis [20, 21]. More-
over, since the metalate nanosheets are highly dispersible in
water, their aqueous sols are transparent and useful as the
coating sols for the fabrication of thin films by sol-gel
method [22-24]. In addition, the hydrothermal treatment of
the metalate nanosheet sols synthesized by the bottom-up
process can yield metal oxides with interesting morpholo-
gies and crystalline phases, which cannot be obtained from
other precursors [25-27]. Furthermore, this synthetic
method is applicable not only to metalate nanosheets but
also to metallophosphate nanosheets [28, 29]. However,
most of the nanosheets synthesized so far are insulators. In
order to expand the range of the applications of the metalate
nanosheets, which are synthesized by bottom-up process, to
a variety of functional materials, it is desirable to synthesize
highly electroconductive nanosheets by this synthetic
method.

Ruthenate nanosheets, e.g., Rug950,°", have been syn-
thesized by conventional ion-exchange method, that is, by
replacing the interlayer cations Na® or K' in layered
ruthenates, such as Kj,RuO,, K;,Ru ¢50,, Nay,Ru0,, and
NaRuO,, with TBAT or TMA™ [30-38]. The resulting
ruthenate nanosheets exhibited very high electric con-
ductivity [30]. Taking advantage of their electric properties
and two-dimensional morphologies, their applications to
electrochemical supercapacitors [33-35], transparent con-
ductive materials [36], the promotors for photocatalysis
[37], the catalysts for oxygen evolution reactions [38, 39],
and so on, have been studied extensively. So, we conceived
the bottom-up synthesis of ruthenate nanosheets by reacting
TMAOH or TBAOH and ruthenium hydroxide produced by
hydrolyzing ruthenium salts. Since the nanosheets synthe-
sized by the bottom-up process have small lateral sizes, they
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would be useful for catalysis and photocatalysis. Moreover,
resulting aqueous sols of ruthenate nanosheets also can be
used as the coating sol for the thin film fabrications of
ruthenates and ruthenium oxides.

The objectives of this study are to synthesize highly water-
dispersible ruthenate nanosheets by bottom-up process. The
ruthenium sources suitable for the bottom-up synthesis of
nanosheets were also examined as well as the role of Ru®>" in
the ruthenate nanosheet formation, the parameters influen-
cing the dispersibility of nanosheets, and the temperature
dependence of electric resistance of the thin films fabricated
from resulting ruthenate nanosheets. However, since the
lateral sizes of nanosheets synthesized by the bottom-up
process are very small, it is hard to clarify which of mono-
layer nanosheets or multilayer ones are yielded. Thus, in this
paper, we call not only ruthenate monolayer nanosheets but
also highly water-dispersible layered ruthenates with single-
nanometer thickness “ruthenate nanosheets.”

2 Experimental procedure
2.1 Synthesis

The typical synthesis of ruthenate nanosheet sols by
bottom-up process is as follows: Ruthenium trichloride
hydrate (RuCl; xH,O, ruthenium content of 36 to 44 mass
%, FUJIFILM Wako Chemicals) (1.0 mmol) was dissolved
in 3 mL of distilled water. The RuCl; aqueous solution was
mixed with 25% TMAOH aqueous solution (FUJIFILM
Wako chemicals, analytical grade) at a TMAOH/RuCl;
molar ratio of 8. The aqueous mixture was stirred for 1 h at
room temperature. Then, it was diluted with distilled water
to the total volume of 10mL, i.e., to a ruthenium con-
centration of 100 mM, and stirred for 1 day at room tem-
perature. The thus-obtained aqueous sol was transferred to a
closed vessel and then heat-treated at 80 °C for 1 day. The
resulting aqueous sols contained highly water-dispersible
ruthenate nanosheets. The uses of ruthenium (IV) oxide
hydrate (RuO, xH,O, Sigma-Aldrich) and ammonium
hexachlororuthenate (IV) (NHy4),RuClg, FUJIFILM Wako
Chemicals, 99%) were also attempted instead of RuCls
xH,0. For the use of (NH4),RuClg, the ruthenium con-
centration was 10-50 mM and the TMAOH/Ru molar ratio
was changed between 6 and 16. Since (NH4),RuClg aqu-
eous solution is more acidic than RuCl; aqueous solution,
higher TMAOH/Ru ratios were also used. Moreover, the
influences of synthetic conditions, such as TMAOH/RuCl;
molar ratio, heating method, heating temperature, heating
period, ruthenium concentration, etc., on the synthesis of
ruthenate nanosheets were also examined.

Since the aqueous sols of ruthenate nanosheets, which
were synthesized using RuCl; xH,0, contained N(CHj3),Cl
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(TMACI]) and excess TMAOH, the ruthenate nanosheets
were washed with 2-propanol for characterization. Upon
adding a copious amount of 2-propanol to the nanosheet
sols, the ruthenate nanosheets were collected as precipitates.
The obtained precipitates were washed several times with
2-propanol by centrifugation because TMACI and TMAOH
are soluble in 2-propanol.

2.2 Characterization

X-ray diffraction (XRD) measurements were performed
using a Rigaku Ultima IV diffractometer with monochro-
matic CuKa irradiation. The XRD patterns were recorded at
2° min~! in the 20 range of 2°~70°. For measuring XRD
patterns of the colloidal particles such as nanosheets in sols,
thin film samples were fabricated on a glass substrate in the
following manner. A sol (100 uL) was placed all over a
glass substrate (10 mm x 40 mm) by using a micropipette,
and then was dried at room temperature under the ambient
condition, unless otherwise stated. XRD measurements
were made for the thin films fabricated on the substrates.
Transmission electron microscopy (TEM) images were
taken on a JEOL JEM-2100 system at an accelerating vol-
tage of 200kV. The samples were prepared by drying a
drop of sample sol onto a Cu grid supported with a carbon-
reinforced Formvar thin film (Okenshoji PVF-C15 STEM
Cul50P model). The grid was subjected to hydrophilic
treatment before use. Scanning electron microscopy (SEM)
images were captured on a Hitachi model S-4800 at an
acceleration voltage of 5kV after coating samples with an
osmium layer. Atomic force microscopic (AFM) measure-
ments were performed on a Hitachi AFM5400L model in a
tapping mode using a silicon tip cantilever (15Nm™,
Hitachi SI-DF20 model). Topographic images and phase
images were measured. A topographic image represents a
surface profile, while a phase image represents the phase
delay of cantilever tapping against input phase. Softer and
more viscous surface provides larger phase delay. In this
study, a phase image is useful for distinguishing ruthenate
nanosheets and organic species because the former is harder
than the latter. Samples for AFM measurements were pre-
pared by dropping the aqueous sols of washed ruthenate
nanosheets on a mica substrate and then drying at 100 °C
for 10 min. X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted on an Ulvac-Phi Quantera-SXM
model using monochromatic AlKa irradiation. A carbon
tape was put on a sample holder. Then, after the vacuum
deposit of a small amount of gold, sample powder was put
on it. The binding energy was calibrated by adjusting Au
4f;, line to 84.0eV. Thermogravimetry and differential
thermal analysis (TG-DTA) were conducted on a Shimadzu
DTG-60H model using about 6 mg of sample powder. TG-
DTA curves were recorded in the temperature range of
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25-800 °C at a heating rate of 5°C min™' under air flow of
250 mL min~!, i.e., 200 mL min~" of N, and 50 mL min~! of
0,. UV-vis absorption spectra were measured on a Hitachi
U-4100 model in a transmittance mode using a dual beam
and were recorded in the wavelength range from 1500 to
200 nm at a rate of 300 nm min~" for the sol transferred in a
quartz glass cell (10 x 10 x 45 mm®).

For the evaluation of the electric properties of ruthenate
nanosheets, sheet resistivities were measured by four-probe
method (Nittoseiko Analytech Loresta-GP model with a
PSP type probe) for the thin films fabricated by drying the
aqueous sol (100 pL) of washed ruthenate nanosheets on a
glass substrate (10 x 40 mmz) under the ambient condition.
Moreover, the temperature dependence of the sheet resis-
tivity of ruthenate nanosheet thin film was measured in the
temperature range of 25-150 °C. The thin film was placed
on a hot plate. The hot plate was set to a target temperature.
After 30 min, the sheet resistivity of thin film was measured.

3 Results and discussion

3.1 Bottom-up synthesis of ruthenate nanosheets
from different ruthenium salts

The bottom-up synthesis of ruthenate nanosheets was
examined using different ruthenium salts such as RuO,
xH,0O, RuCl; xH,O and (NH4),RuClg as a ruthenium
source. Each ruthenium salt was mixed with TMAOH
aqueous solution in water. Then, the resulting mixtures
were heated at 80 °C. First, ruthenium (IV) oxide hydrate
(RuO, xH,0) was used as the ruthenium source. The XRD
pattern of RuO, xH,O exhibited some of very broad peaks
in the 26 range of 15°-40°, suggesting very low crystallinity
(Supplementary Fig. S1 in the Supplementary Information).
RuO, xH,O powder was mixed with TMAOH aqueous
solution at a molar ratio of TMAOH/RuO, =4, and the
mixture was heated. After the heating, the powder was
recovered by centrifugation. The amount of the powder was
not decreased by the heating. The XRD pattern of the
powder was similar to the one of the RuO, xH,O powder
before the heating (Fig. 1 and Supplementary Fig. S1 in the
Supplementary Information). Even when the heating tem-
perature was increased to 150 °C, the RuO, xH,O powder
remained intact. Thus, it was inert to basic substances.
Next, water-soluble ruthenium salts such as ruthenium
(IIT) chloride hydrate (RuCl; xH,O) and ammonium hexa-
chlororuthenate (IV) ((NH4),RuClg) were used because they
are expected to be more reactive than inert powder RuO,
xH,0. The mixture of RuCl; aqueous solution and TMAOH
aqueous solution with a molar ratio of TMAOH/RuCl; = 8
and a ruthenium concentration of 100 mM became blackish
sols without precipitates. The thin film fabricated by drying
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. | . ! . | .
10 20 30 40
Diffraction angle, 260 [°] (CuKa)

Fig. 1 XRD patterns of the samples obtained by drying the sols or
suspension produced by heating aqueous mixtures of TMAOH and (a)
RuO, xH,0, (b) RuCl; xH,0, or (¢) (NH4),RuClg

the blackish sol under the ambient condition exhibited no
XRD peaks. After heating the blackish sol at 80 °C, a thin
film was also fabricated by drying the heated sol under the
ambient condition. The resulting thin film provided some
XRD peaks, whose d-spacings had a relation of 1: 1/2: 1/3:
1/4, indicating a high orientation (Fig. 1). Thus, the heating
of blackish sols at 80 °C caused the colloidal particles in the
sol to be crystallized to ruthenate nanosheets. The drying of
the heated sol produced highly oriented ruthenates with a
layered structure having N(CH3),™ (TMA™) as an interlayer
cation. Moreover, upon adding 2-propanol to the heated
blackish sol, the colloidal particles were collected as pre-
cipitates. The powder XRD pattern of the thus-obtained
precipitates provided some peaks, besides the peaks rele-
vant to the above-mentioned high orientation. It is known
that layered ruthenate Na,RuO, yH,O is in a rhombohedral
system, and on the assumption of a hexagonal lattice, the
ruthenate layers are parallel to the C-plane [33, 34]. Based
on both of the lattice constant a of the known layered
ruthenate and the lattice constant ¢ estimated from the
orientation peaks of the colloidal particles, all the XRD
peaks of the colloidal particles were indexable (Fig. 2).
Thus, this suggests that ruthenate nanosheets were synthe-
sized in aqueous sols by the bottom-up process using RuCl;
and the nanosheets had the same crystal structure as the
ruthenate nanosheets reported so far [33, 34].

Ruthenate nanosheets were also attempted to be syn-
thesized using (NH,4),RuClg, which is also soluble in water.
An aqueous solution of (NH4),RuCly was mixed with
TMAOH aqueous solution in the ratio range of TMAOH/
(NHy),RuClg = 6-16. The resulting sols were heated at
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Fig. 2 XRD pattern of the precipitates obtained by adding 2-propanol
to ruthenate nanosheet sols

80 °C, and then dried on a glass substrate under the ambient
condition. The fabricated thin films exhibited no XRD peaks,
indicating no formation of ruthenate nanosheets. Figure lc
shows the XRD pattern of the sample prepared at a ruthe-
nium concentration of 50mM and at TMAOH/
(NH4),RuClg = 16. Moreover, to avoid the influence of a
large amount of CI™ ion, the precipitates obtained by adding
2-propanol to the blackish sols prepared using (NHy),RuClg
were mixed with TMAOH aqueous solutions. However,
ruthenate nanosheets were not yielded. Thus, even though
the oxidation state of ruthenium ion in ruthenate nanosheets
RU0_95020'2_, RUOZX_, or (TMA)O_zRU().%Oz is equal to or
close to +4, RuCl; xH,O including Ru** was more useful
for ruthenate nanosheet synthesis than (NH4),RuClg includ-
ing Ru*". Zhao et al. [39] reported that the addition of RuCls
xH,O to NaNOj; melted at 350 °C yielded ruthenate (IV)
nanosheets RuO,"". Possibly, Ru*" species may be useful for
the formation of ruthenates with layered structures.

3.2 Oxidation of ruthenate ion during the ruthenate
nanosheet synthesis using RuCl; xH,0

As mentioned above, the oxidation state of the ruthenium ion
in starting material RuCl; xH,O is +3, while it is inferred that
the synthesized ruthenate nanosheets contained Ru*". So, the
oxidation of ruthenate ion during ruthenate nanosheet
synthesis was examined. First, the oxidation state of ruthe-
nium ion in ruthenate nanosheets was measured by XPS. For
the precipitates obtained by adding 2-propanol to the aqueous
sols of ruthenate nanosheets, XPS measurement was con-
ducted. Since Ru 3d peaks are very close to C 1s peaks, Ru
2p peaks were observed to avoid the interference of C 1s. The
peaks of Ru 2p;,, and 3, appeared, and the deconvolution of
their peaks showed that each of them consisted of one peak
(Fig. 3). The binding energy of the Ru 2p;» peak was
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Fig. 3 XPS Ru 2p peaks of the precipitates obtained by adding
2-propanol to ruthenate nanosheet sols

462.9 eV, indicating the presence of Ru**, according to Ref.
[40]. The XPS spectrum confirms that the oxidation state of
ruthenium ion in the ruthenate nanosheets was +4.

For the bottom-up synthesis of ruthenate nanosheets, no
oxidant reagents were added to the reaction sols. Probably,
dissolved oxygen in the aqueous sols acted as an oxidant.
The influence of dissolved oxygen was investigated by
bubbling N, gas to the reaction sols for removing dissolved
oxygen. The N, bubbling was started before or after the
addition of TMAOH aqueous solution to RuCl; aqueous
solution. Then, the mixture sols were refluxed in an oil bath
at 80°C for 1 day in N, atmosphere. For the thin films
fabricated by drying the resulting sols on a glass substrate,
XRD measurements were made. The samples without N,
bubbling provided orientation peaks attributed to the for-
mation of ruthenate nanosheets. Similarly, strong and sharp
XRD peaks appeared in the XRD pattern of the sample with
N, bubbling after TMAOH addition (Supplementary Fig.
S2 in the Supplementary Information). However, for the
sample with the start of N, bubbling before TMAOH
addition, the XRD peaks became weaker and broader
(Supplementary Fig. S2 in the Supplementary Information).
Thus, this suggests that the oxidation of Ru*" with dis-
solved oxygen occurred rapidly in basic aqueous sols and
influenced the crystallization of ruthenate nanosheets.

3.3 Influence of synthetic conditions on the bottom-
up synthesis of ruthenate nanosheets from
RUCI3 XHzo

The influence of different synthetic conditions on the bottom-
up synthesis of ruthenate nanosheets from RuCl; xH,0O was
investigated. First, TMAOH/RuCl; molar ratio was changed
from 3 to 8, while the ruthenium concentration was fixed to
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Fig. 4 XRD patterns of the thin films fabricated by drying the sols,
which were prepared by heating the aqueous mixtures of TMAOH and
RuCl; at different TMAOH/RuCl; ratios

100 mM. At TMAOH/RuCl; = 3, the pH of sol was 5.4, while
at TMAOH/RuCl; >4, the pH values were increased to pH >
12.9. XRD measurements were conducted for the thin films
fabricated by drying the heated sols (Fig. 4). At TMAOH/
RuCl; =3 and 4, the thin films exhibited no XRD peaks. At
TMAOH/RuCl; > 5, the orientation peaks attributed to ruthe-
nate nanosheet formation appeared. The intensities of the peaks
were increased with TMAOH/RuCl; ratios and leveled off at
TMAOH/RuCl; = 8. Thus, strongly basic sols were required
for the bottom-up synthesis of ruthenate nanosheets.

Next, the influence of RuCl; concentration was investi-
gated. The RuCl; concentration was decreased from
100 mM to 20 mM at TMAOH/RuCl; = 8. The thin films
were fabricated by drying the sols on a glass substrate
(10 x40 mmz) at the fixed Ru amount of 5 pumol. In the
XRD patterns of the thin films, the orientation peaks
became weaker with decreasing RuCl; concentration
(Supplementary Fig. S3 in the Supplementary Information).
High Ru"" concentration was preferable for ruthenate
nanosheet formation. Moreover, since ruthenate nanosheet
sols were synthesized by heating the aqueous mixtures of
RuCl; and TMAOH, the influence of heating temperature
and periods were also investigated. The heating temperature
was changed from room temperature (without heating) to
120 °C (Fig. 5). When the mixture sol was not heated, no

Diffraction angle, 26 [°] (CuKa)

Fig. 5 XRD patterns of the thin films fabricated by drying the sols,
which were prepared by heating the aqueous mixtures of TMAOH and
RuCl; at different temperatures

ruthenate nanosheets was yielded. At heating temperatures
higher than 60 °C, ruthenate nanosheets were yielded. The
amount of formed nanosheets was maximum at 80 °C.
Furthermore, the heating period was changed from 1 day to
7 days at 80 °C (Supplementary Fig. S4 in the Supple-
mentary Information). The prolonged heating for periods
longer than 1 day decreased the amount of ruthenate
nanosheets. For the sols heated at high temperatures
(2100 °C) or for long periods (24 days), small amounts of
precipitates were formed. XRD measurement shows that the
precipitates were also layered ruthenates (Supplementary
Fig. S5 in the Supplementary Information). The layered
ruthenates formed by drying the ruthenate nanosheet sols
had a basal spacing of 1.45-1.56 nm, while the basal spa-
cing of the precipitates was about 0.95nm. Thus, these
results suggest that the ruthenate nanosheets highly dis-
persed in water are metastable, and the heating at high
temperatures for a long period transforms some ruthenate
nanosheets into stable layered ruthenates, which have small
basal spacing and are not dispersible in water.

3.4 Characterization of the ruthenate nanosheets

UV-vis measurements were made for aqueous sols of
ruthenate nanosheets. The ruthenate nanosheet sols
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Fig. 6 (a) Appearance and (b) UV-vis spectra of the diluted sols of
ruthenate nanosheets and (c) the dependence of the absorbance at
355 nm on the concentrations of the sols

synthesized by heating a starting sol with a composition of
TMAOH/RuCl; =8 and a ruthenium concentration of
100 mM at 80 °C for 1 day were diluted to concentrations of
0.1-0.4 mM with distilled water. The nanosheet sol with a
concentration of 0.1 mM (Fig. 6a) was blackish and trans-
parent with no precipitates. Upon irradiating a laser light to
the aqueous sol, the trace of the light passage was observed
due to Tyndall effect. Moreover, the UV-vis spectra
exhibited absorption peaks around 355 nm and 500 nm (Fig.
6b). Similar UV-vis spectra were already reported for the
aqueous sols of ruthenate nanosheets Rug 950" [41] and
RuOZO'z_ [34] and for the thin films of layered ruthenate
consisting of ruthenate nanosheets RuO,,’? and TBA*
[30]. The UV-vis spectra confirmed that the ruthenate
nanosheets synthesized in this study were similar in crystal
structure to those synthesized by the conventional method.
Furthermore, the absorbance of the peak at 355 nm was
proportional to the ruthenium concentration of the aqueous
sols (Fig. 6¢), suggesting that the ruthenate nanosheets were
highly dispersed due to extensive exfoliation. The molar
extinction coefficient of the absorption peak at 355 nm was
estimated as 8.06 x 10’ mol™" dm?® cm™. It was a little larger
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Fig. 7 XRD patterns of the samples obtained (a) by drying the aqueous
suspension of the precipitates obtained by adding 2-propanol to
ruthenate nanosheet sols and (b) by drying the supernatant of the
aqueous suspension, and XRD pattern of the precipitates in the aqu-
eous suspension

than the one reported for the ruthenate nanosheet sols
synthesized by the conventional method [34]. It is likely
that the difference in molar extinction coefficient is attrib-
uted to the size of ruthenate nanosheets.

Since the ruthenate nanosheet sols also contained
TMACI and excess TMAOH, the nanosheets were collected
as precipitates by adding 2-propanol to the sols and washed
several times with 2-propanol by centrifugation. When the
precipitates were added to water again, parts of the pre-
cipitates were highly dispersed in water; however, the other
parts remained intact as precipitates. The XRD pattern
(Fig. 7a) of the aqueous suspension exhibited two types of
layered ruthenates; one had a basal spacing of 1.54 nm,
while the basal spacing of the other was 0.97 nm. So, the
suspension was separated into supernatant and precipitates.
Upon drying the supernatant under the ambient condition,
layered ruthenates were formed with a basal spacing around
1.54 nm (Fig. 7b), indicating the presence of highly dis-
persible ruthenate nanosheets in the supernatant. On the
other hand, the precipitates were layered ruthenates with a
basal spacing of 0.97 nm (Fig. 7c), indicating that they were
the above-mentioned stable layered ruthenate. Thus, the
washing with 2-propanol transformed some of highly water-
dispersible ruthenate nanosheets to the stable layered
ruthenates which were not dispersible in water.

In order to investigate the state of TMA™ in layered
ruthenates, thermal analysis was performed for the layered
ruthenates obtained by washing with 2-propanol. First, TG-
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Fig. 8 TG-DTA curves of the layered ruthenate precipitates obtained
(a) by the washing of ruthenate nanosheets with 2-propanol and (b) by
the washing them with 2-propanol and water

DTA measurement was made for the precipitates of layered
ruthenates before the re-dispersion in water (Fig. 8a). At
temperatures lower than 120 °C, the desorption of adsorbed
water was observed. Around 200 °C and 270 °C, two exo-
thermic peaks appeared accompanying weight losses, which
were assignable to the combustion of TMA™ species. The
precipitates heated at 800 °C were RuO,. Based on the
observed weight losses, the TMA™/Ru ratio was estimated
to be about 0.33. Next, TG-DTA measurement was also
conducted for the precipitates obtained after the re-
dispersion in water (Fig. 8b). The exothermic peaks
accompanying weight losses were observed at 200 °C. The
weight losses showed that the TMA™/Ru ratio was about
0.33. Thus, the removal of highly dispersible ruthenate
nanosheets disappeared the exothermic peak at 270 °C. The
exfoliation and dispersibility of layered ruthenate depended
on the state of interlayer TMA'. TMA™ species providing
the exothermic combustion peak at 270 °C had some rele-
vance to water-dispersible ruthenate nanosheets. Moreover,
the chemical composition of the ruthenate nanosheets
reported so far, e.g., [Ru'50,1%%, corresponds to the
TMA™/Ru ratio of 0.2. However, the TG-DTA curves
showed the TMA™/Ru ratio of about 0.33. It is likely that
the layered ruthenate powders synthesized by bottom-up
process contained excess TMAOH.

210 200

Fig. 9 TEM image and SAED pattern of the aggregate of the highly-
water dispersible ruthenate nanosheets obtained by washing with
2-propanol and subsequential dispersion in water

Next, the morphology of ruthenate nanosheets was
examined. For the ruthenate nanosheets, which were dis-
persible in water even after the washing with 2-propanol,
TEM observation was conducted. In the TEM images, lots
of ruthenate nanosheets were present with lateral sizes
smaller than 100 nm. Thus, the highly water-dispersible
ruthenate nanosheets were very small. As shown in Fig. 9,
the aggregates of ruthenate nanosheets were also seen. The
aggregate shown in Fig. 9 had a lateral size of about 100 nm
and a shape like a hexagon surrounded with the {100}
planes, although it was an aggregate. Moreover, it exhibited
an SAED pattern like that of a hexagonal single crystal,
although the diffraction spots were a little diffused. The
SAED spots were assignable using the lattice constant a of
the known layered ruthenate, confirming that the crystals in
the aggregate were ruthenate nanosheets or layered
ruthenates.

For the ruthenate nanosheets after the washing with 2-
propanol, AFM observation was conducted in a tapping
mode (Fig. 10). Topographic image (Fig. 10a) and phase
image (Fig. 10c) were measured. A topographic image
shows the surface profile, while a phase image shows the
phase delay of cantilever tapping against an input phase.
Softer and more viscous surface provides larger phase
delay, that is, lighter yellow colors in a phase image (Fig.
10c), while hard surface provides darker brown because of
small phase delay. In this study, a phase image was mea-
sured for distinguishing ruthenate nanosheets and organic
species because the former is harder than the latter. In the
topographic image, many small sheet-like particles were
seen (Fig. 10a). They were as small as 20-50 nm in lateral
size and were about 1nm thick (Fig. 10b). In the phase
image, the phases on the particles were similar to those on
the mica substrate surface (Fig. 10c). Moreover, the phase
images were analyzed in more detail. The cantilever was
scanned from the left side to the right one in Fig. 10c, d.
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Fig. 10 (a) Topographic image and (c) phase image of AFM mea-
surement for the highly-water dispersible ruthenate nanosheets obtained
by washing with 2-propanol and subsequential dispersion in water. The
panels b and d show the height profile along the line of X to Y in a and
the phase profile along the line of X’ to Y’ in ¢, respectively
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When the cantilever reached sheet-like particles, the phase
delay was increased a little at the edge of 1-nm thick particle
(Fig. 10d) because a force parallel to the sample surface was
applied to the cantilever due to the change in height. At the
right edge of sheet-like particles, the phase delay was
decreased a little because of the same reason as the left-side
edge of particles. As a result, the left side of particles
became light yellow, whereas the right side was dark
brown. The phase delay in the center of sheet-like particles
corresponds to the hardness of the particles. The phase
delay of tapping was similar to that of the surface of mica
substrate and gradually decreased as the cantilever pro-
ceeded, meaning that the hardness of the surfaces of the
particles was similar to or a little larger than that of the mica
substrate surface. In addition, some sheet-like particles with
a thickness of about 2 nm were also seen (Supplementary
Fig. S7 in the Supplementary Information). Similar AFM
results were also obtained for them. The left sides of the
particles were light yellow, while the right side was dark
brown. However, the areas without the influence of the
edges were wider for 2-nm thick particles than for the 1-nm
thick ones. The middle of the 2-nm thick particles was a
little harder than the mica substrate surface. The gradual
phase change on the 1-nm thick particles was probably
attributed to the small thickness. The particles were so thin
that the hardness of particle surface gradually influenced the
phase of cantilever tapping. These results suggest that the
sheet-like particles were ruthenate nanosheets, but not
lumps of organic species. It is likely that the 1-nm thick
particles and 2-nm thick ones were monolayer ruthenate
nanosheets and bilayer nanosheets, respectively.

TEM and AFM images suggest the presence of some
types of ruthenate nanosheets, i.e., monolayer, bilayer, and
multilayer nanosheets and the aggregates of nanosheets, in
the highly water-dispersible ruthenate nanosheets. Further-
more, SEM observation was conducted for the layered
ruthenates which were not dispersible in water (Fig. 11).
The layered ruthenates were particles with sizes of
100200 nm. Thus, there was difference in lateral size
between highly dispersible ruthenate nanosheets and
layered ruthenate precipitates.

3.5 Electric properties of ruthenate nanosheets

Thin films were fabricated using aqueous sols of the
ruthenate nanosheets, which were dispersible in water even
after the washing with 2-propanol. The sol was dried on a
glass substrate under the ambient condition. The sheet
resistivity of the resulting thin film was measured by four-
probe method. It was about 400kQ sq~'. Although Sato
et al. [28] reported as low sheet resistivity as 12 kQ sq™" for
single ruthenate nanosheet, which was measured by scan-
ning probe microscopy; the sheet resistivity measured in
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Fig. 11 SEM image of the layered ruthenate precipitates obtained by
washing with 2-propanol and subsequential dispersion in water
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Fig. 12 Change of the sheet resistance of ruthenate nanosheet thin film
with temperature. The thin film was fabricated from the highly-water
dispersible ruthenate nanosheets obtained by washing with 2-propanol
and subsequential dispersion in water

this study was not so low because of the small lateral size of
ruthenate nanosheets, that is, the presence of lots of inter-
faces between nanosheets. Furthermore, the temperature
dependence of the sheet resistivity of the ruthenate
nanosheet thin film was investigated (Fig. 12). The sheet
resistivity was decreased with increasing temperature, sug-
gesting that the thin films of ruthenate nanosheets had the
semiconductive characters of electric conduction. However,
it is known that ruthenate nanosheets exhibit metallic or
semimetallic conductivity [42]. Since the ruthenate
nanosheets synthesized in this study had very small lateral
sizes, the interfaces between ruthenate nanosheets have a
significant influence on the electric conductivity. It is likely
that the interfaces provided poor ohmic contacts between

ruthenate nanosheets, thereby the ruthenate nanosheet thin
film exhibited rather semiconductivity.

4 Conclusions

Ruthenate nanosheets were synthesized by bottom-up pro-
cess in aqueous solutions. Upon heating the aqueous mix-
tures of RuCl; solutions and TMAOH solutions at 80 °C for
1 day yielded ruthenate nanosheets. Since the bottom-up
synthesis produced highly water-dispersible nanosheets, the
resulting sols can be used as the coating sols for the thin
film fabrication by sol-gel method. Moreover, even though
the oxidation state of ruthenium ion in the ruthenate
nanosheets was +4, RuCl; xH,O including Ru** ion was
more useful as the ruthenium source of ruthenate nanosheets
than RuO, xH,O and (NH,),RuCls, which include Ru*".
The oxidation of Ru’" to Ru*" with dissolved oxygen
occurred spontaneously in strongly basic aqueous solutions
during the bottom-up process. For the synthesis of ruthenate
nanosheets by the conventional ion-exchange method, some
research groups reported the use of layered potassium
ruthenate Kj,Rug950, powder as a starting material.
However, for the solid-state synthesis of Kg,Rug 950, from
K>COj3; and Ru0O,, excess K,CO3; (K,CO3:RuO, = 5:8) and
the firing at a temperature as high as 850 °C are required
[30, 31, 33, 36], indicating low reactivities of Ru*t species.
On the other hand, it was reported that the addition of RuCl;
xH,O to NaNO; melted at 350 °C produced ruthenate
nanosheets [39]. Probably, Ru®* species plays an important
role in the formation of ruthenate layers. Furthermore, two
types of layered ruthenates with bulky interlayer cation
TBA™ were reported so far: One has as large a basal spacing
as 1.65nm [33, 34]. The other has a relatively small basal
spacing, which was 1.28 nm [31, 36]. In this study, the
stacking of highly water-dispersible ruthenate nanosheets
involving TMA™ provided layered ruthenates with a basal
spacing as large as about 1.5 nm, while the layered ruthe-
nates with relatively small basal spacings around 0.95 nm
were yielded as precipitates by the heating for prolonged
periods or at high temperatures. Thus, two types of basal
spacings were also observed for layered ruthenates with
TMA™. The layered ruthenate with smaller basal spacing
was more stable, while the layered ruthenate with larger
basal spacing was metastable and highly dispersible in
water, producing ruthenate nanosheets. The highly water-
dispersible ruthenate nanosheets were smaller than 100 nm
in lateral size.

Until now, we have reported the bottom-up syntheses of
metalate nanosheets and metallophosphate nanosheets by
aqueous solution process. However, many of them were
insulators. In this study, ruthenate nanosheets, which
showed semiconductive properties, were synthesized by the
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bottom-up method. The extension of the properties of
obtainable metalate nanosheets would widen the range of
their applications to functional nanomaterials.
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