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Hydrothermal synthesis of zinc oxide crystals in supercriti-
cal formic acid (FA) solutions was carried out at 400 °C. Increas-
ing FA concentration from 0.0 to 1.0 mol-kg~! gave hexagonal
plates, hexagonal pillars, and tube-like shapes. Depending on
FA concentration, relative intensity of emission spectra at
around 500 nm increased from 0.53 to 1.0, peak at 388 nm shift-
ed to 393 nm, and atomic ratio O/(O + Zn) decreased from 49 to
38%.

Zinc oxide (ZnO) has attracted much interest in applications
such as short-length light-emitting, transparent conductors, pie-
zoelectric materials, and room temperature ultraviolet lasing.'
Further, it is widely known that doping of metal cations and in-
organic gases like nitrogen and hydrogen changes the intensity
of emission spectra and the band gap of ZnO.> Many researchers
have proposed synthesis methods for ZnO compounds.' Among
them, hydrothermal synthesis is one of the most promising tech-
niques for producing crystals from single nano to millimeter
size.

Over the latest decade, we have carried out hydrothermal
syntheses of metal oxide particles at supercritical water condi-
tions.> Water of its supercritical state forms homogeneous mix-
tures with gases and has specific physical properties that can be
controlled with temperature and pressure such the dielectric con-
stant and ion product.* This means that particle size, morpholo-
gy, composition, and crystal structure can possibly be varied
with temperature and pressure. For the case of redox reaction,
concentration of oxygen and hydrogen can be used in homoge-
neous reaction environments.® Generally, near the critical pres-
sure of water (Pc = 22.1 MPa), the reaction rate of hydrother-
mal synthesis above water’s critical temperature (7¢ = 374 °C)
is a few orders of magnitude higher than that below T c.> This,
along with the highly variable metal oxide solubility above 7¢,
provides an excellent environment for forming nano to millime-
ter size crystals. Recently, use of homogeneous mixture of su-
percritical water and carbon dioxide was reported as a mild acid
catalyst for dehydration reaction of organics.’ This technique has
also large potential for controlling metal oxide solubility and re-
lated solution environments in the field of metal oxide synthesis.

In this study, we report first attempt of hydrothermal synthe-
sis of ZnO using carbon dioxide as a mild acid catalyst for de-

creasing solution pH (increasing metal oxide solubility) and hy-
drogen as an in situ doping agent in homogeneous reaction field
of carbon dioxide, hydrogen, and water.

Solutions were prepared by dissolving precise amount of
zinc acetate (Zn(CH3COOQ),, Wako Pure Chemicals, Osaka, Ja-
pan) in distilled water and formic acid (HCOOH) standard solu-
tion (Wako Pure Chemicals, Osaka, Japan). The concentration of
zinc acetate was 0.05 mol-kg~! and that of formic acid changes
from 0.0 to 1.0mol-kg~".

Zinc acetate and formic acid aqueous solutions were loaded
into a 153-cm? batch reactor made of Ti alloy. The temperature
was measured with a K-type thermocouple that was inserted into
the reactor. Reactor load water density was 0.35 g-cm™>, which
corresponds to about 30 MPa at a reaction temperature of 400 °C.
The reactor was heated by immersion into a temperature-control-
led molten-salt bath. Approximately 5 min was required for the
batch reactor to reach the reaction temperature. Reaction time
was 10min, which includes heating up time. The reactor was
quenched in a water bath, which was kept at room temperature.

In this study, hydrothermal reaction is represented in terms
of two reaction steps; zinc hydroxide formation and dehydration
from the hydroxide. Formic acid decomposes into hydrogen and
carbon dioxide and yields of H, and CO, increase to ca. 90% at
400 °C within 2.

The crystal structures of the products were analyzed by pow-
der X-ray diffractometry (XRD) (RINT 2200VK/PC, Rigaku),
using Cu Ko radiation. The emission spectra of the products
were measured by a fluorescence spectrophotometer (F-4500,
HITACHI). The wavelength range for these spectra was from
370 to 700nm and the used excitation wavelength was 378
nm. Observation of these products was performed by scanning
electron microscope (SEM) (LEO 1420-OMEGA, Karl Zeiss).
Compositions of Zn and O in ZnO crystals were determined
by energy-dispersive X-ray spectroscopy (EDS) (JED-2200,
JOEL). The concentrations of remaining Zn ion in the recovered
aqueous solution were measured by inductively coupled plasma
(ICP) emission spectroscopy (SPS-7800, Seiko). Conversion of
Zn ion to solid product was defined as (1 — C/Cp) x 100, where
C and C, are molal concentrations of the Zn species in the recov-
ered and starting solutions, respectively.

SEM images of synthesized crystals are shown in Figure 1.
All peaks of these crystals were assigned to zinc oxide as shown

Table 1. Summary of analytical results of zinc oxide crystals at given HCOOH concentrations

HCOOH Relative Intensity Peak Position Conversion 0O/(Zn + O)
/mol-kg™! of Peak (500 nm)/— /nm /% /atomic %
0.00 0.53 388 28.2 49
0.25 0.63 390 47.9 42
0.50 1.00 393 66.6 37
1.00 0.80 392 56.9 38
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Figure 1. SEM images of ZnO crystals: (a) without FA, (b)
0.25mol-kg~!' FA, (c) 0.5mol-kg~! FA, (d) 1.0mol-kg~! FA.
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Figure 2. XRD patterns of ZnO crystals.
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Figure 3. Emission spectra of ZnO crystals.
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in Figure 2. The emission spectra of the obtained ZnO crystals
are shown in Figure 3. Atomic ratio, O/(Zn + O), and conver-
sion are summarized in Table 1 with the results of emission spec-
tra measurement and conversions.

Main crystal shape was hexagonal plate without FA (Figure
la), hexagonal pillar and column at 0.25 mol/kg FA (Figure 1b),
larger hexagonal pillar at 0.5 mol/kg FA (Figure 1c), and tube-
like hexagonal pillar at 1.0 mol /kg FA (Figure 1d). With increas-
ing FA concentration up to 0.5 mol/kg, the thickness of hexag-
onal plate increased sharply from ca. 0.1 um to ca. 30 um that
is hexagonal pillar (Figure 1c). Then increasing FA concentra-
tion up to 0.5 mol/kg, conversion and intensity of emission spec-
tra increased and atomic ratio of O/(Zn + O) decreased. The
peak around 390 nm shifted to longer wavelength side as shown
in Figure 3b) (inset).

In general, the emission spectrum of ZnO has two peaks at
around 390 and 500 nm as shown in Figure 3.”® First peak at
UV region is assigned to the recombination of excitonic centers.’
Many researchers reported the doping of metal cations or inor-
ganic atoms shifted this peak position.” Second peak at visible
region is originated from the optical recombination at defect in
the crystal, such as oxygen vacancies.® Therefore, we assumed
that the shift of first peak was resulted by hydrogen doping into
ZnO crystal structure. Further, the doping also decreased atomic
ratio O/(O + Zn) and as a result the intensity of second peak in-
creased. The increase of FA concentration decreases pH and in-
creases ZnO solubility. This also means the decreasing nuclea-
tion rate for decreasing degree of supersaturation. As a result
larger crystals were produced. Then, XRD peaks shown in
Figure 2 are different between crystals with and without FA.
The addition of FA changed the distribution of dissolved chemi-
cal species and it probably changed the growth rate on each sur-
face. However, at present, it is difficult to explain the growth
mechanism of the crystals as shown in Figure 1 by traditional
crystal growth mechanism.’

In conclusions, uses of carbon dioxide as a mild acid catalyst
at supercritical condition and supercritical water—hydrogen ho-
mogeneous field for a in situ doping of gases can be expected
as an attracting field for production of new functional metal ox-
ide crystals.
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