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By retreating the C12A7-O- microporous crystal ([Ca24Al28O64] 4+‚4O-) in a high-temperature (1350
°C) and water vapor environment, almost 100% O- and O2

- anions in C12A7-O- have been substituted
by the OH- anions, leading to the formation of a high-intensity OH- emission material, [Ca24Al28O64]4+‚4OH-

(C12A7-OH-). The formation of OH- in C12A7-OH- was identified by investigating the anionic species
both on the surface and in the bulk as well as its emission features with Fourier-transform IR absorption,
electron paramagnetic resonance, and time-of-flight mass spectra. The concentration of OH- anions in
C12A7-OH- is estimated to be more than 7× 1020 cm-3. Furthermore, a sustainable and stable OH-

emission current of 11.7µA/cm2 from C12A7-OH- has been obtained at a sample surface temperature
of 780 °C under an extraction field of 1300 V/cm. The emission features of C12A7-OH-, such as
temperature and field effects, have been also investigated. It is expected that the present material could
be practically used as an OH- anions storage and generator.

1. Introduction

There has been great concern of OH- in ionic oxide
crystals in the past decades.1-12 When the ionic oxides are
exposed to the UV irradiation orγ irradiation in the presence
of adsorbing H2 or H2O, the vacancies of the ionic oxides
will be occupied by the OH- anions with the Fs+(H) or V-

OH

color centers generating at the surface of the crystals.1-10

By exposition of these crystals to irradiation and alkanes,
the color centers containing OH- anions are also gener-
ated.11,12However, the concentration of OH- anions formed
by exposing UV irradiation orγ irradiation onto the surfaces,
generally, is low in the above crystals .6,7 To obtain strong
OH- anion emission, it needs to find a new material which
can trap a high-concentration OH- anions in the body.

Recently, there have been great interests in the emission
characteristic and various applications of a microporous
crystal 12CaO‚7Al2O3 (C12A7).13-22 The structure of C12A7
which contains two molecules per unit cell is characterized
by a positively charged lattice framework [Ca24Al28O64]4+

including 12 sub-nanometer-sized cages with a free space
of about 0.4 nm in diameter. The remaining two oxide ions
(O2-) are clathrated in the cages, and the positive charge
concentration in the lattice framework gives a theoretical
maximum of 2.3× 1021 cm-3 monovalent anions.17 Other-
wise, it has been reported that O2- in C12A7 cages can be
substituted by X- (X- ) F-, Cl-), O-, H-, and electrons to
form the derivatives [Ca24Al28O64]4+‚4(X-),23 [Ca24Al28O64]4+‚
4(O-)17 (defined as C12A7-O-), [Ca24Al28O64]4+‚4(H-)16, and
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[Ca24Al 28O64]4+‚4(e-).21 A sustainable O- anion emission
current density ofµA/cm2 level from C12A7-O- was
observed,14,15which shows that C12A7-O- can be used as a
good O- anion storage and emitter. The [Ca24Al28O64]4+‚4(H-)
and [Ca24Al28O64]4+‚4(e-) crystal can be used as electronic
conductor and electride,18,21-22 and the maximum electron
emission current density of 800µA/cm2 can be achieved.

Analogously, O2- in the C12A7 cages can also be substi-
tuted by monocharge’s diatomic anions AB-, such as OH-,23

to form the derivatives [Ca24Al28O64]4+‚4(AB-). However,
no direct evidence has been reported up to date. In this
contribution, we synthesized the C12A7-OH- material by
retreating C12A7-O- in high-temperature and water vapor
environment. On the basis of the investigations of the synthe-
sis material C12A7-OH-, including the anionic species both
on the surface and in the bulk as well as its emission features,
we clearly show that the OH- can substitute for the oxygen
anions in the C12A7 crystal, forming an OH- emission
material, i.e., [Ca24Al28O64]4+‚4(OH-) (C12A7-OH-). The
obtained OH- emission current density can reachµA/cm2

level, which is about 4 orders of magnitude higher than the
conventional discharged method.24 More recently, we also
found that this material can be practically used in a high-
efficiency one-step synthesis of phenol from benzene or a
fast microorganisms’ inactivation as a simple OH- source.

2. Experimental Section

The initial sample (C12A7-O-) was prepared by the solid-state
reaction of CaCO3 andγ-Al 2O3 under a flowing dry O2 environ-
ment. Powders of CaCO3 andγ-Al 2O3 were mixed and grained at
a molar ratio of CaCO3:γ-Al 2O3 ) 12:7. The powder mixture was
pressed to a pellet with a diameter of 15 mm and a thickness of
1.5 mm. After it had been sintered at 1350°C for 18 h, it was
cooled to the room temperature under a flowing dry oxygen
atmosphere. To obtain the C12A7-OH- sample, the C12A7-O-

sample was retreated at 1350°C for 10 h under a flowing Ar/H2O
mixture (Ar:H2O ) 1:1) atmosphere and then quenched to the room
temperature.

For the characteristic measurements, the C12A7 samples are
crushed into an average diameter of 40-80 µm. Powder X-ray
diffraction (XRD) patterns were recorded on an X’pert Pro Philips
diffractometer with a Cu KR source. The measurement conditions
were in the 2θ range of 10-80°, with a step-counting time of 5 s
and step size of 0.017° at 298 K. The Fourier-transform IR (FTIR)
absorption spectra were measured at 298 K with a Bruker
EQUINOX55 FTIR spectrometer with a resolution of∼0.1 cm-1.
The samples for FTIR measurements are mixed at a weight ratio
of C12A7:KBr) 3:100 and then grained and pressed by a pressure
of 300 atm to a pellet with a diameter of 1.0 cm and a thickness of
1.0 mm. Electron paramagnetic resonance measurements were
conducted at∼9.1 GHz (X band) using a Bruker ER-200D
spectrometer at 77 K. Spin concentrations were determined from
the second integral of the spectrum using CuSO4‚5H2O as a standard
with an error of about 20%.

The emitted anions and electrons from C12A7-OH- were mass
analyzed by a time-of-flight (TOF) mass spectrometer at a
background vacuum of about 1× 10-4 Pa. The experimental
apparatus and detailed conditions in this contribution are virtually
the same as in the previous works.14-16 The absolute emission

current densities from C12A7-OH- were observed by a Keithley
model 6485 picoammeter. To guarantee an accurate measurement,
the samples were replaced when an obvious decrease of the
emission intensity was observed, and a calibration was also
performed in this work.

3. Results and Discussion

3.1. Structure of C12A7-OH-. XRD measurements were
employed to investigate the structure difference between
C12A7-OH- and C12A7-O-. As shown in Figure 1, the
peaks that marked by an asterisk have been assigned to the
lattice framework of C12A7 by comparing the peak positions
and intensities of the XRD pattern with the data in the JCPDS
cards. There are nearly no differences between the diffrac-
tograms of C12A7-O- and C12A7-OH-, which demonstrates
that C12A7-OH- has the same structure of the positively
charged lattice framework with C12A7-O-.

3.2. Anionic Species on the C12A7-OH- Surface.The
presence of OH- on the C12A7-OH- surface was observed
by the FTIR spectra. Figure 2 shows the FTIR spectra
obtained from the C12A7-O- and C12A7-OH- samples. The
similar absorption both for C12A7-O- and C12A7-OH-

observed in the spectral region between 450 and 850 cm-1

region are attributed to the C12A7 characteristic absorption
structures (772.6 cm-1, the Al-O stretching mode in AlO4
tetrahedral; 400-465 cm-1, the Al-O bending mode in AlO4
tetrahedral).25 Even with overlap by a strong 3437-cm-1 peak
(the water-absorption band of the KBr transparent disk), there
is a distinguishable and repeatable peak at 3590 cm-1 for
the C12A7-OH- sample. On the other hand, we have not
observed the 3590-cm-1 band for the C12A7-O- samples.
Because the 3590-cm-1 band is close to the frequency
ν(O-H-),26-28 the IR wavelength (in the magnitude ofµm)
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Figure 1. XRD patterns of the C12A7-O- and C12A7-OH- samples. By
comparison of the peak positions and intensities with the data in JCPDS
cards, the peaks marked with an asterisk have been assigned to the structure
of C12A7.

Figure 2. FTIR spectra of C12A7-O- and C12A7-OH- samples.
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is much greater than the C12A7 cages with diameters of
about 0.4 nm, which means FTIR maybe could only explore
the species on the external surface of the nanoporous
structure. Thus, we assign the 3590-cm-1 band to the O-H-

stretching vibration on the external surface of C12A7-OH-

cages. The FTIR measurements indicate that OH- anions
appeared on the C12A7-OH- surface.

3.3. Oxygen Species in C12A7-OH-. Electron paramag-
netic resonance (EPR) measurements were performed to
investigate the oxygen species in the bodies of C12A7-O-

and C12A7-OH-. As shown in Figure 3, the spectra can be
decomposed into two components, attributable to the oxygen
radicals, O- (gxx ) gyy ) 2.043 and gzz ) 1.997) and O2-

(gxx ) 2.001, gyy ) 2.010, and gzz ) 2.070).13,17,19-20 By
comparison with C12A7-O-, there are two distinguishing
features of the EPR signal for C12A7-OH-. First, the valley
at g ) 2.001 that corresponds to O2

- is very sharp, whereas
that of C12A7-O- is rather broad which combines with the
O- signal. Second, there is an obvious and sharp peak at gyy

) 2.010, which is almost invisible and overlaps with adjacent
O- signals for C12A7-O-. For C12A7-O-, the concentrations
of O- and O2

- are nearly equal by simulating the measured
EPR spectra, being about 3.7 and 3.3× 1020 cm-3,
respectively. On the other hand, the total concentration of
O- (2.4× 1017 cm-3) and O2

- (4.6× 1017 cm-3) in C12A7-
OH- sharply decreased to 7× 1017 cm-3, which is only about
0.1% of that in C12A7-O-. The EPR results show that, after
treating the C12A7-O- sample in the argon atmosphere
containing water, nearly all of the O- and O2

- anions
translate to other species. Even though OH- anions cannot
be directly detected by EPR method, the reformed species
in the C12A7-OH- cages should be attributed to OH- anions
due to OH- existing on the surface and the desorbed species
being almost of OH- anions (see sections 3.2 and 3.4).

3.4. Emission Features of C12A7-OH-. The anionic
species and electrons emitted from the C12A7-OH- surface
were also investigated by TOF mass spectra. Figure 4 shows
a typical mass spectrum at 700°C with a given extraction
field of 400 V/cm. The dominant peak is the mass number
of 17, which corresponds to the OH- anions. And the minor

peak at the mass number of 16 is O- emitted from the
sample. There is also a small peak with the mass number
near 0, which is the electron emission. It was found that the
anionic species emitted from the C12A7-OH- sample were
quite different from the C12A7-O- sample. The desorbed
species from the C12A7-O- surface were dominating O-

(∼90%) together with a few electrons (∼10%). On contrast,
the main species emitted from the C12A7-OH- surface were
the OH- anions (about 90%), although weak O- and electron
emission (about 10%) were also observed with an emission
intensity ratio of about 1:1. These differences clearly
demonstrate that OH- anions are the major anions in the
cages of C12A7-OH-. The inset of Figure 4 is a schematic
diagram to describe the emission mechanism of OH- from
C12A7-OH-: the OH- anions in the cages migrate onto the
sample surface by field-enhanced thermal diffusion and then
are desorbed into the space to form the gas-phase OH-

anions, i.e., OH- (cage) f OH- (surface)f OH- (gas
phase). The emission ratio of OH- to O- is about 16:1 by
calculating the TOF peak areas of OH- and O-. The weak
O- emission from C12A7-OH- would mainly arise from the
O2- decomposition process on the surface via the following
reaction, O2- (surface)f O- (surface)+ e(surface), and
then desorb into space. It would also explain that the emission
ratio of O- to electron is about 1:1.

The absolute emission current density of OH- was
obtained based on the calibration of the total emission current
density with the emitted anion distribution. Figure 5a shows
OH- emission current density vs the surface temperature at
a given extraction field of 800 V/cm. The emission current
density of OH- strongly depends on the surface temperature
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Figure 3. EPR spectra of C12A7-O- and C12A7-OH- samples. The
symbols×1 and×400 in the figure stand for the amplified time of the
EPR signal.

Figure 4. Typical TOF mass spectrum measured for the C12A7-OH-

crystal at 700°C with a given extraction field of 400 V/cm. The intensity
ratio I(e-):I(O-):I(OH-) is about 1:1:16. The insert is a schematic diagram
to describe the emission mechanism of OH- from C12A7-OH-, where c,
s, and g represent the OH- in the cage, on the sample surface, and in the
gas phase.

Figure 5. The emission current densities of OH- measured as the functions
of: (a) surface temperature at 800 V/cm and (b) the extraction field at 780
°C.
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and increases about 3 orders of magnitude when the
temperature rises from 600 to 800°C. On the other hand,
Figure 5b shows the relationship between the OH- emission
current density and the extraction electronic field at 780°C.
With the increase of extraction field from 100 to 1300 V/cm,
the OH- emission current density remarkably increases from
36 nA/cm2 to 11.7µA/ cm2.

We also have examined the stability of the OH- emission
from C12A7-OH-. Figure 6a shows the relationship of OH-

emission current density with operating time at 780°C under
a typical extraction field of 800 V/cm. It was found that the
initial OH- intensity of 6µA/cm2 decreased to only about 1
µA/cm2 for 9 h of emission. The decay of OH- emission is
due to the decrease of the OH- concentration in C12A7-
OH- with increasing emission time. To obtain a sustainable
OH- emission flux, we developed a method of supplying
water and electron (by applying a low negative direct current
voltage) on the backside of the C12A7-OH- sample, where
OH- (surface) was supposedly generated by the reaction,
H2O (gas phase)+ e- (surface)f OH- (surface)+ H
(surface), and then migrated into the cage of the C12A7-
OH- by the field-enhanced thermal diffusion. As shown in
Figure 6b, by continuously supplying H2O and electrons onto
the backside of the C12A7-OH- sample, the OH- emission
current density was stable at about 5.6µA/cm2 with the
prolongation of operating time, which means that the C12A7-
OH- crystal can used as a sustainable and stable OH- source.

3.5. OH- Formation in C12A7-OH-. The oxygen species
in the cages of C12A7-O- include O-, O2

-, and O2- anions.
On the basis of EPR measurements, the concentrations of
O- and O2

- in C12A7-O- are obtained, which are about
3.7 and 3.3× 1020 cm-3, respectively, and the concentration
of O2- is estimated to be about 8× 1020 cm-3 by the
theoretical maximum monovalent anion concentration in
C12A7.17 We found that the concentrations of O- and O2

-

in C12A7-OH- sharply decreased by about 3 orders of
magnitude relative to that in C12A7-O- to about 2.4 and
4.6× 1017 cm-3, respectively. Moreover, FTIR measurement
shows that OH- anions could appear on the surface of
C12A7-OH-, and TOF results demonstrate that OH- anions
are the main desorbed species. Therefore, beside O-, O2

-,

and O2- anions, a great deal of OH- anions should also be
caged in C12A7-OH-. Our results indicated that almost all
of O- and O2

- are substituted by OH- with the reactions:
(1) H2O (atmosphere)+ O- (cage)f OH- (cage)+ OH
(cage) and (2) H2O (atmosphere)+ O2

- (cage)f OH-

(cage) + O2 (cage) + H (cage), when C12A7-O- was
sintered under flowing Ar/H2O mixture atmosphere. On the
other hand, O2- (cage) anions may also react with water to
form OH- (cage) anions by the reaction of H2O (atmosphere)
+ O2- (cage)f 2OH- (cage). Thus, the synthesized C12A7-
OH- material contained rich OH- anions, at least 7× 1020

cm-3, which provided us with a new approach to generate
high-intensity OH- anions of the gas phase.

According to our previous work for the C12A7-O-

material, the concentration of cages in the structure is mainly
affected by the factors in the preparation procedure of the
samples, including the sintering temperature, the sintering
pressure, the quenching rate, and the pressure to form a pellet
sample. It is also known that the concentration of cages in
C12A7 is 7× 1021 cm-3 in our prepared procedure.17 On
the other hand, the concentration of the O- anions in the
C12A7-O- cages also strongly depends on the preparation
conditions of the samples. Particularly, the sintering environ-
ment strongly affects the anionic concentration. In this
contribution, we only report the results for C12A7-OH-

samples, which were prepared on a typical synthesis condi-
tion with the estimated OH- concentration larger than 7×
1020 cm-3. To obtain the relationship between the OH-

concentration and the cage concentration, and the optimum
condition for the C12A7-OH- preparation, various prepara-
tion conditions should be investigated in our future work.
Work toward this goal is in progress.

4. Conclusion

A high-intensity hydroxyl anion emission material C12A7-
OH- is synthesized. The formation of the OH- anions in
C12A7-OH- is demonstrated by FTIR, EPR, and TOF mass
spectra. It is estimated that the OH- anion concentration is
more than 7× 1020 cm-3 in this crystal and that OH- anions
are the dominating anions (90%) emitted from C12A7-OH-.
The sustainable and stable OH- anions emission in a current
density of µA/cm2 level are obtained, which is strongly
dependent on the surface temperature and the extraction field.
We expect that the C12A7-OH- material can be used as an
OH- storage and emitter, and the emitted OH- anions could
be used in chemical synthesis, material modification, and
sterilization.
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Figure 6. The emission current densities of OH- measured at 780°C and
800 V/cm as a function of operating time: (a) without implantation gases
and electrons; and (b) with implantation H2O and electrons on backside of
the C12A7-OH- sample (the implantation gases, H2O:Ar ) 0.15:0.85;
pressure,∼4 × 10-2 Pa; implantation voltage,-10 V).
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