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By using an anion-exchanging method, about 90% of the O− anions in the C12A7-O− microporous
crystal sfCa24Al28O64g4+·4O−d have been substituted primarily by the H− anions, leading to the
successful formation of a new H− emission material, C12A7-H− sfCa24Al28O64g4+·4H−d. A
sustainable and stable emission of H−, in a current density ofmA/cm2 level, has been obtained by
supplying H2 and electrons on the backside of the C12A7-H− sample. The emission features of
C12A7-H−, including temperature and field effects, have been investigated. It is expected that the
present material could be practically used as an H− anion generator. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1881785g
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Anions have received considerable attention in re
years for their unique potential applications in chemistry
material field.1–8 For example, it has been found that an
implantation into insulated material surfaces is more suit
than using positive ion implantation due to negligible “s
face charging-up” problem in the former.5 Anion is usually
generated from a free electron attachment to an atom
molecule in the presence of plasma, electron impact or
energetic irradiation.1,5,6 Since those processes are usu
complicated and energetically costly with a low selectiv
developing a simpler approach to form a sustainable cu
and optional anion source is greatly needed. An attra
solution is to find a material that is able to store and emit
expected anions.

12CaO·7Al2O3 sC12A7d is a microporous crysta
which has a positively charged lattice framew
fCa24Al28O64g4+ per unit cell with a free space of 0.4 nm
diameter. The remaining two oxide ions O2− sfree oxygend
are trapped in the cages defined by the framework.9–13 The
chemical formula for the unit cell may be represented
fCa24Al28O64g4+·2O2−. Recently, it has been found th
C12A7 can be transformed into C12A7-−

sfCa24Al28O64g4+·4O−d under certain conditions.12,14 The O−

anions can be stored in the cages of C12A7-O− and can als
be emitted into the gas phase by applying an extraction
under suitable temperature.12,14,15

In this contribution, we report that the H− anions
can substitute O− anions in the C12A7-O− microporous
crystal, forming an emission material of H−,
C12A7-H− sfCa24Al28O64g4+·4H−d. A sustainable and stab
H− emission at amA/cm2 level current density was obtain
by uptaking H2 and electrons on the backside of
C12A7-H− sample. It has been reported that H− can be des
orbed from metal hydride with a very weak H− emission
sabout 10−4 mA/cm2d,16 which is much lower than that of th
C12A7-H− sample. Therefore, we suggest that
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C12A7-H− sample can be served as an efficient materia
emitting H− anions.

The preparation of the C12A7-O− sample has been pr
viously described:14 briefly, powders of CaCO3 and
g-Al2O3 are mixed and grained at a molar ratio of CaC3:
g-Al2O3=12:7. The powder mixture is pressed to a pe
with a diameter of 15 mm and a thickness of 1.5 mmsif
needed, the material size and shape can be variedd. Then it is
sintered at 1350 °C for 18 h under flowing dry oxygen at
sphere. The C12A7-H− sample was prepared by supply
H2 gas s,2.0 Torrd and electronssprovided by a low
negative dc voltage of −10 Vd on the backside of th
C12A7-O− sample at 750 °C for 10 h. Figure 1 is a sc
matic diagram for describing the substitution process.
H− anions on the C12A7-O− surface were generated by
surface electrochemical reaction: H2satmosphered
+e−ssurfaced→H−ssurfaced+Hssurfaced. Propelled by th
external electric fields,67 V/cmd and thermal diffusio
s750 °Cd, H− ssurfaced could enter the C12A7-O− cages with
O− simultaneously desorbing from the C12A7-O− crystals
We defined those H− trapped samples as C12A7-H−. The
experimental apparatus for studying the material featur
made up of three major parts: a sample chamber wher
sample is mounted in the center of quartz tube; a picoam
ter for measuring the total emission current; and a tim
flight sTOFd mass spectrometer for measuring the rela
intensity distribution among the anions emitted from
sample.

l:FIG. 1. A schematic description of the substitution processes of H− for O− in
−
C12A7-O .
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The above substitution processes were demonstrat
the observation that an emission peak, H− peak, appeared
the TOF spectra and increased with the density of O− peak
accordingly declining after uptaking H2 and electrons on th
backside of the C12A7-O− sample. Experimentally, we me
sured the emitted species from the C12A7-O− sample with
different H2 and electrons uptaking timesstd by TOF mas
spectrometer. Figure 2sad shows the emitted species from
C12A7-O− sample without H2 insertion st=0d. The major
peak occurs at a mass number of 16, which correspon
the O− anions. There is also a small peak with a mass num
near 0, which corresponds to electrons emitted from
sample surface. Figure 2sbd shows the emission spectrum
H2 and electrons insertion time of 30 min. Here, other t
the peaks of O− and electron, a weak peak with a mass n
ber of 1 corresponding to H− appears. Figure 2scd shows the
emitted species after the sample has been treated for
The H− peak becomes significantly stronger while the−

peak becomes weak. The above results give an obviou
dence that the O− anions in the C12A7-O− have been subs
tuted by the H− anions. In Fig. 2scd, there is also a weak pe
with the mass number of 17, which is attributed to the O−

anions. The OH− anions may be formed by the surface re
tion between O− ssurfaced and Hssurfaced. Furthermore, th
x-ray diffraction results show that there is no obvi
changes before and after H− substitution process, whic
means that exchanging the encaged O− by H− would not
influence the sample’s crystal structure.

The emission ratio does not always directly represen
substitution ratio due to their different rates of diffusion
desorption for H− and O−, which mainly depend on temper
ture. Therefore, we measured the emission intensities o
anions as a function of the sample temperature. It was f
that the emission intensity of H− remarkably increased wh
the sample temperature increased from 650 to 800 °C. T
was only H− emission observed at 650 °C, and with temp
ture rising, the emissions of O− and OH− appeared and th
emission intensity ratiosIsH−d : IsO−d : IsOH−d slightly de-
creased and reached ratios of 0.8:0.1:0.1 at 750 °C.
sample temperature higher than 750 °C, the emission i
sity ratio was nearly independent of temperature. Thes
sults indicate that the emission ratio could be farthest
the substitution ratio in the high temperature region. Acc
ingly, we consider that about 90% O− in C12A7-O− has bee

− −

FIG. 2. TOF mass spectra for the C12A7-O− sample with different trea
ment timestd: sad t=0; sbd t=30 min; scd t=10 h. Sample treatment con
tion: H2 s2 Torrd, voltage drop between two sides of the sample: −1
temperature: 750 °C; measurement condition: sample surface tempe
750 °C, ion extraction field: 500 V/cm.
substituted by Hs80%d and OH s10%d by using the anion-
Downloaded 17 Mar 2005 to 210.45.125.87. Redistribution subject to AIP
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exchanging method, which leads to the formation of the−

emission material C12A7-H−.
The absolute emission current densities of H− can be

derived from the relative intensity distribution of the emit
species detected by the TOF spectra and the total em
current simultaneously measured by a picoammeter. F
3sad gives the H− emission current densities as a function
the sample temperature in an ion extraction field
500 V/cm. When temperature rises from 600 to 803 °C
emission current density increases more than three ord
magnitude. Another factor that influences the current d
ties is the ion extraction field. Figure 3sbd shows a typica
relation between the H− emission current density and the
extraction field at a given temperature of 800 °C. As the
extraction field increases, H− emission current density i
creases significantly. The maximum H− emission curren
density reaches 2.3mA/cm2 under our investigated rang
Due to the certain amount of anions in the sample cage
emission current gradually decreases with increasing
emission time. It was found that under sample temperatu
800 °C and an ion extraction field of 980 V/cm, the H− cur-
rent dropped to half with 10 h emission. However, this d
can be recovered by supplying H2 s,2.0 Torrd and electron
sprovided by a low negative dc voltage of −10 Vd on the
backside of the sample for 2 h at 750 °C.Furthermore,
sustainable and stable emission current can be achiev
continuously supplying H2 and electrons on the backside
the C12A7-H− sample. Figure 4 shows the stability of the−

emission current density at a given temperature of 80
and ion extraction field of 980 V/cm. Along with contin
ously increasing emission time, we could detect only s
fluctuations without obvious decrease, which means
C12A7-H− sample can be practically used to generate
tainable and stable H− emission.

e:

FIG. 3. H− emission current densities measured as the functions osad
sample temperature at 500 V/cm andsbd ion extraction field at 800 °C.

FIG. 4. H− emission current density vs emission time at C12A7-H− sample

temperature of 800 °C and an ion extraction field of 980 V/cm.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



e-

-

ium

ese
o-
hat
ver
n

e H
th

sion
, an

stitu
y

by

ing
ch

H
the

he
it a
cted
in-

fying
sing

rial
am”

raday

C. G.

.

oc.

Soc.

ryst.

no,

gi,

M.

114101-3 Huang et al. Appl. Phys. Lett. 86, 114101 ~2005!
Two basic types of H− ion sources have been well d
veloped, where either the H− anions are formed in the H2
plasma by dissociate attachment processsreferred to as “vol
ume source”d or by sputtering technology when an H+ ion
strikes a negatively biased surface coated with the ces
barium filmsreferred to as “surface source”d.17,18In compari-
son with the previous methods, the advantages of the pr
H− source would be its simplicity, high selectivity for pr
ducing special anions, long permanence, and the fact t
can be operated either in high vacuum or 1 atm. Howe
the current density of H− we obtained is still quite lower tha
that in plasma or sputtering method. We expect that th−

current density can be further increased by increasing
extraction field, surface temperature, modifying the emis
material composition and changing the material shape
using ion-focusing and high-voltage acceleration.

In conclusion, we have reported a high degree sub
tion of H− for O− in the C12A7-O− microporous crystal b
the anion-exchanging method. About 90% of the O− anions
in the cages of C12A7-O− have been substituted mostly
H− anions and a few OH− anions, forming an H−-emission
materialsC12A7-H−d. We suggest that this anion-exchang
method can be extended to other mono-charge anions su
OH−, Cl−, etc. The emission characteristics of C12A7-−,
including the temperature and field effects as well as
emission stability of H−, have been investigated. T
C12A7-H− sample prepared by this method can em
mA/cm2 level H− current to the gas phase. It can be expe
that the H− current density can be further increased by
creasing the extraction field, surface temperature, modi
the emission material composition, and using ion-focu

and high-voltage acceleration.
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