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a b s t r a c t

12CaO �7Al2O3 (C12A7, mayenite), which has a nanoscale porous structure that can accommodate

extraframework species such as hydride (H�), oxide (O2�), hydroxide (OH�) ions, and electrons, has

been doped with H� ions to investigate its effects as dominant extraframework species. Chemical

doping with CaH2 enables the concentration of H� ions to reach almost the theoretical maximum. The

concentration of H� ions is characterized by optical absorption intensity ascribed to photoionization of

H� ions, and 1H magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy. Persistent

electron generation, which is accompanied by the formation of an Fþ absorption band and electrical

conductivity, by irradiation with ultraviolet light at room temperature increases as the H� ion doping

increases until it reaches half the theoretical maximum and then decreases as the H� ion concentration

increases further. This dependence indicates that both H� and O2� ions are necessary for the

generation of persistent electrons.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Over the past several 10 years, H� ions doped into anion sites of
binary alkali halides, which are termed U-centers [1,2], and binary
alkaline-earth oxides [3,4], have been investigated extensively.
These wide-gap transparent hosts provide a suitable environment
to investigate the physical properties of H� ions in solids. Although
there are numerous crystal structures and chemical compositions
of oxides, only several material systems have been investigated for
H� ion doping [5–14] beyond the binary alkaline-earth oxides. It is
still debated whether H� ion doping into oxide hosts is generally
possible or not. Theoretical calculations suggest that when the
Fermi level in a material exceeds the ‘hydrogen neutrality level’,
which is rather common in a wide range of materials, the
equilibrated charge of hydrogen occupying a certain site favors
the negative state (H�) over the positive one (Hþ) [15–17]. Thus,
materials that have a shallow conduction band minimum are
generally advantageous for the formation of H� ions, suggesting
that many candidate material systems exist. To examine experi-
mentally how general the incorporation of H� ions into oxides is, it
is important to establish control over H� ion doping, and to be able
to detect and quantify it. As a first step, it is convenient to start
with the oxide host that has the highest affinity for H� ions. In this
study, the oxide host 12CaO �7Al2O3 (C12A7, mayenite) is used.

C12A7 is a complex oxide of Ca and Al with a ratio of 12:14,
whose stoichiometric (or undoped) unit cell is expressed as
ll rights reserved.
[Ca24Al28O64]4þ
�2O2�. The former part is a positively charged cubic

lattice framework possessing a cage structure with an inner free
space with a diameter of �0.4 nm. The latter two O2� ions ran-
domly occupy two of the twelve cages in the unit cell to compensate
for the positive charges (Fig. 1). The O2� ions can be exchanged for
other various anions, such as OH� [18–21], F� [22,23], Cl� [22], O�

[24,25], O2
� [24,25], and S2� [26] ions as well as H� ions [11–14]. In

addition, electrons [27–32] can occupy the empty space inside each
cage in a similar manner to monovalent anions. So far, full exchange
up to the theoretical maximum (total negative charge density of
2.3�1021 q cm�3) has been achieved using several extraframework
anions [18–23,25] and electrons [28], while the highest concentra-
tion of H� ions has been limited to �1/10�100 (1019�20 cm�3)
of the theoretical maximum [11–14]. However, these concentra-
tions, which were obtained simply by annealing in hydrogen gas at
less than 1 atm, are much higher than the typical concentration of
H� ions reported in alkali halides, suggesting an excellent affinity
of H� ions for this material.

This high affinity is further substantiated by the thermody-
namic assessment described in Ref. [33]. Formation of the
‘hydride’ of C12A7 (at around 500–700 1C) is described as

2e�(c)þH2(g)-2H�(c) DHf, C12A7:e�¼�4.5 eV, (1)

where ‘c’ and ‘g’ denote the species in a cage and gas phase,
respectively. The change of enthalpy for Eq. (1) is lower than that
in the corresponding binary reaction:

CaþH2(g)-CaH2 DHf,Ca¼�2.0 eV, (2)

which is the lowest among the formation of binary metal
hydrides, that is, CaH2 is the most stable binary metal hydride.
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Fig. 1. Lattice framework of C12A7 (unit cell) and species in its cages relevant to

electron photogeneration.

Table 1
Sample preparation conditions.

Sample Starting

material

Atmosphere/

agent

Annealing condition Amount of

H� ions [H�]

1 As grown 0.2 atm H2 gas 1300 1C for 6 h, quench 0.11(3)

2 As grown 0.2 atm H2 gas 1300 1C for 6 h, quench 0.26(6)

3 Electride 0.5 atm H2 gas 800 1C for 40 h 0.28(6)

4 As grown Ca and CaH2 800 1C for 40 h 0.34(7)

5 As grown Ca and Ca(OH)2 800 1C for 80 h 1.0(3)

6 As grown CaH2 800 1C for 240 h 1.5(4)

7 Electride CaH2 800 1C for 80 h 2.0(5)

8 As grown CaH2 800 1C for 40 h 2.2(5)

9 Electride CaH2 800 1C for 240 h 2.6(6)

10 Electride CaH2 800 1C for 120 h 4(1)

11 Electride CaH2 800 1C for 240 ha 4(1)

a A C12A7 crystal and CaH2 powder were wrapped with a Pt foil.

K. Hayashi / Journal of Solid State Chemistry 184 (2011) 1428–1432 1429
If one tries to form hydrides using a hydrogen gas reduction
process, the difference in enthalpy changes becomes much larger:

O2�(c)þ2H2(g)-2H�(c)þH2O(g) DHf,C12A7:O2�¼�3.8 eV, (3)

CaOþ2H2(g)-CaH2þH2O(g) DHf,CaO¼þ2.0 eV. (4)

Thus, the cage site of C12A7 thermodynamically provides one of
the best environments for the formation of H� ions.

The incorporation of electrons into the cages of C12A7 affords
C12A7 with electronic conductivity, accompanied by coloration
because of the appearance of two optical absorption bands at
�2.8 eV (Fþ band) and �0.4 eV (polaron band) [34,35]. When the
electron concentration, Ne� , is below �1�1019 cm�3, each elec-
tron is well localized in a cage similar to an Fþ center in alkaline-
earth oxides, and inter-cage migration is mediated by thermally
activated hopping. As the value of Ne� increases above 5�7�
1020 cm�3, the conductivity mechanism shifts from hopping to
metallic conduction [28,32]. So far, two types of electron dopings
have been examined. One is direct chemical doping, which has
been achieved by thermal reduction treatment with reactive
metals [27–32]. The other process is chemical H� ion doping,
followed by illumination with ultraviolet (UV) light [11–14]. We
have proposed the following process for persistent electron
generation. Photoionization splits an H� ion into an electron
and an atomic hydrogen (H0) [13]. The transient H0 thermally
releases another electron, and the remaining Hþ ion diffuses until
it combines with an O2� ion in another cage to form an OH� ion.
Thus, a pair of H� and O2� ions acts as a source of two electrons.
The overall process can be described as [14]

H�(c)þO2�(c)þnull(c)-2e�(c) þOH�(c) DH2e�¼þ1.4 eV, (5)

where the null indicates empty cage. The reaction in Eq. (5) has
been validated by the reasonable agreement between the
changes in enthalpy evaluated experimentally from the ther-
mally activated electrical conductivity of H� ion-doped C12A7
at �300–700 1C and by a first principle calculation [14,36,37].
The amphoteric changes in valence and high diffusivity at room
temperature, which are properties unique to hydrogen, are
responsible for reaction in Eq. (5). These properties may be
important for designing new materials functions using H� ion
doping in oxides.

The main purpose of this study is to achieve H� ion doping
with the highest possible concentration. We employed a CaH2

reduction process, which has been used for H� ion substitution or
reduction of certain oxide ion sites in metal oxide hosts
[9,10,38,39]. This process enables us to obtain a wide range of
H� ion concentrations, almost up to the theoretical maximum.
Furthermore, Eq. (5) is validated from the dependence of
the photogenerated electron concentration on the H� ion
concentration.
2. Experimental

Transparent C12A7 crystals refined by the floating zone method
were sliced into pieces with a thickness of 0.5 mm, a width of
5 mm and a height of �5–7 mm. The crystals were doped with H�

ions by annealing using the conditions shown in Table 1.
Samples 1 and 2 were annealed at 1300 1C under a 0.2 atm H2

atmosphere (N2 balance) in an alumina tube for 6 h using an
electronic furnace, followed by quenching to room temperature.
These two samples were exposed to the same annealing condi-
tions, but possessed different concentrations of extraframework
anions after annealing. This is empirically ascribed to an unin-
tentional leakage in the electronic furnace. Incorporation of O2

impurities in an atmosphere enhances the formation of O2� and
OH� ions and suppresses H� ions and electrons in cages.

Prior to H� ion doping by annealing, samples 3, 7, and 9–11
were pretreated by fabrication process of ‘C12A7 electride’ as
described in Ref. [27]. In brief, C12A7 slices were heated with
metallic Ca shots in an evacuated silica glass tube at 800 1C for
240 h, followed by removal of the reacted layer on the sample
surface by mechanical grinding. The chemical composition of
C12A7 electride is described as approximately [e�]¼2 and
[O2�]¼1 [23] (Ne� ¼ � 1� 1021 cm�3), where the brackets indi-
cate the number of species per unit cell. Sample 3 was annealed
with H2 gas in sealed silica glass capsule. Samples 4–11 were
annealed with reducing agents containing hydrogen (CaH2 pow-
der: 99% purity; Ca shots: 99%; Ca(OH)2 powder: 99.9%; all
supplied by Wako Chemicals, Japan) in silica glass capsules at
800 1C. Although many combinations of hydrogen sources,
amounts, and annealing times were examined in samples 3–10,
the reproducibility of each condition is poor and no clear
systematic dependence on the annealing conditions were found
for the amount of extraframework species introduced (as exam-
ined in Section 3). For example, in two samples (nos. 6 and 8)
treated with same process except the annealing time for the
reaction with CaH2, a longer annealing time does not necessarily
enhance the incorporation of H� ion. The reproducibility was
improved when a piece of C12A7 crystal and CaH2 powder were
wrapped in Pt foil with a thickness of 50 mm and sealed in an
evacuated silica glass capsule (sample 11). This improvement is
ascribed to the surrounding CaH2 powder blocking penetration of
oxygen species that are released from or permeate through the
silica glass capsule. In addition, direct contact of samples with
CaH2 powder probably enhances the interdiffusion of hydrogen
species.

The reactive layer on the surface of all of the annealed samples
was removed by mechanical grinding and then polished to a
mirror finish. The final thickness of samples ranged from 60 to
200 mm. All absorption spectra were measured using a Hitachi
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U-4000 spectrophotometer before and after illumination with UV
light, which was carried out at room temperature using a Xenon
lamp until a salutation in the formation of Fþ band.

To calibrate the absolute H� ion concentration, 1H magic angle
spinning nuclear magnetic resonance (1H-MAS-NMR) spectra
were measured for samples 6 and 11. As a reference sample, a
fully OH� ion-incorporated C12A7 powder with a composition of
[Ca24Al28O64]4þ

�4OH� was prepared by annealing C12A7 pow-
der at 900 1C under a wet N2 atmosphere with a water vapor
pressure of 0.02 atm [18]. The measurements were performed on
a Bruker Biospin DSX-400 spectrometer operating at a resonance
frequency of 400.13 MHz equipped with a high-speed magic
angle spinning probe with a diameter of 2.5 mm. Each granulated
sample was weighed (�50�70 mg) to obtain a quantitative
result and sealed in a zirconia rotor. The rotation frequency used
was 30 kHz. Spectra were acquired with 901 pulses with a length
of 2.5 ms. The measured frequency range was 24 kHz and 215 data
points were assigned in the relevant spectrum. A trace of distilled
water (þ4.65 ppm from tetramethylsilane, TMS) was used as an
external secondary reference.

The electrical conductivity of samples 2, 4, and 10 was
measured over the temperature range of �10�300 K using a
cryostat. To avoid a high contact resistance between the electro-
des and sample surface, which is caused by surface degradation
and the low work function of electron-doped C12A7 [29], impe-
dance spectroscopy was used to evaluate the bulk conductivity.
3. Results

Fig. 2 shows absorption spectra of selected samples in the as-
prepared state and after irradiation with UV light at room
temperature. The high energy absorption edge of each sample
varies significantly. The tail of the absorption edge coincides with
the most sensitive energy range (�4.0 eV) [11] of UV light-
induced electron generation, suggesting that the absorption edge
is dominated by the absorption due to H� ions. Other possible
extraframework anions are OH� and O2� ions. The absorption
edges of these species have been well investigated [23]. The
absorption coefficient at 4.0 eV is 20 cm�1 for the stoichiometric
composition ([O2�]¼2), and is reduced to �0 cm�1 for the
sample fully exchanged with OH� ions ([OH�]¼4). Accordingly,
the absorption edge of all of the samples shows a dominant
contribution from H� ions except for sample 1, where a weak H�

ion absorption band is superimposed onto the tail of an O2� ion
absorption band. Overall, the absorption coefficient at 4.0 eV is a
good measure for characterizing the amount of H� ions in a
sample. The samples in Table 1 and Fig. 2 are sorted by the
absorbance at 4.0 eV, i.e., the amount of H� ions. First-principle
Fig. 2. Optical absorption spectra measured for samples 1, 4, 7, and 10 before

(solid lines) and after (dashed lines) UV irradiation. The absorbance of sample

7 after UV irradiation is out of the measurable range.
calculations based on an embedded two-cage cluster model
predicts the photoexcitation energy of the H� ion to be 4.3 eV
[36,37]. Although the maximum of the H� band was not observed
experimentally because of the high energy of its absorbance, the
energy of the absorption tail agrees reasonably with the theore-
tical prediction. Thus, this absorption band is ascribed to the
photoionization of H� ions.

1H-MAS-NMR spectra of samples 6 and 11 exhibited a strong
signal at chemical shift (d) of þ5.3 ppm with respect to the TMS
reference (Fig. 3). Its signal intensity correlates reasonably with the
absorption coefficient at 4.0 eV, providing evidence that the NMR
signal at þ5.3 ppm and the absorption edge can be assigned to H�

ions. The reference sample fully incorporated with OH� ions
([OH�]¼4) exhibited a strong signal at �0.8 ppm. A weak signal
at this chemical shift is also detected for sample 6, suggesting that
formation of H� ion was incomplete and a small amount of OH�

ions still remained in this sample. The amount of H� ions in
sample 11 is judged to be nearly the theoretical maximum of
[H�]¼4 through comparison of the intensity of the peak
at þ5.3 ppm with that at �0.8 ppm in the reference sample.
A reasonable estimation of the H� ion concentration may be
1.7�2.3�1021 cm�3 by taking account of the residual electrons
(2�1019 cm�3) and photogenerated electrons (2�1018 cm�3), the
measurement errors (�20�40%) and the spectrum manipulation
processes. The lattice constant of sample 11 at 298 K was
11.974(1) Å, which is nearly same as fully OH� ion-incorporated
C12A7 [11.97338(3) Å] and smaller than that of fully O2� ion-
incorporated one [11.98748(3) Å] [21]. Theoretical density of
C12A7 containing H� , OH� , and/or O2� ions as extraframework
species are calculated to be ranging from 2.655 to 2.718 g cm�3 at
298 K. In the present study, all concentrations of the extraframe-
work species are calculated with assuming a value of 2.69 g cm�3,
which causes an additional error of �71% in the calculations.

Two absorption bands at �0.4 and �2.8 eV (see Fig. 2) arise
from inter-cage charge transfer and s–p-like inter- or intra-cage
transitions of electrons in cages, respectively [34,35]. If the
electron concentration is less than �1�1020 cm�3, it can be
readily measured from the intensity of either the 2.8 or 0.4 eV
bands because of their linear relationship with electron concen-
tration [27]. Because the intensities of both bands are strong, the
absorption coefficient at 2.2 eV, which is the tail region of the two
bands, was used to evaluate the electron concentration. In sample 1,
UV irradiation generates electrons with a concentration of
5�1018 cm�3. The concentration of photogenerated electrons is
higher in sample 4, which has been more heavily doped than
sample 1. In sample 7, the photogenerated electron concentration
is so high (42�1020 cm�3) that the absorption spectrum was
Fig. 3. 1H-MAS-NMR spectra measured for samples 6 and 11 after background

subtraction and normalization by the sample weight. The raw spectra showing the

background data are presented in the right inset. Weak signals at 1.2 and 0.7 ppm

are caused by contaminants in the spectrometer or rotor. The left inset shows the

correlation of the areal intensity of the þ5.3 ppm signal and the absorbance at

4.0 eV.
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too intense to measure. However, in the most heavily doped
sample (no. 10), the concentration of photogenerated electrons is
smaller than that in sample 7.

The relationship between the intensity of the optical absorption
of H� ions and the concentration of photogenerated electrons is
shown in Fig. 4. The upper horizontal axis indicates the number of
H� ions per unit cell [H�], calibrated from the results of NMR
experiments. Four H� ions per unit cell ([H�]¼4) corresponds to
the full incorporation of H� ions. Because the total charge of caged
anions is fixed at 2.3�1021 q cm�3, we assume that O2� ions act
as a counter species to H� ions and its concentration has a reverse
dependence to that of H� ions. The vertical axis on the right hand
side indicates the number of electrons per unit cell [e�]. The
photogenerated electron concentration has a maximum at around
half the maximum concentration of H� ions ([H�]¼�2), and after
Fig. 4. Electron concentration before and after UV irradiation plotted as a function

of H� ion concentration. The H� ion and electron concentrations were determined

from absorption coefficients at the absorption edge (4.0 eV) and tails (2.2 eV) of

the Fþ and polaron bands, respectively. The thin lines on the upper scales indicate

the possible errors at [H�]¼4 and [O2�]¼0, where the brackets indicates the

number of species per unit cell.

Fig. 5. Temperature–conductivity characteristics of samples 2, 4, and 10 (dark

brown, brown, and green circles with lines). Data for electron-doped C12A7

samples reported in Refs. [27,28] (black solid lines) are plotted alongside for

comparison. Ne� (black) and NH� (dark brown, brown, and green) indicate the

concentration of electrons and H� ions, respectively. Electron concentrations were

reevaluated according to the assessment in Ref. [32] (for interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article).
that, decreases with decreasing O2� ion concentration. This
dependence clearly indicates that generation of electrons by UV
irradiation at room temperature requires the presence of both H�

and O2� ions, validating the reaction shown in Eq. (5).
Conductivity–temperature characteristics of samples 2, 4, and

10 after UV irradiation are shown in Fig. 5 together with previously
reported data concerning electron-doped C12A7 [27,28]. In the
electron-doped samples, the electrical conductivity changes sys-
tematically from thermally activated hopping to metallic conduc-
tivity as the carrier electron concentration increases. In the lightly
H� ion-doped samples (2 and 4), the absolute electrical conduc-
tivity around room temperature and at low temperature charac-
teristics are nearly the same as those in an electron-doped sample
with a similar electron concentration. In contrast, sample 10, which
is doped with nearly the theoretical maximum of H� ions, does not
exhibit the systematic dependence on electron concentration
observed for the electron-doped samples. Despite its electron
concentration being in the typical range for thermally activated
hopping, its low temperature–conductivity shows little depen-
dence on temperature similarly to the metallic ones. The difference
in the conductivity characteristics are most likely ascribed to the
differences in the dominant anion species in the cages: O2� ions in
the electron-doped samples exhibiting hopping conductivity and
H� ions in sample 10.
4. Discussion

4.1. Effect of H� ion doping with high concentration

A red shift of the Fþ band with the increase of H� ion
concentration is found in Fig. 2. As a consequence, the color of
the sample changes from green to olive. A similar shift has been
observed in a series of electron-doped C12A7 samples with
electron concentration higher than 1�1021 cm�3. The origin of
this red shift is ascribed to the release of lattice distortion caused
by O2� ions in cages [28,31]. Because the distribution of O2� ions
is random, some empty cages possess deeper potential wells for
electron trapping than others. The occupation of electrons is more
stable at deeper sites. Substitution of electrons or monovalent H�

ions for divalent O2� ions may reduce the lattice distortion
because of their weaker attraction for coordinating to Ca2þ ions
in cages, averaging the electron trapping potentials in empty cages.
As a result, the potential wells in the highly electron- or H� ion-
doped lattices become shallower compared with those in a lattice
doped predominantly with O2� ions. This effect decreases the Fþ

transition energy, leading to the red shift of the relevant absorption
band. Furthermore, the metallic-like conductivity of the heavily H�

ion-doped sample supports the idea of the release of the lattice
distortion, because the averaged potential well of cages enhances
inter-cage tunneling of electrons at low temperature.

4.2. Photogeneration of persistent electrons

As indicated in the upper scale in Fig. 4, we have assumed that
main extraframework counter species to H� ions are O2� ions.
According to a thermodynamic assessment in a previous study
[33], if OH� ions coexist with electrons, the thermal equilibration
converts them to H� and O2� ions according to Eq. (5). Thus, the
concentration of OH� ions before UV irradiation is relatively
small, particularly in samples containing a larger concentration
of residual electrons in the as-prepared state. The enhancement
of electron photogeneration in the H� ion concentration range
below [H�]¼2 is ascribed to the increase in the H� ion concen-
tration and the suppression above [H�]¼2 is ascribed to the
decrease in the concentration of O2� ions. These O2� ions act as a
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sink for Hþ ions converted from the H� ions by releasing totally
two electrons. The H0 species in cage and OH� group formed in
the lattice framework, if any, are unstable transient states and are
easily changes their chemical states to the extraframework H�

or OH� ions. According to Eq. (5), the theoretical maximum
number of photogenerated electrons per unit cell is determined
by the smaller value of either 2[H�] or 2[O2�]. The observed
concentration of photogenerated electrons is in general limited to
�1/10�1/100 of the theoretical maximum. Probably, only extra-
framework H� and O2� ions that are in an appropriate environ-
ment can complete the two-electron generation process. Because
this process involves Hþ ion diffusion [14,37], the two ions need
to be located in neighboring cages. The statistical probability for
this may limit the generation of persistent electrons.
5. Conclusions

H� ions can be incorporated in cages of C12A7 at concentrations
up to the theoretical maximum ([H�]¼�4) using a CaH2 reduction
process. The concentration of electrons that can be photogenerated
in these H� ion-doped C12A7 samples increases with increasing H�

ion concentration below [H�]¼2 and decreases above [H�]¼2. This
indicates that O2� ions are involved in the electron photogeneration
process, validating the proposed reaction: H�(c)þO2�(c)þnull(c)-
2e�(c)þOH�(c). Increased H� ion doping intensifies the photo-
ionization band with an absorption tail located at �4.0 eV, and
causes a red shift of the Fþ band (�2.8 eV). The latter is correlated
with the release of lattice distortion and the metallic-like electrical
conductivity of heavily H� ion-doped C12A7.
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