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reduction-based synthesis of
pristine and cation-doped conductive mayenite†

Karim Khan, *a Ayesha Khan Tareen,b Sayed Elshahat,a Naseer Muhammad,a Jia Li,b

Israa Aboodd,a Luigi Bibbò,a Ashish Yadav,a Rizwan Ur Rehman Sagar,c Usman Khand

and Zhengbiao Ouyang *a

In the present study we synthesized conductive nanoscale [Ca24Al28O64]
4+(4e�) (hereafter denoted as

C12A7:e
�) material, and reduced graphene oxide (rGO) was produced, which was unexpected; graphene

oxide was removed after melting the sample. The conductivity of C12A7:e
� composites synthesized at

1550 �C was 1.25 S cm�1, and the electron concentration was 5.5 � 1019 cm�3. The estimated BET

specific surface area of the highly conductive sample was 20 m2 g�1. Pristine C12A7:e
� electride was

obtained by melting the composite powder, but the nano size of C12A7:e
� particles could not be

preserved; the value of conductivity was �28 S cm�1, electron concentration was �1.9 � 1021 cm�3, and

mass density was 93%. For C12A7�xVx:e
�, where x ¼ 0.25 to 1, the conductivity improved to a maximum

value of 40 S cm�1, and the electron density improved to �2.2 � 1021 cm�3; this enhancement in

conductivity was also proposed by a theoretical study but lacked any associated experimental support.
Introduction

Advances in device invention in all emerging elds with
promising features and better control of material properties
have permitted researchers to reveal and recognize the potential
of existing materials in detail as well as to develop and explore
new materials.1 There is an increasing demand for transition or
post-transition metal-based transparent conductive oxides
(TCOs), resulting in their increased costs. Therefore, many
researchers2 have put their efforts on the low-cost abundant
material oxymayenite (12CaO$7Al2O3) (Ca24Al28O66; hereaer,
C12A7). Lacerda et al. were the rst to introduce C12A7 as a high
oxide conductor,3 and the belief that C12A7 has insulating
properties changed in 2002 when Hayashi et al.2 reported for the
rst time its light-induced conversion into conducting mayen-
ite, C12A7:e

�. The inorganic clathrate compound C12A7:e
� is

light-weight, has a wide band gap (�7 eV), and is a novel
material among TCOs and electride family;4,5 a controllable way
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of obtaining electron gas can be found, and the conductivity
from insulating nature till superconductive nature can be
changed without loss of the fundamental cage framework
structure.6,7 The important applications of the ubiquitous
ceramic-based transparent conducting inorganic electride
C12A7:e

� make this novel, cheap, and environmentally friendly
material more attractive. Since the discovery of the rst room-
temperature stable inorganic electride C12A7:e

�, this material
has attracted much attention due to its unique properties such
as high electron concentration (�2.3� 1021 cm�3) and low work
function (WF � 2.4 eV).8 C12A7:e

� has been utilized as a catalyst
for ammonia synthesis/decomposition,9–11 activation and split-
ting of carbon dioxide,8 oxide ion conductivity,12–14 circuit of
wires and electrodes,15 pinacol coupling reaction in aqueous
media,16 and reforming of bio-oil;17 it has also been used as
a prototype electronic conductor and chemical reducing agent
for solvated electrons in alkali metal–ammonia solutions,7 in
oxide fuel cells, as an oxidation catalyst or oxygen gas sensor,4 as
a cathode material in uorescent lamp,18 as a short-channel
nano-wire transistor,19 electron emitter, and electron-injection
layer in OLEDs, as a secondary electron emitter in a plasma
display panel, and as a chemical reductant.20 Continuous
improvements in its properties and applications are under way,
but complexity of the previous synthesis processes of C12A7:e

�

has motivated many researchers towards developing direct
simple synthesis routes because the previous methods were
associated with high energy consumption, long synthesis time,
lower surface area and most importantly, unsuitability for
cation doping in C12A7:e

�. Another important consideration is
surface cage protection for which Ar+ sputtering with annealing
This journal is © The Royal Society of Chemistry 2018
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View Article Online
at 1050 �C for <20 min (ref. 20) or ripped-thermal annealing
(RTA) at 950 �C for 80 s are used,21 which improves surface
conduction to a point but decreases the surface area.

The most important and interesting aspect of this research is
the availability of access free cages in C12A7 unit cell, which
increases the possibility of the storage of extra “extrinsic free
oxygen” in the available empty cages in its unit cell.22 Hence, aer
reduction in doping in C12A7:e

�, the extra electron, rather than
that of the intrinsic electride (�2.3 � 1023 cm�3), can be accom-
modated up to a maximum theoretical value of �6 � 1023 cm�3

and hence, the corresponding conductivity increases. Theoretical
and experimental studies have been conducted for some of the
cation substitutions in C12A7. Briey, previously used conventional
synthesis methods involving all types of doping caused a decrease
in the electronic conductivity except Si-substitution, where the
conductivity increased from 0.15 to 0.61 S cm�1 for x ¼ 0 to 4.23

Therefore, this paper with respect to C12A7:e
� electride is directed

towards two challenges: designing and exploring a single step-
based scalable facile approach to synthesize C12A7:e

� electride
nano-powders and boosting the electrical properties through
doping with suitable valence cations.
Experimental strategy
Characterization methods

Possible chemical reactions during sintering were characterized
using thermo gravimetric/differential thermal analyses (TG/
DTA; Diamond Pyrix, Perkin Elmer, USA). X-ray powder
diffraction (XRD) analysis was performed using a Bruker AXS D8
Advanced diffractometer (USA) with Cu Ka radiation source (l¼
0.15406 nm, 40 kV, 360 mA). Electrical conductivity was
measured using the four probe method. Brunauer–Emmett–
Teller (BET) specic surface areas and volume/width of the
pores of the samples were characterized using an automatic
specic surface area and pore physical adsorption analyzer
(ASAP 2020, Micromeritic, USA) aer heating the samples at
200 �C for 5 hours. A high resolution scanning electron micro-
scope (HR-SEM, Hitachi-S4800, Japan) and a high resolution
transmission electron microscope (HR-TEM, JEOL-2100, Japan)
were used to study the microstructure and morphology of sin-
tered powders. An X-ray photoelectron spectrometer (Thermo
Scientic, VG Multilab 2000) was used for X-ray photoelectron
spectroscopy (XPS) measurement with Al Ka radiation (hn ¼
1486.6 eV) under UHV (1.33 � 10�8 Pa). For wide and narrow
scans, the energy resolutions were set to 0.5 eV and 0.05 eV,
respectively. The analyzer pass energy was set to 20 eV for
narrow scans. All peaks were calibrated by the carbon deposit C
1s binding energy at 284.8 eV. Finally, for the investigation and
characterization of the structure of molecules and bonding of
the graphitic materials, Raman spectroscopy was used. Raman
spectra were obtained by excitation using a 532 nm air-cooled
argon ion laser (20 mW).
Synthesis approach

Synthesis conditions and fabrication process strongly affect the
nal material properties. To synthesize C12A7:e

� via a modied
This journal is © The Royal Society of Chemistry 2018
sol–gel-based synthesis method without using citric acid (CA),
analytical grade starting materials Ca(NO3)2$4H2O and
Al(NO3)3$9H2O were purchased from Aladdin/Shanghai, China,
and they were used without further purication. First, metal
nitrates were weighed using a specic molecular ratio
(Ca(NO3)2$4H2O : Al(NO3)3$9H2O ¼ 12 : 14) and then dissolved
in ethylene glycol (C2H6O2, EG) at 60 �C to obtain a transparent
solution. This solution was kept at about 100 �C for one hour to
vaporize physically absorbed water and then, it was nally dried
at 275 �C for 4 hours in an oven to vaporize extra EG and form
the dried gel. The resulting yellowish dried foam-like gel was
crushed into powder and further pulverized and heat-treated at
500 �C for 1 h in a nitrogen environment to decompose the
metal nitrides. The product was again crushed into a ne
powder and then divided into two parts: one part was pressed
using an iso-static press system at 150 MPa to obtain a pellet
shape (�7.5 cm diameter), and the other part was directly used
to get conductive powder. Finally, the resultant powder and
pellets were sintered in an alumina crucible under a nitrogen
atmosphere with a heating rate of 4 �C min�1, and the
temperatures were maintained at 850 �C, 1250 �C, 1350 �C, and
1550 �C for 1 h. In the case of doping, the same synthesis
procedure was repeated, and sources of “V” and “Si” were added
to the precursors separately, with molar ratios x ¼ 0.25, 0.50,
0.75, and 1.
Results and discussion

The synthesized C12A7:e
� sample was then used for an initial

investigation into its crystalline nanoparticles and bulk form by
employing different experimental conditions based on the
synthetic pathways from precursors to nal conductive powder.
Thermo gravimetric and differential thermal (TG/DTA)
analysis

Under the guidance of the formation mechanism, the synthe-
sized C12A7:e

� powder is discussed in detail by using different
experimental conditions based on the synthetic pathways from
precursors to nal conductive powder. Therefore, to know the
basic physical and chemical changes in the material properties
as a function of increasing temperature at a constant rate, TG/
DTA of the gel was performed. Fig. 1 shows the TG/DTA
curves of the as-prepared precursor gel; the measurement was
performed in a nitrogen environment from 30 �C to 1200 �C. It
was observed that there existed four major weight loss processes
in this temperature range. The rst weight loss was due to the
removal of water in the gel system, which occurred at about
100 �C.24 The second clear continuous weight loss of about 35%
up to 450 �C corresponded to the changes from nitrates to
oxides and/or from absorbed EG to carbon. The heat treatments
of the gels at 500 �C yielded decomposed ash (AS), which con-
tained carbon as well as hydroxyl carbonate,25 as conrmed by
the color of AS.26,27 Third, two small endothermic peaks were
observed in the range of 750–930 �C accompanied by further
weight loss of about 5%, as shown in the TG curve, suggesting
complete decomposition of all meta-stable phases and the
RSC Adv., 2018, 8, 24276–24285 | 24277
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Fig. 1 TG/DTA of mixed-milled nitrates xerox-gel.

Fig. 2 Powder XRD patterns of as-synthesized samples at (a) 850 �C,
(b) 1050 �C, (c) 1250 �C, and (d) 1550 �C. For comparison, the lines on
the x-axis correspond to the peak positions for the pure C12A7.
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formation of C12A7 crystalline phase;26–28 the reduction process
of C12A7 also started in this temperature range.26–28 On the other
hand, a small extent of this small weight loss may also be due to
some water loss; water formation at such a high temperature
was caused due to OH� and O�2 in cages.9

The important point during this heat treatment process is
that a distinct exothermic peak at 750 �C was obtained, which
indicated the oxidization of carbon from incomplete combus-
tion of EG;25 this oxidization of free carbon maybe because of
the oxygen present in cages. The non-conductive property of the
sample heated at #750 �C was observed because no distinct
reduction occurred even the existence of carbon in sample. The
sample heat-treated above this temperature had a distinct value
of conductivity, which further increased with the increasing
synthesis temperature under the same condition of applied
environment and time.
X-ray powder diffraction (XRD) structural analysis

Taking into account the above-mentioned TG/DTA variation
trend, we selected different synthesis temperatures and studied
XRD patterns of the synthesized C12A7:e

� phase. The gel was
heat-treated at 500 �C for 1 h in a nitrogen environment, and it
yielded dark-gray ash (AS), which was amorphous in nature and
did not indicate any peaks of hydroxyl carbonate, hydroxyl and
carbonate groups; it was also independent of decomposition
either in a single step or in two steps.25 The C12A7:e

� phase
identication and crystallinity, based on XRD results, illus-
trated that the crystalline phase of C12A7:e

� was observed rst at
about 1050 �C (Fig. 2).27 The samples treated at 1250 �C and
1550 �C showed well-resolved sharp peaks in the XRD pattern,
which corresponded to the well-crystalline C12A7 phase (JCPDS,
CAS # 48-1882).

The reduction treatment changed the sample color from
yellow gel to a gray ash and nally to a dark-black crystalline
C12A7:e

� single phase with increasing synthesis temperature for
the same duration of treatment. Previously, it was reported that
when the sample was heated to 1500 �C or higher than that, it
24278 | RSC Adv., 2018, 8, 24276–24285
decomposed to CaO$Al2O3 (CA) + 3CaO$Al2O3 (C3A) because the
O2� ions in the framework tended to be removed at high
temperatures, which led to the decomposition of C12A7 phase
into a CA + C3A mixture; however, this was not observed here
because of the presence of C2

2� ions.29,30 To understand the
detailed structure and chemistry of the powders, Raman spec-
troscopy was used to characterize the residual carbon in the
system.

Raman analysis

Raman spectroscopy has historical importance in the investi-
gation and characterization of molecular structure and
bonding, especially of the graphitic materials. Fig. 3 shows the
obtained Raman spectra of the highly conductive C12A7:e

�

composite heat-treated at 1550 �C and excited with a laser of
wavelength 532 nm. The highest intense G-band peak, assigned
to sp2-hybridized carbon atoms, was observed at about
1578 cm�1 (G-mode), and another second intense 2D band peak
was observed at 2684 cm�1 (2D-mode). It is believed that the
intensity of the D-band peak is closely related to the defects
(such as edges and ripples) present in graphene sheets, and this
band was observed at about 1337 cm�1 (D-mode);31 this rela-
tively low value of the D peak indicated less defects and good
quality of the resulting rGO.32,33 Here, the ID/IG ratio was about
0.26, indicating some impurities and defects in the graphitized
graphene structure,34 and this value was much lower than the
typical value of 0.3–0.4 for polycrystalline N-doped graphene.35

However, here, we obtained a single, sharp 2D band peak for
graphene.36

Raman bands located at 200–1000 cm�1 were obtained due
to the lattice framework of C12A7, which was composed of
tetrahedrally coordinated Al3+ ions. The peak between 1137 and
1164 cm�1, which was assigned as the O2

� stretchingmode, was
not observed in the sample,37 indicating the reduction of C12A7

to C12A7:e
�. The band at 1128 cm�1 assigned to the stretching
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Raman spectrum of C12A7:e
� composite.
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mode of the extra O2� ion present in the framework was not
observed here.38 The band peaks positioned at 546 cm�1 and
521 cm�1 corresponded to the CA phase, whereas the typical
band peaks of the C3A phase observed at 756 cm�1 and
508 cm�1 were also not observed here, thereby conrming that
there was no other phase formation.30 Therefore, the XRD
Fig. 4 SEM images and elemental mapping obtained by EDX for C12A7:e

Fig. 5 TEM and HR-TEM images patterns of C12A7:e
� composite synthe

This journal is © The Royal Society of Chemistry 2018
patterns along with the Raman spectra showed that C12A7:e
�

pure phase, at all synthesis temperatures, whereas no decom-
position to other phases of this family such as CA, pure C3A or
mixed phases occurred. Therefore, the Raman spectra indicated
the presence of the C12A7:e

� species and the presence of rGO.
SEM- and TEM-based morphological study

The SEM analysis was conducted on the sample heated at
1550 �C, and images were collected at different magnications
(Fig. 4). The micrographs show randomly shaped particles of
nanosized dimensions, but it was found that graphene was
coated on these particles. Fig. 4 also shows EDS-based
elemental mapping of the C12A7:e

�–rGO composites. The
element distribution maps revealed many interesting aspects.
The intensity of each image is indicative of the signal intensity
of each ion. In Fig. 4, Ca, Al, O and C particles are shown by
different colors on the distributionmaps. The results conrmed
the almost expected theoretical contents of Ca, O, and Al with
extra C content in the nal sample, supporting Raman and XRD
results.

For further explanation, we conducted TEM of the C12A7:e
�

composite powder. The TEM images showed isolates and
uniform C12A7:e

� nanosized particles with the average size of
ca. 8–10 nm, without the aggregated precipitates (Fig. 5(a)). In
� composites synthesized at 1550 �C.

sis at 1550 �C for 1 hour.

RSC Adv., 2018, 8, 24276–24285 | 24279
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Fig. 6 log(s) vs. temperature (T�1, T�4) of sample synthesis at (i) 1550 �C, (ii) 1250 �C, and (iii) 1050 �C.

Fig. 7 (a) BJH pore size distributions, (b) N2 adsorption/desorption isotherms of C12A7:e
� composite (1550 �C, 1 h).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
1:

42
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 5(b), the d-spacing values corresponded to the well-dened
diffraction planes of the C12A7 phase (JCPDS, CAS # 48-1882).
Fig. 8 XRD of C12A7�xVx:e
�, where x ¼ (a) 1, (b) 0.75, (c) 0.50, (d) 0.25,

heated at 1550 �C for 1 h. The lines on the x-axis correspond to the
peak positions for pure C12A7.
Electrical properties of C12A7:e
� composite

We focused on the variation in conductivity-temperature char-
acteristics; therefore, the gel was pressed into a pellet form, and
it was heated in an N2 gas atmosphere for 1 hour at 500 �C,
850 �C, 1050 �C, 1250 �C, and 1550 �C (Fig. 6). The conductivity
was measured using Pt electrodes in a 4-probe conguration,
with variable temperatures ranging from 90 K to 500 K (Fig. 6).
Samples heat-treated at temperatures below 850 �C also had no
prominent conductivity. We tested the conductivity of samples
synthesized at 1050 �C, 1250 �C, and 1550 �C, where the electron
concentrations of the samples were 2.8 � 1018 cm�3, 1.6 � 1019

cm�3, and 5.5 � 1019 cm�3 and the conductivities were about
0.5 S cm�1, 1.11 S cm�1 and 1.25 S cm�1, respectively. At
a synthesis temperature range of 900–1300 �C, water uptake
occurred, and it caused a decrease in conductivity. Therefore,
an abrupt increase in conductivity at a temperature of about
1550 �C occurred.12,39
24280 | RSC Adv., 2018, 8, 24276–24285 This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Elemental mapping obtained by EDX for C12A7�xVx:e
�, where x ¼ 1.
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BET-based specic surface area and pore size/volume
measurement

BET theory is based on the physical adsorption–desorption of
gas molecules on a solid surface by which the specic surface
area of that material is calculated. The estimated BET specic
surface area of the resulting sample heat-treated at 1550 �C was
about 20 m2 g�1; Fig. 7(a) shows its N2 adsorption–desorption
proles, where P is the partial pressure of the adsorbate and Po
is the saturated vapor pressure of the adsorbent. According to
the IUPAC classication, the N2 isotherm is a type-III isotherm,
and the higher N2 adsorption conrmed the higher specic
surface area of this sample.40 The pore size distribution was
calculated using the BJH method (Fig. 7(b)). The results
revealed that the C12A7:e

� composite showed a sharp peak at
about 2.7 nm, and another peak was observed at about 15 nm,
suggesting that the sample possessed almost uniform pore size
Fig. 10 Graph between log(s) (s, conductivity) and temperature (T�1, T
levels, x ¼ (i) 0, (ii) 0.25, (iii) 0.50, (iv) 0.75 and (v)1.

This journal is © The Royal Society of Chemistry 2018
distributions of about 2.7 and 15 nm. This optimized sol–gel
method is extremely valuable for the synthesis of C12A7:e

�

because the out-diffusion of the free oxygen ions from C12A7 is
not blocked in any way, and if the carbon layer completely
covers the sample powder surface, this will further enhance the
reduction process.
V-doped C12A7:e
�

The XRD patterns of C12A7�xVx:e
� samples, where x ¼ 0.25 to 1

(hereaer, V-doped C12A7:e
�), are shown in Fig. 8. Most of the

peaks corresponded to the well-crystalline C12A7 phase (JCPDS,
CAS # 48-1882), and the existence of any second impurity phase
of the CaO or Al2O3 family was not observed. With the
increasing doping level, the crystallinity decreased; the samples
with higher doping level, approximately more than the doping
�1/4 (K)) for C12A7�xVx:e
� samples synthesized with different V-doping
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Fig. 11 Raman spectra of the molten C12A7�xVx:e
� where x ¼ (a)

0.25 V, (b) 0.50 V, (c) 0.75 V, (d) 1 V, (e) 1.5 V.
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level of x¼ 1.5, showed a completely amorphous nature, with an
increasing trend in conductivity.

Fig. S1† shows the SEM graph of the melted V-doped
C12A7:e

� sample heat-treated at 1550 �C in an N2 atmosphere;
a very dense surface of the sample was observed, and we also
crushed it into particles for further characterizations. To further
obtain more information about the distribution characteristics
of the main metal elements, SEM associated with EDX tech-
niques were used for the morphological study. Fig. 9 shows the
compositional mapping obtained by EDS microanalysis con-
ducted at the sample surface, where Ca, Al, O and V particles are
shown by different colors on the distribution maps. Our results
for the nal sample very closely matched the theoretical values
for the contents of Ca, O, V and Al. On the basis of the EDS
mappings, we concluded that all the expected elements with
probable contents were available and uniformly distributed on
the surface of the nal material.
Fig. 12 XPS survey spectra of melted material.

24282 | RSC Adv., 2018, 8, 24276–24285
Fig. 10 shows the plots of the log(s) vs. temperature (T�1,
T�1/4 (K)) of V-doped C12A7:e

� samples synthesized at 1550 �C
for 1 hour. Aer doping with V for different doping values (x ¼
0.25, 0.50, 0.75, and 1), the conductivity increased to
a maximum value of about 40 S cm�1 at 300 K. For the highly
conductive sample synthesized at 1550 �C, log(s) was almost
constant, demonstrating that V doped-C12A7:e

� with the doping
level of x ¼ 1 behaved like a metallic conductor. At the same
time, increasing the doping level led to increase in electron
concentrations with the values of 1.30 � 1019 cm�3, 2.80 � 1019

cm�3, 1.18 � 1020 cm�3 and 2.2 � 1021 cm�3.
Hence, the results showed that the increase in the conduc-

tivity of V-doped samples was because of the increase in carrier
concentration, which introduced new energy states, and this
was suggested by theoretical calculations based on the DFT
data.22 For further studying the stability and removal of rGO in
our samples aer melting, we used RAMAN spectroscopy.

Raman spectra of melted pristine C12A7:e
� and V-doped

C12A7:e
�

Raman spectra of the synthesized materials, shown in Fig. 11,
indicate the distinct difference between the powdered electride
and the molten electride. The bands at about 1340 cm�1 and
1560 cm�1 were assigned to the carbon family, which dis-
appeared aer melting; this implied that rGO was only stable in
the powdered form of the crystallized C12A7:e

�, and it was
released from the material during the cooling process aer
melting the samples. Similarly, in case of V-doped C12A7:e

�, all
of the samples showed rGO-free phase. For further elemental
analysis and bonding, we studied XPS of the highly conductive
V-doped C12A7:e

� sample and compared it with the undoped
sample under the same conditions.

X-ray photoelectron spectroscopy (XPS)

To further improve our understanding of cation doping and its
effect on the nal properties of C12A7:e

�, XPS measurements
were carried out. The wide-scan XPS data of the C12A7:e

�

powders are provided in Fig. 12, and it shows the XPS core level
peak spectrum of C12A7:e

�, in which Ca, Al, and O can be
detected. The stoichiometry was conrmed to be consistent
with that of C12A7:e

�, as calculated from Ca 2p, Al 2p and O 1s
peak areas. Also, clear V 2p and V 2s peaks were present in the V-
doped C12A7:e

� powder sample.
For further conrmation, the XPS spectra of individual

elements, i.e., Ca 2p, Al 2p, O 1s and C 1s were obtained
(Fig. 13). The Ca 2p narrow XPS spectrum (Fig. 13 (a)) had two
peaks at around 352.197 eV and 348.544 eV, which were related
to Ca 2p1/2 and Ca 2p3/2, respectively. Due to spin orbit splitting,
Ca 2p XPS spectrum exhibited two clearly distinguishable
peaks. The narrow and sharp peaks indicated that Ca was
connected to O.41 The Al 2p XPS spectra in Fig. 13(b) exhibited
peak positions at around 75.473 eV, which indicated that the
valence state of Al in C12A7 is the same as that of Al2O3. Thus, we
can conclude that only Ca–O bonds and Al–O bonds exist in
C12A7:e

�. The O 1s spectrum in Fig. 13(c) can be clearly
deconvoluted into two distinct contributions, with peaks at
This journal is © The Royal Society of Chemistry 2018
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Fig. 13 XPS survey spectra of V-doped C12A7:e
�, (a) Ca 2p, (b) Al 2p, (c) V 2p & O 1s and (d) C 1s.
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around 531.99 eV and 533.421 eV. The high energy component
was assigned to bridging oxygen (BO) atoms, whereas the low
energy component was assigned to non-bridging oxygen (NBO)
atoms.41 Small peaks of V 2p3/2 and V 2p1/2 were also clearly
observed. Hence, the V-doping in C12A7:e

� was clearly observed.
Hence, it is clear from all these XPS results that the reduction
process does not decompose the C12A7:e

� phase into other CaO
and Al2O3 phases; for the rst time, we have successfully
developed a technique that is suitable for the synthesis of
pristine as well as cation-doped C12A7:e

�.
Conclusion

Herein, we presented a general strategy and provided the rst
demonstration of straightforward synthesis of novel nano-
crystalline C12A7:e

� without the limitations of type, shape,
and size and without the formation of byproducts on the
surface of the nal C12A7:e

� samples, which can stop the
reduction process; we used low-cost precursors, namely,
Ca(NO3)2$4H2O and Al(NO3)3$9H2O, and we also employed
a very simple, cheap, and optimized sol–gel method. Stable
phase of mayenite electride is acheived, which is because of
This journal is © The Royal Society of Chemistry 2018
the C2
2� template anions instead of O2� anions in inert gas

atmosphere at such a high temperature, which also contrib-
uted to the reduction process. For the rst time, we
successfully applied this method for the rapid synthesis of
nanosized C12A7:e

� composite, pristine C12A7:e
� electride,

and Si as well as V-doped C12A7:e
�. The maximum specic

surface area value of the C12A7:e
� composites was about 20

m2 g�1, with maximum electrical conductivity of about
1.25 S cm�1 and electron concentration of 5.5 � 1019 cm�3.
Consequently, the electrical conductivity was further
improved to a maximum value of 40 S cm�1 by V-doping, with
electron concentration of 2.2 � 1021 cm�3. Nevertheless, the
composite, pure, and doped C12A7:e

� electride samples
exhibited good electrical properties, and the formation of
reduced graphene in such a process without using the nor-
mally used graphene sources may be benecial in related
elds for the fabrication of highly crystalline rGO having
fewer defects.33,42,43
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