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a  b  s  t  r  a  c  t

In  an  attempt  to  identify  new  electrochemically  stable  catalyst  supports  for  electrolysis  of water,  the  elec-
tronic  structures  of  CaNb2O6, CaTa2O6, Ca2Nb2O7, and  Ca2Ta2O7 compounds  doped  with  small  amounts
of  elements  from  3A,  3B,  5B,  and  6A  groups  of  the  Periodic  table  as  well  as F  from  group  7B  have  been
calculated  using  the  Vienna  Ab-initio  Simulation  Package  (VASP),  within  the  projector  augmented-wave
(PAW)  method  in  the  general  gradient  approximation  (GGA)  for conducting  the  exchange-correlation
corrections.  The  role  of  incorporating  the  additional  elements  in  improving  the  electronic  conductivity
as  well  as the  structural  and  chemical  stability  is  discussed.  Based  on  the  calculated  values  of  the  cohe-
sive energies  for  the  materials  and  their  type  of electronic  conductivity,  we  hypothesize  that  group  3A
elements  (Sc  and  Y)  as  well  as  F-doping  contribute  drastically  to the  improvement  of  the  electronic  prop-
erties  as  well  as  the  chemical  stability  of all four  calcium  tantalates/niobates  parent  oxides.  The  study
eywords:
lectronic structure
ensity functional theory
alcium niobates
alcium tantalates
oping

indicates  that  these  doped  compounds  might  therefore  serve  as  the  most  appropriate  candidates  for  use
as catalyst  supports  in water  electrolysis.

© 2011 Elsevier B.V. All rights reserved.
atalyst support

. Introduction

Hydrogen is considered an attractive fuel for transportation and
lectric grid load balancing [1–4]. The main advantages of hydrogen
s its high specific energy, high specific power, low or zero self dis-
harge rates allowing it to be stored for long periods of time unlike
he other energy storage media. Further, hydrogen is a cleaner
lternative fuel yielding only water as the recyclable by-product
esulting in emissions devoid of greenhouse gases and other pol-
utants compared to the hitherto used known hydrocarbon fuels
1,3]. Thus use of hydrogen as a fuel in proton exchange membrane
PEM) fuel cells to power vehicles and also provide stand alone
ower to residential and commercial buildings [5–8] in stacked
ode offers an attractive solution to the current energy genera-
ion, storage, transportation, and distribution gridlock faced by the
nited States as well as the growing global environmental con-
erns. The only limitation to achieving this panacea for the global

∗ Corresponding author at: 3700 O’Hara Street, BEH 849, Pittsburgh, PA 15261,
nited States. Tel.: +1 412 648 0223; fax: +1 412 624 3699.

E-mail address: pkumta@pitt.edu (P.N. Kumta).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.022
energy storage, generation and distribution problem is the viability
of hydrogen fuel aside from its storage, distribution and transporta-
tion challenges. As most of the hydrogen on the earth is locked up in
water, a conceivably feasible option for producing hydrogen is by
electrolysis of water using electricity generated from mechanical
energy sources (hydropower or wind turbines).

Advanced water electrolyzers using proton exchange mem-
branes (PEM) generally utilize expensive noble metal electro-
catalysts for the oxygen electrode such as platinum and platinum
alloys [7] as well as the equally prohibitively expensive iridium
oxide (IrO2) and ruthenium oxide (RuO2) catalysts. The tremen-
dous costs associated with the use of noble metal oxides at the
current loading levels could be substantially lowered by develop-
ing new non-noble metal based catalysts that exhibit comparable or
improved catalytic activity as the parent noble metal counterparts
or identification of electrochemically stable catalyst supports that
can be economically synthesized in high surface area (HSA) forms
allowing for reduced levels of catalyst loading without compro-

mising the electro-catalytic activity. Thus, it is desirable that these
catalyst supports exhibit high electronic conductivity comparable
to the noble metals combined with excellent chemical and elec-
trochemical stability at potentials of 1.8–2.0 V against the normal

dx.doi.org/10.1016/j.jpowsour.2011.11.022
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pkumta@pitt.edu
dx.doi.org/10.1016/j.jpowsour.2011.11.022
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ydrogen electrode (NHE) wherein electrolysis of water is known
o occur.

Very few materials are known to exhibit both the desired electri-
al conductivity and the much needed electrochemical stability in
he 1.8–2.0 V potential window. In this regard, several researchers
ave proposed [9–13] the use of IrO2 combined with highly cor-
osive resistant tantalum oxide (Ta2O5), tin oxide (SnO2), niobium
xide (Nb2O5), titanium oxide (TiO2) and non-stoichiometric tung-
ten oxide (WOx) for stabilizing the IrO2 dimensionally stable anode
lectrode during the service life of the electrolyzer. However, there
s a need to further improve the electronic conductivity to enhance
he electro-catalytic activity thus improving the catalyst efficiency
nd consequently minimizing the catalyst loading.

One approach to achieve this goal would be the introduction of
olid solutions of transition metal oxides, such as Nb2O5 and Ta2O5,
ith tin oxide, which are known to exhibit the desired high chemi-

al and electrochemical stability but are also well known insulators
ith poor electronic conductivity. Alloying of the oxides with SnO2

an likely change their electronic structure, which in turn could
ositively influence the electronic conductivity. In our recently
ublished first principles theoretical study of different ternary
xides, such as Sn2Ta2O7, Sn2Nb2O7, SnTa2O6, and SnNb2O6 doped
ith small concentration of elements selected from groups 5B and

A of the Periodic Table, such as As, Sb, Bi as well as Cr, Mo,  and
 [14], we had postulated that SnTa2O6 doped with As, Sb, or Bi
ould be the most appropriate material for implementation as cat-

lyst supports with respect to all other materials investigated in the
tudy, both in terms of the electronic conductivity as well as struc-
ural/chemical stability. Experimental work to explore and validate
ur reported theoretical predictions is currently on-going in our
aboratory. These results will be published shortly.

Besides Sn–Nb/Ta–O oxides there is a large family of bivalent
iobates and tantalates (see, for example [15,16]) which remain

argely unexplored for possible use as catalyst supports, however
heir structural and chemical stability is higher than the tin-based
xides. For example, CaO, MgO, and SrO oxides have higher forma-
ion enthalpy in comparison to SnO (for �H0 see [17]), thus one
an suggest that tantalates and niobates of Ca, Mg  or Sr can also
e expected to demonstrate higher structural stability than the tin
ased systems.

The present article is an attempt to offer a range of candi-
ate materials possessing the desired electrochemical stability and
uperior electronic conductivity compared to tin dioxide as well
s tantalum and niobium pentoxides, rendering these materials
otentially suitable as possible catalyst supports for water elec-
rolysis and hydrogen fuel cells. Among the materials known to
xist in nature and the artificially synthesized niobates and tan-
alates of different divalent metals, such as Ca, Mg,  Sr, Sn, Ba, Zn,
d, and Pb we chose the most structurally stable system Ca–(Nb
r Ta)–O for our investigation. These systems are also known pho-
ocatalysts for water splitting and producing hydrogen gas under
ight illumination [18–20].

Since, all the four CaNb2O6, Ca2Nb2O7, CaTa2O6, and Ca2Ta2O7,
re semiconductors it would be interesting to investigate the effect
f different dopants selected particularly in light of improving the
lectronic conductivity necessary for achieving high performance
f the potential catalyst supports. These elements would likely
erve as donors of additional free electrons participating in the
harge transfer and thus, increasing the electronic conductivity.
uch elements substituting divalent Ca2+ at corresponding sites in
he crystal lattice could belong to 3A, 3B, and 5B groups of the Peri-
dic table, while those elements substituting Nb5+ and Ta5+ in the

attice might belong to 6A group. Also, another likely pathway to
onate free electrons into the system is to dope the oxides with
mall amount of fluorine substituting the corresponding oxygen
ons in the crystal structure. An effect of such F-doping could be
Power Sources 202 (2012) 190– 199 191

similar to that observed in fluorine doped tin oxide (FTO) widely
investigated experimentally and from first principles also reported
by us recently [21–24].

Based on the above, ab initio calculations of total energies,
electronic and optimized crystal structures, and cohesive energies
have been carried out in the present study for the following
oxides: CaNb2O6, Ca2Nb2O7, CaTa2O6, and Ca2Ta2O7 in both,
pure and doped forms with the introduction of a small amount
of 3A group – (Sc, Y), 3B group – (B, Al, Ga, In), 6A group –
(Cr, Mo,  W),  5B group – (As, Sb, Bi), as well as F. The formula
units of the doped materials can be written as: [Ca1−x(3A, 3B,
5B elements)x][Nb/Ta]2O6, Ca[(Nb/Ta)1−y(6A elements)y]2O6,
Ca[Nb/Ta]2O6−xFx and [Ca1−z(3A, 3B, 5B elements)z]2[Nb/Ta]2O7,
Ca2[(Nb/Ta)1−z(6A elements)z]2O7, Ca2[Nb/Ta]2O7−xFx, where
x = 0.25, y = 0.125, and z = 0.0625.

2. Theoretical approaches and details of the methodology

For calculating the total energies, electronic structure and den-
sity of electronic states the Vienna Ab-initio Simulation Package
(VASP) was used within the projector augmented-wave (PAW)
method [25–27] and the generalized gradient approximation (GGA)
for the exchange-correlation energy functional in a form sug-
gested by Perdew and Wang [28]. This program calculates the
electronic structure and via the Hellmann–Feynman theorem, the
inter-atomic forces are determined from first principles. Standard
PAW potentials were employed for the elemental constituents of
all pure and doped compounds in the study.

For all the materials considered the plane wave cutoff energy
of 520 eV has been chosen to maintain high accuracy of the total
energy calculations. The lattice parameters and internal positions of
atoms were fully optimized during the double relaxation procedure
employed, and consequently, the minima of the total energies with
respect to the lattice parameters and internal ionic positions have
been determined. This geometry optimization was obtained by
minimizing the Hellman–Feynman forces via a conjugate gradient
method, so that the net forces applied on every ion in the lattice are
close to zero. The total electronic energies were converged within
10−5 eV unit cell−1 resulting in the residual force components on
each atom to be lower than 0.01 eV Å−1 atom−1, thus allowing for
the accurate determination of the internal structural parameters.
Since the doped structures contain a small amount of additional
elements, it is expected that the equilibrium volume of the basic
unit cell is not substantially altered. Hence, only internal atomic
positions have been optimized during our calculations keeping the
volumes of the unit cells identical to that of the corresponding
undoped parent materials.

The Monkhorst–Pack scheme was  used to sample the Brillouin
Zone (BZ) and generate the k-point grid for the solids and the dif-
ferent isolated atoms used in the present study. A choice of the
appropriate number of k-points in the irreducible part of the BZ
was  based on convergence of the total energy to be 0.1 meV atom−1.
For pure and doped forms of CaTa2O6, CaNb2O6, as well as for
Ca2Ta2O7 and Ca2Nb2O7, the following numbers of k-points in the
irreducible parts of BZ were used: 84, 84, 39, and 39 points, respec-
tively. For the total energy calculations of isolated atoms of all
elements comprising the materials considered, a cubic box with
edges of 10 Å × 10 Å × 10 Å was chosen to eliminate possible inter-
action between atoms caused by the periodic boundary conditions.
Test calculations with the box size of 15 Å × 15 Å × 15 Å for an iso-
lated oxygen atom have shown a difference in total energies within

0.2 meV  atom−1 with respect to the box size of 10 Å × 10 Å × 10 Å,
which is small enough not to contribute a significant error in the cal-
culations of the cohesive energy. Thus, 10 Å × 10 Å × 10 Å box size
has been used for all the other elements.
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Table 1
Experimental and calculated structural parameters for the undoped compounds. Calculated parameters are shown in parenthesis.

CaNb2O6 from [29] CaTa2O6 from [30] Ca2Nb2O7 from [31] Ca2Ta2O7 from [31]

a (Å) 14.926 (15.069) 11.068 (11.144) 10.444 (10.315) 10.463 (10.339)
b  (Å) 5.752 (5.811) 7.505 (7.557) – –
c  (Å) 5.204 (5.246) 5.378 (5.394) – –

V0 (Å3) 446.8 (459.4) 446.7 (454.2) 1139.2 (1097.5) 1145.4 (1105.2)
Z  4 4 8 8

Space  group Pbcn; #60 Orthorhombic Pnma; #62 Orthorhombic Fd-3m;  #227 Pyrochlore cubic Fd-3m; #227 Pyrochlore cubic

Ca
x 0 0.042 0.5 0.5
y  0.2244 0.25 0.5 0.5
z 0.75  0.540 0.5 0.5

Nb  or Ta
x 0.1653 0.1412 0 0
y  0.3166 −0.0056 0 0
z  0.2987 0.0376 0 0

O1

x 0.0893 −0.024 0.3214 0.3214
y 0.0997 0.035 0.125 0.125
z  0.4040 0.225 0.125 0.125

O2

x 0.1003 0.213 0.375 0.375
y  0.4280 0.049 0.375 0.375
z  0.0056 0.383 0.375 0.375

O3

x 0.2576 0.146
– –y  0.1351 0.25

z  0.1266 −0.033

O4

x 0.122
– –y −0.25

z  0.162
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CaNb2O6 and CaTa2O6 adopt orthorhombic crystal structures
ith Pbcn and Pnma space groups, respectively, and 36 atoms in

he conventional unit cell (Z = 4) [29,30]. Ca2Nb2O7 and Ca2Ta2O7
xhibit the same pyrochlore type of structure with Fd-3m space
roup and Z = 8 (88 atom unit cell−1) [31]. It is important that all the
tructures considered be optimized during the total energy calcula-
ions and hence, this spatial atomic distribution can be considered
o be a very reasonable initial configuration for conducting further
umerical optimization studies.

. Results and discussion

The electronic structures of orthorhombic CaNb2O6 and
aTa2O6 are very close due to the isoelectronic similarity of Nb and
a. It is also for this reason that Ca2Nb2O7 and Ca2Ta2O7 with the
yrochlore structure exhibit similar characteristics. Table 1 shows
he structural parameters of the oxides obtained experimentally
nd from our calculations. One can see that the results of the calcu-
ations obtained from the structural optimization are in very good
greement with experimental measurements and are character-
zed by an error of less than 1.0% for orthorhombic structures and
1.2% for pyrochlore compounds. This margin of error is common

or calculations utilizing the GGA approximation for the exchange-
orrelation potential.

Figs. 1 and 2 show the total density of electronic state (DOS)
nd partial density of electronic state (PDOS) for all the four par-
nt materials. The energy scale has been shifted in such a way  that
he zero corresponds to the Fermi energy. The occupied bands of
ll the materials consist of Ca3p, O2s, O2p, and, to some extent, Nb
r Ta d-orbitals. The valence band consists primarily of O2p states
ith small admixture of transition metal d-orbitals. The conduc-

ion bands of the materials are composed of Nb4d or Ta5d orbitals

ybridized with another part of O2p states. All of the materials
emonstrate a forbidden energy gap between the valence and con-
uction bands. Values of the band gaps (BGs) calculated within the
FT methodology are usually underestimated, so that the absolute
calculated values of BGs should not be taken into quantitative
consideration. Electronic structure calculations for these oxides
reported in the literature [19,32] demonstrate the same features as
discussed above thus validating data obtained in the present study.

Since all the four oxides are semiconductors, their electronic
conductivity is still inadequate for use as electrode materials for
electrolysis and needs to be improved further to enhance the charge
transfer characteristics critical for lowering the over potential and
attaining good catalytic activity. As mentioned earlier in Section 1,
the electronic conductivity could be improved by adding a small
amount of additional elements possessing more valence electrons
than Ca or Nb/Ta. Hence these elements will be capable of serv-
ing as donors of free charge carriers, thus increasing the electronic
conductivity.

Since the goal of the current study is to unravel the principal
role of the small concentrations of dopants and their corresponding
influence on the electronic conductivity and structural/chemical
stability, only one atom of each dopant has been placed into the
elementary cell (pyrochlore structure doped with fluorine was the
only exception, where two  oxygen atoms out of 56 in the unit cell
were replaced by fluorine atoms). Such a selection eliminates any
uncertainty in the atomic configurations occurring due to the pres-
ence of multiple (two or more) doping atoms in the unit cell. For
example, the 36 atom elementary unit cell of the orthorhombic
Ca(Nb/Ta)2O6 contains 4 Ca, 8 Nb or Ta, and 24 O ions, so that those
elements substituting for Ca in the unit cell will replace one Ca
atom out of the four available. Similarly, only one atom from the
6A-group will be substituted for one atom of Nb or Ta out of the
existing 8 sites and one atom of F will replace one out of 24 oxygen
atoms available in the unit cell. In the case of the pyrochlore struc-
ture the 88 atomic elementary unit cell contains 16 Ca atoms, 16
Nb or Ta atoms and 56 O. Again, only one atom of each dopant sub-

stitutes for the corresponding atomic site of Ca, Nb, or Ta out of the
16 available for each site, but as mentioned above, two F atoms will
replace two  oxygen atoms out of 56 available to maintain a rea-
sonable F-concentration in the materials. The valence electronic
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Fig. 1. Electronic density of states fo

onfigurations of Ca, Nb, Ta, and O atoms are 4s23p6, 4p65s14d4,
s25d3, and 2s22p4, respectively. The electronic configurations for

c, Y are 4s23d1, 4s24p65s24d1, respectively; for B, Al, Ga, In are
s22p1, 3s23p1, 3d104s24p1, 4d105s25p1, respectively; for As, Sb, Bi
re 4s24p3, 5s25p3, 6s26p3, respectively; for Cr, Mo,  W are 3d54s1,
d55s1, 5d46s2, respectively; for F – 2s22p5.
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ure CaNb2O6 and (b) pure CaTa2O6.

Since, the niobates and tantalates considered in the present
study have similar electronic structure (compare Figs. 1 and 2) the

main discussion of the results in the manuscript primarily focuses
on calcium niobates doped with the different elements mentioned
above. Most of the conclusions derived from the present study on
doped calcium niobates can also be applied to the corresponding
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Fig. 3. Electronic density of states fo

so-electronic calcium tantalates, and hence the results obtained for
alcium tantalates will be shown mainly for illustration purposes.

.1. Ca(Nb/Ta)2O6 with dopants

Due to the isoelectronic nature of elements belonging to the
ame group of the Periodic Table the electronic structure changes
esulted from doping of such elements qualitatively are very simi-
ar, so that we will discuss in detail only one or two  representative
opants from each group and mention briefly the results for other
embers of the particular periodic group.

.1.1. 3A and 3B group elements
As it was mentioned above, we chose Sc and Y from 3A group

nd B, Al, Ga, and In from 3B. All the elements have valence +3, so
hat they may  serve as donors of additional free electrons when
eplaced for divalent Ca2+. The total and partial electronic densi-
ies of states calculated for Ca0.75Sc0.25Nb2O6 are shown in Fig. 3a.
lmost identical results have been obtained for Y-doping due to the
ame outer electronic configuration. One can see, that the doped
ystem demonstrates very similar electronic structure as undoped
aNb2O6 oxide (compare Figs. 1a and 3a). The only prominent dif-

erence is that in the doped system the Fermi level shifted towards
onduction band making this material metallically conductive. It
ccurs due to strong hybridization of Sc 3d (or Y 4d) and Nb 4d
ones forming the conduction band occupied with additional elec-
rons being brought into the system by the donor serving Sc- or
-doping. It is worth mentioning that the band gap value between
alence and conduction bands is not changed during doping and
emains ∼3.4 eV. Sc- and Y-doping of CaTa2O6 demonstrate the
ame results as for CaNb2O6 discussed above.

As for doping with 3B-elements, the results are much more dif-
erent from those seen for 3A-dopants. The total and partial DOS for
aNb2O6 doped with B and Al are shown in Fig. 3b and c. In contrast
o doping of 3A-elements, incorporation of 3B-elements introduces

 new non-hybridized completely localized impurity zone which
s their own valence s-states located in the energy gap between
alence and conduction bands (see partial density of states of B and
l in the bottom graphs in Fig. 3b and c and denoted by arrows).

his impurity s-zone is separated from the main conduction band
y an energy gap of 2.42 eV for B and 0.44 eV for Al doping, which is
he value of the activation energy, Ea for the electronic conductivity
etermined by electron transitions from these localized s-states to
eV E,  eV

b2O6 doped with (a) Sc; (b) B; (c) Al.

the conduction band. Quite similar situations are observed for Ga-
and In-doped CaNb2O6 and CaTa2O6. The corresponding activation
energy values Ea together with resulting types of conductivity are
collected in Table 2a for all the materials considered in the present
study.

3.1.2. 5B and 6A group elements and F
The total and partial DOS calculated for Ca0.75As0.25Nb2O6,

Ca[Nb0.875Cr0.125]2O6 and Ca[Nb0.875W0.125]2O6 are shown in
Fig. 4a–c. In contrast to pure CaNb2O6, the electronic structures
of the doped oxides display several features related to the substi-
tuted dopants. The main differences between pure CaNb2O6 and
the structure doped with As, Sb, or Bi (Sb and Bi doped compounds
are not shown due to their similarity) are the appearance of the
s-states of the dopants indicated by arrows hybridized with O2p
states located at the bottom of the valence band and separated
from the upper portion of the valence band by an energy gap of
3–4.5 eV (see Fig. 4a). Also, similar to 3A dopants due to additional
free electrons brought into the system, the Fermi level of the doped
structures also is shifted towards the conduction band resulting in
metallic conductivity of the material. The band gap between the
valence and conduction bands is about 3.2 eV and does not change
significantly with respect to that of the undoped oxide (3.4 eV), so
that small amounts of 5B-group elements do not noticeably affect
the width of the forbidden zone. A similar picture is observed for
CaTa2O6 doped with the same 5B elements demonstrating that the
values of the energy gap between the valence and conduction bands
for all the three dopants are 3.10 eV, 3.15 eV and 3.40 eV for As, Sb
and Bi, respectively, which correlates well with the calculated band
gap for the pure CaTa2O6 of ∼3.4 eV.

Incorporation of 6A transition metal, such as Cr, Mo,  and W
demonstrates similar features in the electronic structure as those
resulting due to 3B-doping (see Fig. 4b and c). Cr, Mo  and W
as dopants introduce new states which are their own valence
d-states located in the energy gap between valence and conduc-
tion bands and marked with arrows in Fig. 4b and c. In case of
Ca[Nb0.875Cr0.125]2O6 the partially occupied Cr3d-states are com-
pletely localized and separated from the main conduction band by
an energy gap of about 1.76 eV. Quite a similar situation is observed

for Mo-doped CaNb2O6. There is also a partially occupied middle
portion of Mo4d-states separated from the upper conduction band
by a small energy gap of ∼0.22 eV that facilitates electron transition
to the conduction band and, thus improves the overall electronic
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Table 2a
Cohesive energy (eV f.un.−1 and eV atom−1), band gap (BG), band gap values between electronic states located at Fermi level and the main conduction band and type of
conductivity calculated for undoped oxides and doped with 3A and 3B group elements. Experimental BG for pure oxides is taken from: [32] for CaNb2O6, [19] for Ca2Nb2O7

and Ca2Ta2O7, [20] for CaTa2O6.

Pure Periodic group

3A 3B

Sc Y B Al Ga In

CaNb2O6

−Ecoh (eV f.un.−1) 61.92 62.164 62.49 60.146 61.01 60.65 60.68
−Ecoh (eV atom−1) 6.88 6.91 6.94 6.68 6.78 6.74 6.742
BG  (eV) 3.413 0 0 2.42 0.44 1.1 0.44
Conductivity 3.87exp met  met  semi semi semi semi

Ca2Nb2O7

−Ecoh (eV f.un.−1) 73.105 73.34 73.49 72.36 72.74 72.57 72.58
−Ecoh (eV atom−1) 6.65 6.67 6.68 6.58 6.61 6.60 6.60
BG  (eV) 1.28 0 0 1.1 0 0.33 0
Conductivity 2.95exp met  met  semi met semi met

CaTa2O6

−Ecoh (eV f.un.−1) 66.77 66.89 67.26 64.89 65.724 65.41 65.46
−Ecoh (eV atom−1) 7.42 7.43 7.47 7.21 7.30 7.27 7.273
BG  (eV) 3.414 0 0 2.75 0.33 1.43 0.33
Conductivity 4.0exp met  met  semi semi semi semi

Ca2Ta2O7

−Ecoh (eV f.un.−1) 78.146 78.30 78.43 77.41 77.76 77.60 77.60
−Ecoh (eV atom−1) 7.10 7.12 7.13 7.04 7.07 7.05 7.05

et  

c
m
c
d
C
t
b

F
v
i
i
(
t
i

T
C
c

BG  (eV) 2.133 0 0 

Conductivity 3.58exp met  m

onductivity of the material. Finally, in the case of the W-doped
aterial these corresponding W5d-states overlap with the Nb5d

onduction band thus resulting in the activation energy for the con-
uctivity equal to zero (Fig. 4c). In the case of CaTa2O6 doped with
r, Mo,  and W,  all three doped oxides remain semiconductors and
here is no overlap between W5d-states and the Ta5d conduction
and (see Table 2b)  for the activated conductivity values.

Fig. 5 shows DOS calculated for F-doped CaNb2O6. As expected,
 introduces its own local p-zone located ∼2 eV below the main
alence zone formed by 2p-states of oxygen. Total density of states
n the vicinity of the Fermi level is very similar to what one can see

n the case of the structure doped with group 3A (Sc) and group 5B
As) elements. No impurity states appear within the band gap so
hat the Fermi level shifts towards the conduction band resulting
n metallic conductivity of the material. The same result is observed

able 2b
ohesive energy (eV f.un.−1 and eV atom−1), band gap (BG), band gap values between e
onductivity calculated for oxides doped with 5B, 6A and 7B group elements.

Periodic group
5B 

As Sb Bi 

CaNb2O6

−Ecoh (eV f.un.−1) 60.17 60.45 60.53 

−Ecoh (eV atom−1) 6.658 6.72 6.725 

BG  (eV) 0 0 0 

Conductivity met  met  met  

Ca2Nb2O7

−Ecoh (eV f.un.−1) 72.38 72.51 72.53 

−Ecoh (eV atom−1) 6.58 6.59 6.593 

BG  (eV) 0 0 0 

Conductivity met  met  met  

CaTa2O6

−Ecoh (eV f.un.−1) 64.93 65.195 65.32 

−Ecoh (eV atom−1) 7.214 7.24 7.26 

BG  (eV) 0 0 0 

Conductivity met  met  met  

Ca2Ta2O7

−Ecoh (eV f.un.−1) 77.38 77.45 77.46 

−Ecoh (eV atom−1) 7.03 7.04 7.04 

BG  (eV) 0.2 0 0 

Conductivity semi met  met  
1.9 0.11 0.77 >0.1
semi semi semi semi

for F-doped CaTa2O6 as well as for fluorine doped tin oxide (SnO2:F)
systematically investigated and reported by us recently in [24].

3.2. Pyrochlore Ca2(Nb/Ta)2O7 with dopants

It should be noted that the pyrochlore niobates and tantalates
doped with all the dopants considered here demonstrate very
similar behavior in terms of band structure in the vicinity of the
Fermi level and activated conductivity as for corresponding doped
orthorhombic structure of Ca(Nb/Ta)2O6.

Fig. 6a–c demonstrates the electronic density of states calcu-

lated for the pyrochlore structures of calcium niobates doped with
Sc, B, and Al, respectively. The pyrochlore niobate doped with Sc
(as well as with Y) do not demonstrate significant changes in their
electronic structure with respect to the pure undoped structure

lectronic states located at Fermi level and the main conduction band and type of

6A 7B

Cr Mo  W F

59.94 60.95 61.61 61.08
6.66 6.77 6.85 6.79
1.76 0.22 0 0
semi semi met met

72.19 72.64 73.0 72.59
6.56 6.60 6.64 6.60
1.32 0.33 0.15 0
semi semi semi met

64.16 65.67 65.88 65.83
7.13 7.30 7.32 7.31
1.21 0.77 0.22 0
semi semi semi met

76.94 77.35 77.70 77.41
6.99 7.03 7.06 7.037
2.2 1.1 0.53 0
semi semi semi met
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compare Figs. 2a and 6a).  The only distinction noticeably evident is
he Fermi level located at the bottom of the conduction band, since
n additional valence electron has been contributed into the whole
ystem by the impurity atom. Thus the d-states of the dopants are
ocated at the same energy level as the Nb4d resulting in the states
eing hybridized with each other. Thus, similar to Ca(Nb/Ta)2O6
oping with Sc and Y of pyrochlore niobates and tantalates renders
hese compounds also metallic.
As for the pyrochlore niobates doped with 3B (B, Al, Ga, In) ele-
ents, there is an impurity zone that appears within the forbidden

nergy gap of the pure oxide arising from the partially occupied
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Fig. 5. Electronic density of states for CaNb2O6 doped with F.
2O6 doped with (a) As; (b) Cr; (c) W.

s-states of the doping elements (Fig. 6b). The band gap between
these local states and the upper part of the conduction band varies
depending on the dopant. For B and Ga the gap is 1.1 and 0.33 eV,
respectively, although for Al and In these valence s-bands over-
lap with conduction Nb4d-zone eliminating the gap completely
(see Fig. 6c). However, pyrochlore tantalate doped with Al and In
remains still semiconductor although with very small band gap of
∼0.1 eV. In fact, doping the structure with all group 3B elements
renders the tantalate semiconducting as summarized in Table 2a.

The pyrochlore niobates and tantalates doped with 6A and 5B
elements as well as F demonstrate almost identical behavior in
terms of electronic conductivity corresponding to doped CaNb2O6
and CaTa2O6. The only exception is As-doped Ca2Ta2O7 demon-
strating semiconductor behavior with Ea ∼0.2 eV in contrast to all
other oxides doped with 6A elements showing metallic behavior.
Also, both W-doped Ca2Nb2O7 and Ca2Ta2O7 are semiconductors
in contrast to W-doped CaNb2O6 when W5d-states overlap with
Nb4d-states rendering metallic conductivity of the material.

Thus, based on the results obtained on the electronic structure
peculiarities demonstrated due to introduction of the small amount
of different elements from 3A, 3B, 5B, 6A, and 7B periodic groups
one can make a conclusion, that all the dopants do improve the
electronic conductivity of all the calcium niobates and tantalates,
although to different extents. According to the energy values col-
lected in Tables 2a and 2b one can see that the presence of 3A-, 5B-,
and 7B-dopants helps improve the electronic conductivity much
better than those containing 3B- and 6A-elements as dopants. The
compounds doped with Sc, Y, As, Sb, Bi, and F demonstrate a metal-
type conductivity, while those doped with B, Al, Ga, In, Cr, Mo,
and W are characterized by the semiconductor type of conductivity
(except W-doped CaNb2O6 and Al- and In-doped Ca2Nb2O7, result-
ing most likely due to above mentioned band gap underestimation
typical for DFT methodology).

3.3. Structural and chemical stability

Cohesive energy Ecoh can be considered as a measure of an
overall structural and chemical stability of the material. A higher
Ecoh would therefore imply that more energy is required to break

the primary chemical bonds of the compound during chemical
reaction or mechanical loading. The present study is dedicated to
the identification of the most electrochemically stable materials
that can likely withstand the water electrolysis conditions when
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that in terms of general stability, the orthorhombic CaTa2O6 with
a cohesive energy of −7.42 eV atom−1 can be marked as the most
stable compound among the entire four parent oxides considered
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Fig. 6. Electronic density of states fo

xposed to acidic or other aggressive environments. Mechanical
trength is thus not one of the main requirements for identifi-
ation of a promising catalyst support material. Hence, chemical
tability in contrast to the ability of the material to sustain
igh mechanical loading will be the main quantity characterized
y the cohesive energy in the present study. Since, Nb and Ta
re iso-electronic, we assume that all the four compounds will
ikely exhibit similar chemistries, but different chemical reactiv-
ty when exposed to acidic or other aggressive environments.
he value of the cohesive energy Ecoh, thus could serve as a
ualitative criterion for comparing and selecting materials that
ould likely exhibit the most resistance to decomposition when

xposed to chemically reactive environments of aggressive acids
nd bases.

Since the current work relates to predicted use of promising
ystems for water electrolysis supports, it is germane to discuss
he accuracy of the calculations. In regards to the accuracy of the
alculated cohesive energies within the density functional the-
ry utilized in the present study in general, an error of less than
0% is considered to be normal and depends on various parame-
ers involved in the computational model, which might seem to
e unacceptably large for fulfilling the objectives for each system

nvestigated in the present study. However, the relative differences
n cohesive energies calculated for the different compounds within
he same computational approach are expected to be accurate,
nd sufficient for the qualitative comparison of the electrochem-
cal stability between the materials considered. This qualitative
omparison is deemed sufficient to determine the usefulness of
he system for exploring as supports for electrocatalysis and water
lectrolysis.

Calculated cohesive energies for the pure and all the doped
xide structures considered in the present study are collected in
ables 2a and 2b and shown in Fig. 7 for illustrative purposes. One
an see that all the structurally analogous tantalate compounds
ave higher absolute values of cohesive energy than their cor-
esponding niobium analogs and thus, are more stable. It occurs
ue to the stronger Ta–O interactions in comparison with the
b–O bonds in the (Ta/Nb)–O6 octahedra. A comparison of the
ompounds in terms of the cohesive energy values calculated per
tom (not per formula unit) is conceivably incorrect particularly

ue to the different amounts of atoms per formula unit (9 atoms
or Ca(Nb/Ta)2O6 and 11 atoms for Ca2(Nb/Ta)2O7) in the case
f the materials considered in this study. However, it may  help
rovide some qualitative explanations for the high mechanical
E,  eV

b2O7 doped with (a) Sc; (b) B; (c) Al.

and chemical stability of the materials considered. Hence, we have
resorted to comparing the chemical stability of the various pure
and doped systems using the cohesive energy calculated per atom.
Based on the calculated values of cohesive energy per atom shown
in Table 2a and Fig. 7, the structural stability of the materials
increases as follows: Ca2Nb2O7 (−6.65 eV atom−1) < CaNb2O6
(−6.88 eV atom−1) < Ca2Ta2O7 (−7.10 eV atom−1) < CaTa2O6
(−7.42 eV atom−1). Also, it can be clearly seen that basically
introduction of all dopants make these compounds less stable,
although to different extents. The only exception is the doping of
3A group elements which renders all the four parent oxides even
more stable. This directly relates with the Sc–O and Y–O bonds
which are stronger than the Ca–O bonds in the corresponding par-
ent compounds. All other dopant elements decrease the structural
and chemical stability, although all the doped compounds are
more stable than pure SnO2 or SnO2 doped with fluorine used as
catalyst support material for water electrolysis (calculated Ecoh for
pure SnO2 is −5.08 eV atom−1 and for SnO2 doped with ∼6.2 wt%
of F is −4.74 eV atom−1) [24].

Thus, based on the previous discussion it allows us to conclude
Dopants

FWMoCrBiSbAsYScB InGaAlPure
oxi des

Fig. 7. Cohesive energy −Ecoh for all the materials in eV atom−1.
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n the present study. However, CaTa2O6 doped with Sc and Y render
he oxide even more stable with Ecoh = −7.43 and −7.47 eV atom−1,
espectively. It is also noteworthy to mention that among all the cal-
ium tantalates considered in the study the least stable is Ca2Ta2O7
oped by Cr with Ecoh = −6.99 eV atom−1. However, it demonstrates

 higher stability in comparison to the most stable niobate CaNb2O6
oped with Y indicating a Ecoh = −6.94 eV atom−1. Hence, it could be
onstrued that the tantalate-based compounds are more resistant
o decomposition and cleavage of the primary bonds when exposed
o harsh mechanical or chemical environments such as those likely
xperienced by these systems when used in highly corrosive acidic
nvironments. Hence it can be expected that these tantalate based
ompounds could function well when used as electro-catalyst sup-
orts in electrochemical systems comprising water electrolysis and
he oxygen reduction reactions (ORR) in proton exchange mem-
rane based fuel cells.

As for the electronic conductivity, due to an increased charge
arrier density in the presence of additional dopants all the four
oped niobates and tantalates are expected to demonstrate bet-
er conductivity in comparison to the pure undoped parent oxides.
oping the oxides with 3B and 6A elements result in lowering

he activated conductivity Ea in comparison to undoped materi-
ls, although the compounds remain semiconductors. Moreover, all
our niobates and tantalates doped with 3A, 5B (with the exception
f As doped Ca2Ta2O7) and 7B elements demonstrate metallic type
f conductivity with zero activation energy. Among them, as we
entioned above, CaTa2O6 doped with Sc and Y (3A group) demon-

trate the highest values of cohesive energy, metallic conductivity,
nd excellent structural and chemical stability. Thus these systems

ould be considered as the most appropriate candidates for the
atalyst support in PEM based electrolysis.

For illustrative purposes the calculated DOS for Sc and Y-doped
aTa2O6 are shown in Fig. 8. Also, Table 3 includes a list of weight

able 3
oncentrations of Sc and Y in all cases considered in present study.

Sc (wt%) Y (wt%)

CaNb2O6 3.48 6.66
Ca2Nb2O7 1.48 2.90
CaTa2O6 2.25 4.36
Ca2Ta2O7 1.01 1.99
aTa2O6 doped with (a) Sc; (b) Y.

percentages of Sc and Y used as dopants for all the four parent
oxides considered in the present study.

4. Conclusions

An attempt to identify new electrochemically stable catalyst
supports for electrolysis of water using ab initio density functional
theory approach has been undertaken in the present study. Calcium
niobates Ca2Nb2O7, CaNb2O6 and calcium tantalates Ca2Ta2O7,
CaTa2O6, have been chosen to systematically investigate the influ-
ence of small amounts of dopants selected from group 3A, 3B, 5B,
6A and 7B of the Periodic Table on the electronic conductivity and
structural stability of the compounds. The study showed that small
amounts of 3A-, 5B- and 7B-group elements noticeably improve
the conductivity than the elements from group 3B and group 6A
of the Periodic Table. Also, a comparison of the cohesive energies
calculated for the pure and doped oxides displayed CaTa2O6, and Y
doped CaTa2O6 to be the most stable compound among all materi-
als considered in the study.

The study thus allows us to hypothesize based on electronic
conductivity and cohesive energy considerations that the CaTa2O6
doped with Sc and Y is the most appropriate candidate for use as
a catalyst support in water electrolysis. However, this conclusion
needs to be verified with further experimental validations. Unfortu-
nately, to the best of our current knowledge, there are no published
experimental reports on any measurements of electronic conduc-
tivity of calcium niobates or tantalates doped with the dopants
considered in the present study. Experimental validation of the cal-
culated predictions reported in this work are currently planned to
be conducted in our laboratory which will be reported in subse-
quent publications.
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