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A cheap and direct solution towards engineering better catalysts through identification of novel materials is

required for a sustainable energy system. Perovskite oxides have emerged as potential candidates to replace

the less economically attractive Pt and IrO2 water splitting catalysts. In this work, excellent electrical

conductivity (980 S cm�1) was found for the double perovskite of composition GdBa0.6Sr0.4Co2O6�d
which is consistent with a better oxygen evolution reaction activity with the onset polarisation of 1.51 V

with respect to a reversible hydrogen electrode (RHE). GdBa1�xSrxCo2O6�d with increasing Sr content

was found to crystallise in the higher symmetry tetragonal P4/mmm space group in comparison with the

undoped GdBaCo2O6�d which is orthorhombic (Pmmm), and yields higher oxygen uptake, accompanied

by higher Co oxidation states. This outstanding electrochemical performance is explained by the wider

carrier bandwidth, which is a function of Co–O–Co buckling angles and Co–O bond lengths.

Furthermore the higher oxygen evolution activity was observed despite the formation of non-lattice

oxides (mainly hydroxide species) and enrichment of alkaline earth ions on the surface.
1. Introduction

Single layered perovskites (ABO3�x; A ¼ rare earth and alkaline
earth, B ¼ transition metal) have been well documented as
excellent intermediate temperature (�600 to 800 �C) solid oxide
fuel cell (SOFC) cathodes due to their high oxygen surface
exchange, and excellent ionic and electronic conductivity.1–7

Interestingly, this class of material can also perform as an
oxygen evolution catalyst.8–11 More recently, transformation of
single perovskites with randomly occupied A site into ordered
perovskites (AA0BB0O6�d; A ¼ rare earth, A0 ¼ alkaline earth, B
and B0 ¼ transition metals) has shown improved oxygen trans-
port properties and may potentially replace the conventional
London, Exhibition Road, London, SW7

stevin.pramana@newcastle.ac.uk

, Newcastle upon Tyne, NE1 7RU, UK

ce, National University of Singapore, 3

earch (A*STAR), Institute of Materials

, 2 Fusionopolis Way, 138634, Singapore

ing and Simulation/Earth Observatory of

y, Nanyang Avenue, 639798, Singapore

Energy Research (WPI-I2CNER), Kyushu

819-0395, Japan

tion (ESI) available. See DOI:

hemistry 2018
single layered perovskites for a range of technological applica-
tions.12–14 Whilst the oxygen evolution yield of double perov-
skites is scarcely documented, Grimaud et al.,15 Wu et al.16 and
Zhao et al.17 reported the prospect of (ABa)Co2O6�d (A ¼ Pr, Sm,
Gd and Ho) and PrBa1�xSrxCo2O6�d and PrBa0.5Sr0.5Co1.5Fe0.5-
O6�d, respectively to become active catalysts for water oxidation
in alkaline solution. This was postulated to be related to the
lling of 3d eg orbital occupancy to unity and to the location of
the oxygen p-band with respect to the Fermi level, similar to the
band structure found in Ba0.5Sr0.5Co0.8Fe0.2O3�d single perov-
skite.9 In addition, Matsumoto et al.8 reported that the s* band
formation and higher transition metal oxidation state contrib-
uted to higher oxygen evolution catalytic activity in perovskite
oxides. In another double perovskite system, PrBa0.85Ca0.15-
MnFeO6�d was stable and catalytically active for both oxygen
reduction and evolution reactions.18

Double perovskites with the general formula AA0BB0O6�d
afford exibility in the cation coordination environment and thus
offer the opportunity to tune the band structure by varying the
nominal composition. The stoichiometric d ¼ 0 composition
leads to the B cation being octahedrally connected to the oxygen
ions, whilst BO5 square pyramids are formed for d ¼ 1 due to the
disappearance of the octahedral apical oxygen ion. This oxygen
vacancy ordering is directly linked to the A and A0 cation occu-
pancies in the unique crystallographic sites along the z crystal-
lographic axis, leading to doubling in the c lattice parameter,
J. Mater. Chem. A, 2018, 6, 5335–5345 | 5335
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when compared to the parent single perovskite. This cation
ordering varies with temperature and A/A0 ionic radii.19,20 Three
commonly reported crystal structure congurations for AA0B2-
O6�d (A ¼ Gd, A0 ¼ Ba and B ¼ Co) are presented in Fig. 1:
tetragonal P4/mmm, orthorhombic Pmmm (formula unit per unit
cell, Z ¼ 1) and Pmmm (Z ¼ 2) space groups. The difference
between the last two structure types is that where Z ¼ 2 there is
further ordering in the y crystallographic axis, in addition to z,
whilst for Z ¼ 1, only ordering in z is observed. The oxygen
vacancies in these ordered double perovskites were oen re-
ported to lie in the rare-earth layers hence lowering the coordi-
nation number from 12 to 8 for the smaller rare-earth ions and
keeping the same coordination for the larger alkaline earth
metals.21,22 This inuences oxide ion migration where fast diffu-
sion pathways were found to be in the ab planes in the ordered
structure, as predicted by molecular dynamics simulation, rather
than isotropic conduction in three dimensions in the disordered
single perovskite phase.12 Thus, oriented samples in the form of
either single crystals or epitaxially grown lms will enhance the
observation of this anisotropic behaviour.

Depending on the oxygen stoichiometry, GdBaCo2O6�d single
crystals were reported to crystallise in the tetragonal (0 < d < 0.40),
orthorhombic with doubling along b (Z ¼ 2; 0.40 < d < 0.55) and
back to tetragonal symmetry (0.55 < d # 1) at room temperature
(RT).23 However, using RT powder X-ray diffraction (XRD), Roy
et al.24 described the GdBaCo2O5.45 using Pmmm space group (Z¼
2) whilst Pmmm (Z ¼ 1) for GdBaCo2O5. Introduction of a Sr
dopant into the Ba lattice site in GdBa1�xSrxCo2O6�d leads to the
higher symmetry tetragonal P4/mmm structure (0.2 # x # 0.6)
with another transformation to a structure with Pnma symmetry
observed as Ba was fully substituted by Sr (GdSrCo2O6).25 Higher
Sr dopant in PrBa1�xSrxCo2O6�d led to better oxygen evolution
activity with the highest reported for the PrBa0.25Sr0.75Co2O6�d
composition.16 The complex ordering in this type of perovskite as
a function of oxygen content, temperature and dopant level has
resulted in various space groups being reported, although the
correlation between crystal structure and electrochemical
performance has rarely been probed.

The bulk chemistry and structure explained previously is oen
different from the surface, dened as the interface between gas–
Fig. 1 Crystal structure representation of (a) single ABO3 perovskite wh
double perovskite GdBaCo2O6 where Gd3+ (blue) and Ba2+ cations (bla
rhombic Pmmm and (d) Pmmm with additional ordered cations along b

5336 | J. Mater. Chem. A, 2018, 6, 5335–5345
solid phase. Lee et al.26 reported that the surface segregation on
perovskite oxides was mainly driven by the elastic and electro-
static interactions. As oxygen reduction and evolution reactions
between the gas phase and ions primarily occurs at the surface,
the surface characteristics are unequivocally required to be
understood. Using low energy ion scattering (LEIS),27,28 which is
sensitive to the atomic composition at the outermost surface, Sr
and Ba were found to segregate to the surface in polished pellets
(subjected to annealing at 1000 �C for 12 h in 200 mbar O2) of
polycrystalline La0.6Sr0.4Co0.2Fe0.8O3�d and GdBaCo2O6�d,
respectively with transition metal enrichment in the sub-surface
region (2–10 nm).29,30 In this work, we investigate the chemical
and electronic speciation at the surface of strontium doped
GdBaCo2O6�d double perovskites and relate these with the bulk
composition, crystal structure, and electrochemical properties.

2. Experimental methods
2.1. Synthesis

Powders with nominal compositions of GdBa1�xSrxCo2O6�d (x¼
0, 0.1, 0.2, 0.3, 0.4 and 0.5) were synthesised using the solid
state reaction of Gd2O3 (Alfa Aesar, 99.99%), BaCO3 (Alfa Aesar,
99.8%), SrCO3 (Alfa Aesar, 99.99%) and Co3O4 (Alfa Aesar,
99.7%). Stoichiometric amounts of starting powders were
manually ground in an agate mortar, sintered at 1100 �C for
60 h in static air in alumina crucibles with intermediate
grinding without any pre-calcination step.

2.2. Characterisation methods

The oxygen content calculated from the oxidation state of cobalt
was determined using iodometric titration. �70 mg of sample
was dissolved in 20 ml hydrochloric acid (12 M) by stirring in an
argon gas ushed ask, covered by 0.1 M KI. 0.01 M Na2S2O3

solution was used to titrate the iodine generated with starch
used as an indicator.

Laboratory powder X-ray diffraction (XRD) patterns were
collected at room temperature from 10–120� 2q using a PAN-
alytical X'Pert Pro MPD utilising CuKa source radiation (laverage¼
1.54 Å) with a step size of 0.016� and accumulating for 0.8 s per
step. The crystal structures of GdBa1�xSrxCo2O6�dwere rened by
ere A is represented in black and BO6 polyhedra in green; and (b–d)
ck) are ordered in z direction with (b) tetragonal P4/mmm, (c) ortho-
depicted by Co1O6 (green) and Co2O6 (yellow) octahedra ordering.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Chemical composition determined by electron probe microanalysis

Label Description Nominal composition Measured composition

GBCO As polished GdBaCo2O6�d Gd1.04(1)Ba1.01(2)Co1.95(1)O6�d
GBCO-600C Polished and heat-treated at 600 �C GdBaCo2O6�d Gd1.02(4)Ba1.01(2)Co1.96(3)O6�d
GBCO-800C Polished and heat-treated at 800 �C GdBaCo2O6�d Gd1.03(2)Ba1.00(1)Co1.98(3)O6�d
GB8S2CO As polished GdBa0.8Sr0.2Co2O6�d Gd1.01(2)Ba0.82(2)Sr0.20(2)Co1.97(3)O6�d
GB8S2CO-600C Polished and heat-treated at 600 �C GdBa0.8Sr0.2Co2O6�d Gd1.02(2)Ba0.81(2)Sr0.19(2)Co1.97(2)O6�d
GB8S2CO-800C Polished and heat-treated at 800 �C GdBa0.8Sr0.2Co2O6�d Gd1.02(3)Ba0.80(2)Sr0.20(2)Co1.98(2)O6�d
GB7S3CO As polished GdBa0.7Sr0.3Co2O6�d Gd1.01(2)Ba0.71(3)Sr0.28(5)Co1.99(5)O6�d
GB7S3CO-600C Polished and heat-treated at 600 �C GdBa0.7Sr0.3Co2O6�d Gd1.01(2)Ba0.71(2)Sr0.29(2)Co1.99(2)O6�d
GB7S3CO-800C Polished and heat-treated at 800 �C GdBa0.7Sr0.3Co2O6�d Gd1.02(2)Ba0.71(2)Sr0.29(2)Co1.98(2)O6�d
GB6S4CO As polished GdBa0.6Sr0.4Co2O6�d Gd1.01(3)Ba0.62(2)Sr0.40(2)Co1.97(3)O6�d
GB6S4CO-600C Polished and heat-treated at 600 �C GdBa0.6Sr0.4Co2O6�d Gd1.02(2)Ba0.61(2)Sr0.39(3)Co1.98(2)O6�d
GB6S4CO-800C Polished and heat-treated at 800 �C GdBa0.6Sr0.4Co2O6�d Gd1.02(2)Ba0.61(3)Sr0.39(4)Co1.98(4)O6�d

Fig. 2 Back-scattered electron (BSE) images of (a) GBCO, (b) GBCO-
600C, (c) GBCO-800C, (d) GB7S3CO, (e) GB7S3CO-600C, (f)
GB7S3CO-800Cwith an inset of enlarged area within the box. Brighter
regions marked by red arrows were quantified as a single perovskite
Gd1.00(3)Co0.97(3)O3 phase.
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Rietveld analysis31,32 using a fundamental parameter peak shape
prole33 implemented in TOPAS Version 4.1.34 The starting
models used the P4/mmm,19 Pmmm (Z ¼ 1)19 and Pmmm (Z ¼ 2)35

atomic positions of GdBaCo2O6�dwith Sr occupying the same site
as Ba. For each data set, a ve-coefficient Chebyshev polynomial
and 1/x background, a zero error, unit–cell parameters, scale
factors and crystal size were rened sequentially. X-ray form
factors for Gd3+, Ba2+, Sr2+, Co3+ and O2� were used.

Samples for low energy ion scattering (LEIS), collected using
Qtac100 spectrometer, IonTOF GmbH, Germany, were uni-
axially pressed, and followed by sintering at 1100 �C for 12 h.
The achieved density was 85–95% of theoretical density,
measured by the Archimedes method. The pellets were polished
to a nal particle size of 1/4 mm and subjected to subsequent
heat treatment annealing at 600 �C and 800 �C for 12 h in static
air. The sample labelling is listed in Table 1. The primary beam
used was 5 keV Ne+ normal to the surface with the collection
angle of 145� with an analysis area of 500 mm � 500 mm whilst
the sputter beam of 0.5 keV Ar+ ions at 59� incidence angle was
utilised with a sputter area of 1000 mm � 1000 mm. The larger
sputter area ensures that the analysis area is within the sput-
tered area. The spectra were tted using SurfaceLab 6 soware
(IonTOF GmbH, Germany) with Gaussian peaks of different
elemental components with the in-depth signal described by
error functions.36,37 The estimated depth was calibrated using
interferometric (Zygo NewView 200 interferometer) measure-
ment and the assumption of a constant sputter rate throughout
the analysis was made.

The average bulk chemical quantication of the samples
used for LEIS analysis over 30–40 data points was determined
using electron probe microanalysis (EPMA) in a JEOL JXA-8530F
instrument equipped with ve wavelength-dispersive spec-
trometers (WDS). The surface was carbon coated to minimise
the effect of charging. The accelerating voltage and current used
were 15 kV and 20 nA, respectively. Standards of gadolinium
metal (Gd), BaSO4 (Ba), SrSO4 (Sr) and cobalt metal (Co), ob-
tained from Astimex, were employed. The peak, low background
and high background counting time were 20 s, 10 s and 10 s,
respectively.

The pellets were fractured in a glove bag under N2 atmo-
sphere to minimise exposure to air and moisture. The exposed
This journal is © The Royal Society of Chemistry 2018
fresh pellet surface was characterised using X-ray photoelectron
spectroscopy (XPS). The spectra were recorded on a Thermo
Scientic K-Alpha+ X-ray photoelectron spectrometer system
operating at 2 � 10�9 mbar base pressure. This system incor-
porates a monochromated, microfocused Al Ka X-ray source (hn
¼ 1486.6 eV) and a 180� double focusing hemispherical analyser
with a 2D detector. The X-ray source was operated at 6 mA
emission current and 12 kV anode bias and a ood gun was
used to minimise sample charging. Data were collected at 20 eV
pass energy for core level spectra (Ba 4d, Ba 3d, Gd 4d, Sr 3d, Co
2p, O 1s and C 1s), and at 15 eV pass energy for valence band
spectra using an X-ray spot size of 400 mm2. All data were ana-
lysed using the Thermo Scientic Avantage soware package.
2.3. Electrochemistry measurement

The total direct current (DC) conductivity was measured by
a standard four-point probe method using a Solartron Modulab
on a uniaxially pressed rectangular block (33 mm � 4 mm �
4 mm) sintered at 1100 �C (�85 to 95% theoretical density).
Silver paint was used as a contact with Ag wires. The measure-
ment was conducted under ambient conditions and a DC
current of 200 mA was applied.

Double perovskite catalyst inks were prepared by mixing
2 mg of the as-synthesised catalyst, 0.1 ml propan-2-ol (Fisher,
J. Mater. Chem. A, 2018, 6, 5335–5345 | 5337
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Analytical Reagent), 0.4 ml deionised H2O (Barnstead, $

18.2 MU cm) and 60 mL of Naon 117 solution (Sigma Aldrich).
The suspensions were sonicated at 20 �C for 30 minutes to
Table 2 Refined lattice parameters and oxygen content determined from

Compositions Space group a (Å) b (Å)

GBCO Pmmm 3.87844(7) 7.8279(2)
GB9S1CO Pmmm 3.87015(5) 7.8065(1)
GB8S2CO Pmmm 3.8685(1) 3.8833(1)
GB7S3CO Pmmm 3.8634(1) 3.8673(1)
GB6S4CO P4/mmm 3.8580(1) ¼a
GB5S5CO P4/mmm 3.8512(1) ¼a

Fig. 3 Rietveld plot of the XRD data of GBCO collected at room temperat
RBragg ¼ 0.020) preferred orientation and anisotropic peak broadening c
41.69 and 43.46� signify the doubling in b (inset). The observed and calc
differences plotted beneath. Vertical markers indicate the Bragg reflectio

5338 | J. Mater. Chem. A, 2018, 6, 5335–5345
ensure homogeneous mixing. 5 mL of the catalyst ink was then
drop-cast onto polished glassy carbon electrodes (3 mm diam-
eter, CH Instruments). 17.9 mg of catalyst was typically loaded
XRD data and iodometric titration respectively for GdBa1�xSrxCo2O6�d

c (Å) Volume (3) Oxygen content (6 � d)

7.5350(1) 228.763(8) 5.21(1)
7.53891(8) 227.769(6) 5.28(1)
7.5421(2) 113.300(6) 5.38(1)
7.5454(2) 112.735(6) 5.51(1)
7.5429(2) 112.270(7) 5.54(1)
7.5376(2) 111.794(7) 5.55(1)

ure, (a) with (Rwp¼ 0.029, RBragg¼ 0.007) and (b) without (Rwp¼ 0.033,
orrection. The existence of 010, 130 and 131 reflections at 2q ¼ 11.29,
ulated intensity are shown by blue and red line, respectively, with the
ns.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Lattice parameters of GdBa1�xSrxCo2O6�d showing
a decrease in a and b (for x ¼ 0 and 0.1, 1/2b is used for comparison)
parameters with increasing Sr dopant whilst c increases to x ¼ 0.3 and
decreases with x > 0.3. Dashed lines are plotted as a guide to the eye.
(b) Volume decreases as x increases consistent with smaller ionic
radius of Sr2+ than Ba2+. Error bars are smaller than the symbols. Note
transition to tetragonal at x ¼ 0.4.
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onto each electrode. The electrochemical measurements were
performed in a glass H-cell separated with a porous glass plug
in the 3-electrode conguration without rotation. A Hg/HgO (in
0.1 M KOH) electrode (CH Instruments) and a platinum wire
were used respectively as reference and counter electrodes. The
electrolyte was a 0.1 M KOH solution (Alfa Aesar, 99.98%). The
reference was calibrated against RHE (Hydroex, Gaskatel
GmbH) in the same electrolyte. A Gamry Reference 600 poten-
tiostat was used to control and measure potentials/currents. A
real-time current interrupt iR drop compensation was applied
to the measurements. All current densities were normalised to
the geometric surface area of the working electrode.

3. Results and discussion
3.1. Bulk composition and crystal structure

The average bulk composition of double perovskites measured
using electron probemicroanalysis, within an 800 nm interaction
volume as calculated by Monte Carlo simulation of electron
trajectory in solids (Casino),38 is close to the nominal composi-
tion within the standard deviation (Table 1). However, a closer
inspection of backscattered electron images shows that there are
brighter regions which were quantied to be a single perovskite
of composition Gd1.00(3)Co0.97(3)O3 (Fig. 2 and S1†) and the area
density of this secondary phase was more pronounced as the
nominal Sr content in the GBCO crystal increased. The oxygen
content, determined from iodometric titration, increased from
5.21(1) to 5.55(1) as the nominal Sr dopant level increased from
GBCO (x ¼ 0) to GB5S5CO (x ¼ 0.5) (Table 2).

In order to understand the crystal structure of these double
perovskite phases, Rietveld renement was performed on powder
XRD patterns.31,32 The GBCO sample was found to crystallise in
the Pmmm space group (Z ¼ 2) with a ¼ 3.87844(7) Å,
b¼ 7.8279(2) Å, c¼ 7.5350(1) Å. The doubling in c shows that the
ordered double perovskite was successfully synthesised
(2q001 ¼ 11.74�) (Fig. 3). In addition, the b lattice parameter was
also doubled, as indicated by the presence of the (010) reection
at 2q ¼ 11.29�, in addition to other minor reections such as
(130) and (131) at 2q ¼ 41.69 and 43.46� respectively. This dis-
counted the possibility of either the P4/mmm or Pmmm (Z ¼ 1)
space groups existing. Introducing preferred orientation and
anisotropic peak broadening corrections led to the reliability
factors of Rwp ¼ 0.029 and RBragg ¼ 0.007.

Introducing 10 at% of Sr to the Ba site (GB9S1CO) did not
change the symmetry (Fig. S2†). However, the addition of 20 at%
Sr (GB8S2CO) diminished the ordering along the y crystallo-
graphic axis, yielding a structure that adopted the Pmmm space
group with Z ¼ 1 (a ¼ 3.8685(1) Å, b ¼ 3.8833(1) Å, c ¼ 7.5421(2))
whilst retaining the z ordering. Tetragonal P4/mmm was dis-
counted because the (200) reection (2q ¼ 47�) was observed to
split into two peaks, assigned as (200) and (020), leading to an
orthorhombic Pmmm space group assignment (Fig. S3,† Rwp ¼
0.028, RBragg¼ 0.005). This was accompanied by the formation of
0.9(2) wt% single perovskite GdCoO3 phase, consistent with the
EPMA results and the back scattering electron (BSE) micro-
graphs. GB7S3CO crystallised with the same space group as
GB8S2CO (Fig. S4†). GB6S4CO and GB5S5CO, however, could be
This journal is © The Royal Society of Chemistry 2018
indexed with a tetragonal structure (P4/mmm space group) veri-
ed by the presence of a single (200) reection. The impurity of
GdCoO3 increased to 3.0(3) wt% for GB5S5CO as Sr substituted
onto the Ba lattice site. Overall, the a, b and unit cell volume
decreased as a function of Sr content as the ionic radius of Sr2+ in
12 coordination (1.44 Å) is smaller than that of Ba2+ (1.61 Å).39 In
contrast, c shows an anomaly which increased slightly up to
GB7S3CO and decreased as Sr level increased (Fig. 4).

The average equatorial bond lengths of Co–O ((i) Pmmm, Z¼ 2:
Co1–O6,7 andCo2–O5,7, (ii) Pmmm, Z¼ 1: Co1–O2,3, (iii) P4/mmm:
Co1–O2) are relatively constant for GBCO, GB9S1CO and
GB8S2CO, whilst with further increase in Sr content, a decrease in
equatorial bond length was observed, in agreement with the
smaller ionic radius of Sr2+ (Fig. S7a†). An interesting observation
is that the axial Co–O bond length in the Ba plane increased
slightly when Sr $ 40 at%. Bond valence sum (BVS) analysis,40,41

which indicates the bond strength in ionic compounds, was
calculated taking into account the vacancy in the oxygen site that is
located on the Gd plane (z ¼ 0.5). For all compounds the BVS of
cobalt was found to be in good agreement with the oxidation state
obtained from the iodometric titrations (Tables S7–S9†).
3.2. Surface electronic structure and chemistry

The freshly fractured surfaces of GBCO, GB8S2CO, GB7S3CO,
and GB6S4CO pellets were characterised using XPS. A consis-
tent trend in the Ba and Sr core level intensities was found
J. Mater. Chem. A, 2018, 6, 5335–5345 | 5339
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Fig. 5 X-ray photoelectron spectra of GBCO, GB8S2CO, GB7S3CO and GB6S4CO, including (a) Ba 4d, (b) Gd 4d and Sr 3d (*¼ Sr–OH/Sr–CO3),
(c) Ba 3d and Co 2p, and (d) O 1s core level spectra.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

9:
05

:3
4 

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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
following the changes in nominal composition (Fig. 5a and b).
The Ba 4d core level spectra show two chemical environments.
The dominant lower binding energy (BE) feature with peak
maxima at 87.7–88.1 eV can be assigned to the Ba–O environ-
ment in the perovskite, in agreement with previous reports e.g.
on YBa2Cu3O7.42 The BE of this peak varies as Sr is introduced in
the BaO plane of the GBCO structure, and consequently the
local chemical environment of Ba changes. The Gd 4d core level
(Fig. 5b) shows the broad line shape typical for rare-earths with
partially lled 4f shells, which is due to a complicated intrinsic
line structure from multiplet splitting.43,44 The Gd 4d5/2 binding
energy position is 141.4 eV with a spin–orbit-split (SOS) of 5.5 eV
in good agreement with a Gd oxide environment.45 The Sr 3d
core line, which is at the lower BE side of the Gd 4d line, is
dominated by the bulk oxide contribution. The BE position of Sr
3d5/2 is 132.4 eV, consistent with values reported for SrFeO3�d
and La0.8Sr0.2CoO3�d in the literature.46,47 The Sr core level also
shows a slight change in BE with a change in doping level of
about 200 meV. Again this can be attributed to a change in local
5340 | J. Mater. Chem. A, 2018, 6, 5335–5345
environment in the Ba/SrO plane of the GBCO structure. In
contrast, no changes in BE position are found for the Gd core
level as Gd is located in a separate AO plane with no direct
interaction with Ba or Sr, conrming the existence of ordered A
cations of GdO and Ba/SrO layers in the double perovskite.

In addition to the perovskite-related peaks, both Ba 4d and
Sr 3d core levels show higher BE contributions, for example, the
peak at 89.4 eV in the Ba 4d spectra, which are due to hydroxide
or carbonate environments. The presence of this second envi-
ronment is further conrmed by the O 1s core line (Fig. 5d),
where a BE component at higher BE (531.0 eV) compared to the
contribution from the perovskite at 528.7 eV is observed. From
the O 1s spectrum it is not possible to distinguish between
hydroxide and carbonate environments as their BEs are very
close to each other.48 However, the C 1s line conrms that this
contribution stems predominantly from hydroxide contribu-
tions as the amount of carbonate species detected at 289.3 eV is
minimal (Fig. S8†). Carbonate formation, which is oen found
on Ba and Sr oxide surfaces, is connected strongly to the sample
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 X-ray photoelectron spectra of GBCO, GB8S2CO, GB7S3CO,
and GB6S4CO, including (a) wide valence region, and (b) an expanded
view around the valence band maximum VBmax. Linear fits to the
background and VBmax are shown as dotted lines in (b). The dotted line
at 0 eV indicates the position of the Fermi energy EF.
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quality and surface preparation,42 and is most likely minimal in
the present case due to the careful sample preparation for XPS
measurements.

The overlap with the Ba 3d core line made it impossible to
determine Co 2p BE positions accurately enough to assess the
oxidation state of Co, as the chemical shi between Co2+/Co3+ is
only around 0.3–0.4 eV.49 As the main oxidation state of Co in
GdBa1�xSrxCo2O6�d is 3+ (d ¼ 1 leads to Co2.5+, whereas d ¼
0 leads to Co3.5+), however, due to the presence of satellite
structures on the Co 2p core level in the present case, a mixed
Co2+/Co3+ state was found. These satellites only occur in Co2+

due to its paramagnetic nature, whilst no satellites are found for
Co3+.49 The accurate Co bulk oxidation state was determined
using the titration method. For GB6S4CO for example, an
average oxidation state of +3.04 was found, which suggests
a small contribution from Co4+ to balance the Co2+ population
found in XPS.
This journal is © The Royal Society of Chemistry 2018
In addition to core level spectra, the valence bands (VBs) of
the pellets were measured (Fig. 6). The wide VBs show several
shallow core levels including Gd 4f (at 7.9 eV), Ba 5p (5p3/2 at
12.4–12.9 eV), overlapping Sr 4p and Gd 5p (between 16.7 and
24.2 eV), and O 2s (26.8 eV), which are in good agreement with
previously reported VBs.50,51 As in the deeper core levels the
changes in Ba : Sr ratios are reected clearly in the changes in
line intensities of the shallow Ba and Sr core levels here. Fig. 6b
shows an expanded view of the valence band maximum VBmax

relative to the Fermi energy EF. The exact position of the VBmax

determined from XPS, and in particular the spectral weight at
EF, has been the subject of previous work51,52 and the data
collected here for GBCO agree with these reports showing
negligible spectral weight at EF. Upon Sr-doping of GBCO a clear
shi of the VBmax towards EF of the order of 200 meV is
observed. At the highest Sr-doping level in GB6S4CO a clear
spectral contribution at EF is visible.

LEIS depth prole spectra are presented against the nor-
malised number of cations where cation compositions in the
bulk are normalised to unity (Fig. 7 and S9†). The LEIS spectra
of GBCO samples annealed at 600 �C and 800 �C show depletion
of Gd at the surface and the depth prole does not show any
signicant variation between the two annealing temperatures
(Fig. 7a). It is also clear that there was Ba enrichment at the
surface regardless of the annealing temperature, and that the
Ba content decreased towards the bulk composition with
increasing sputtering time. A higher annealing temperature led
to Ba enrichment to a greater depth (�4 nm). The surface Co
content was shown to be depleted aer annealing at 600 �C. In
the sub-surface region, Co content was observed to increase
beyond the ratio suggested by the bulk composition before
decreasing to reach the bulk composition. In contrast, anneal-
ing at 800 �C yielded an ideal (bulk-like) Co composition at the
surface, followed by Co enrichment in the sub-surface region,
similar to what was observed with lower temperature annealing
but with slightly lower cation counts than 600 �C at 0.7 nm <
depth < 5 nm away from the surface. The ratio of the [A] site,
which is occupied by the rare earth and alkaline earth ions, to
the [B] site tenanted by Co, shows the enrichment of Co in the
sub-surface layer (Fig. 7d), aligned with the previously pub-
lished results.29 The diffusion of alkaline earth ions rather than
rare earth or transition metal species to the surface has been
reported to prevent the electrostatic surface energy diverging
and hence stabilises the surface, i.e. creating a non-polar
surface.53,54

Doping the Ba site with 20 at% Sr (GB8S2CO) resulted in
similar depletion of Gd at the surface and increased with
respect to the increasing Ar+ sputter ion uence (Fig. 7b and c).
Surface barium enrichment was only found on the sample
annealed at 800 �C, whilst the Ba content was close to the bulk
composition throughout the whole sputtered depth for the
sample annealed at 600 �C. The strontium depth prole was
observed to be similar in nature to the Ba prole in the GBCO
sample which suggests that Sr more actively segregated to the
surface than Ba in the GB8S2CO. Supported by the XPS results,
the enrichment of the alkaline earth at the surface is accom-
panied with the formation of hydroxide compounds. A
J. Mater. Chem. A, 2018, 6, 5335–5345 | 5341
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Fig. 7 Cation depth profiles obtained from low energy ion scattering (LEIS) spectroscopy (a) individual cations in GBCO, (b) individual cations in
GB8S2CO annealed at 600 �C and (c) individual cations in GB8S2CO annealed at 800 �C, whilst (d, e) [Gd + Ba + Sr]/Co ratio in GBCO and
GB8S2CO, respectively.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

9:
05

:3
4 

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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
published report on the segregation behaviour of
La0.8(Ca,Sr,Ba)0.2MnO3 shows that Ba tends to segregate to the
surface due to a larger dopant size mismatch to the La host.26 In
this work, Sr substitution into the Ba site leads to Sr segregation
to the sample surface. Another interesting nding is that in the
Fig. 8 Total DC electrical conductivity of GBCO (orange), GB8S2CO
(red) and GB6S4CO (blue) as a function of temperature showing higher
conductivity was achieved for higher Sr-doped sample.

5342 | J. Mater. Chem. A, 2018, 6, 5335–5345
near-surface region Co is more enriched for samples annealed
at lower temperature. The LEIS spectra for GB7S3CO and
GB6S4CO annealed at the same temperatures show similar
trends with respect to sputtered ion uence (Fig. S9†). For all Sr-
doped GBCO, the [A] to [B] cation ratio for the sample annealed
at 800 �C is greater than 600 �C and the sub-surface layer is
dominated by Co. The only anomaly is at higher Sr levels
(GB6S4CO, Fig. S9c†), where the surface Sr content was found to
be not heavily enriched for the sample annealed at 600 �C,
which requires further investigation.
3.3. Conductivity and electrochemical performance

In GBCO (relative density of 85%), there are three phase transi-
tions observed, which are at 70 �C, 100 �C and 360 �C with acti-
vation energies (Ea) typical of a semiconductor (0.19 eV (T < 70 �C),
1.23 eV (70 �C < T < 100 �C) and 0.02 eV (100 �C < T < 360 �C))
(Fig. 8). Above 360 �C, a metallic characteristic is observed. This
metallic transition is reported to be accompanied by an ortho-
rhombic Pmmm to tetragonal P4/mmm phase transition.55 A sharp
electrical conductivity drop at 470 �C is also observed. As Sr
replaced Ba, the transition temperature was found to be lower. In
GB8S2CO (relative density of 93%), Ea of 0.22 eV (T < 70 �C) and
0.02 eV (70 �C < T < 320 �C) was observed, whilst Ea of 0.01 eV
(T < 250 �C) was found in GB6S4CO (relative density of 87%).
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta06817d


Fig. 9 (a) Linear sweep voltammetry at the 6th cycle and the corre-
sponding (b) Tafel plot (at 1 mV s�1 scan rate) in 0.1 M KOH electrolyte.
(c) Chronoamperometry measurements of different GBSCO
compounds at 1.65 V (h ¼ 420 mV). Electrochemical measurements
were iR compensated using current interrupt method. Higher
performance was achieved with higher Sr dopant level.
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These are followed by a transition to metallic behaviour at
temperatures above 320 �C for the former and above 250 �C for
the latter. At 130 �C, the conductivity of GB6S4CO reached as
high as 980 S cm�1, whilst 890 S cm�1 was obtained for
GB8S2CO and 720 S cm�1 for GBCO. The higher oxygen
content, conrmed by iodometric titration, leads to an
increase in electronic holes which can be formulated in the
Kröger–Vink notation as

Oxidation of Co2+ to Co3+ is represented by

SrOþ 2Co�Co þ Vcc
O þ

1

2
O2 �����! �����BaO

Sr�Ba þ 2Coc
Co þ 2O�O;

whilst Co2+ to Co4+ by

SrOþ Co�Co þ Vcc
O þ

1

2
O2 �����! �����BaO

Sr�Ba þ Cocc
Co þO�O:

Furthermore, when the structure is less distorted (based on
consideration of the Goldschmidt tolerance factor56) which is
close to the ideal cubic perovskite, the conductivity tends to be
higher.25 This is due to a wider charge carrier bandwidth and
overlap between Co 3d and O 2p orbitals which is a function of
the buckling angle of the Co–O–Co bonds and Co–O bond
lengths (Tables S7–S9†). Within the tight-binding approxima-
tion, the carrier bandwidth (w) is given as:57

wf

*
cos

�
p� qCo�O�Co

2

�+
�
dCo�O

3:5
� (1)

Combining the effect of average axial and equatorial buck-
ling angles (qCo–O–Co) and bond lengths (dCo–O), w increases with
Sr dopant leading to higher electronic conductivity (Fig. S7b†),
consistent with earlier reports.58,59

The onset potential for oxygen evolution in Sr doped GBCO
was found to be �1.50 to 1.52 V with respect to the reversible
hydrogen electrode (RHE). This is approximately 50–70 mV
earlier than that for the undoped GBCO (1.57 V) as determined
by linear sweep voltammetry with scanning rate of 1 mV s�1

performed on static electrodes (Fig. 9a). No signicant
improvement in the onset potential was observed as more Sr
was introduced; however, a much higher oxygen evolution
current density was achieved when GBCO was doped with 40
at% Sr (GB6S4CO). Notably, the Tafel slope also decreased, from
close to 100 mV dec�1 for the undoped GBCO, to around
80 mV dec�1 for Sr doped GBCO which is closer to the reported
60 mV dec�1 for (ABa)Co2O6�d (A ¼ Pr, Sm, Gd and Ho) in O2-
saturated 0.1 M KOH electrolyte.15 The smaller Tafel slope seen
in the doped sample indicates a possible shi in the rate
limiting step of the oxygen evolution reaction from M-OH
formation to M-OO formation or O2(g) desorption, where M
represents a site on the surface.60

We note that the OER activity of this double perovskite is
comparable with previously reported LaCoO3�d, better than
LaCrO3�d and LaMnO3�d single perovskites, but lower than
Ba0.5Sr0.5Co0.8Fe0.2O3�d.9 The OER performances of selected
double perovskites are listed in Table S10.† The higher current
This journal is © The Royal Society of Chemistry 2018
density exhibited by the Sr doped GBCO was also sustainable, as
demonstrated by chronoamperometric measurements, with its
activity aer one hour at 1.65 V (h ¼ 420 mV) maintained at
0.53 mA cm�2, which is �2.5 times higher compared to the
undoped GBCO (Fig. 9c).
4. Conclusions

Strontium-doped double perovskites (GdBa1�xSrxCo2O6�d)
possess improved oxygen evolution catalytic performance and
higher electrical conductivity compared to undoped
J. Mater. Chem. A, 2018, 6, 5335–5345 | 5343
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GdBaCo2O6�d. XRDmeasurements together with Rietveld analysis
showed that materials with higher Sr dopant content crystallised
with higher symmetry, transforming from orthorhombic Pmmm
with doubling in b and c (GBCO and GB9S1CO), transiting to the
same Pmmm space group with doubling only in c (GB8S2CO and
GB7S3CO) and nally to tetragonal P4/mmm (GB6S4CO and
GB5S5CO). This transformation was accompanied by oxygen
uptake, lowering the oxygen vacancy content. A combination of
higher oxygen concentration, higher Co oxidation state and higher
carrier bandwidth (which depends on the Co–O–Co buckling
angles and Co–O bond lengths) explains the higher electronic
conductivity. The surface enrichment of Ba and Sr, which are
mainly in the form of hydroxides, was observed by LEIS and XPS.
However, this does not make the surface inactive as shown by
higher oxygen evolution current density observed with higher Sr
dopant level. Hence, a thorough understanding of the crystallo-
graphic occupancy ordering and surface characteristics is essential
for optimising the electrical conductivity, ionic mobility and
catalytic performance, critical to designing efficient devices.
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