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On the origin of enhanced thermoelectricity in Fe doped
Ca3Co4O9

Tao Wu,a Trevor A. Tyson,*a Jianming Bai,b Kaumudi Pandya,c Cherno Jayed

and Daniel Fischerd

Resistivity and Seebeck coefficient measurements on Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25) reveal

enhanced thermoelectric performancewith an optimal x value of 0.2. X-ray diffractionmeasurements show

continuous Fe doping into the host lattice, while X-ray absorption experiments reveal that Fe substitutes

for Co in the Ca2CoO3 (rock salt) block. The Fe substitution for Co produces electron doping. The local

structure around Fe in the Ca2CoO3 block becomes disordered, while the structure in the conducting

CoO2 layer becomes more ordered. The structural change in the CoO2 layer plays the key role to

enhance the electron transport. The highest ordered structure is achieved at x ¼ 0.2 with the lowest

resistivity. Soft X-ray absorption measurements find no Co site spin-state change with Fe doping.

Thermoelectric property enhancement associated with doping induced structural change points to a

new approach for creating materials with improved ZT in complex oxide systems.
Introduction

Thermoelectric materials are promising renewable energy
materials as they convert heat to electrical power directly and vice
versa. It is of great importance for waste energy recovering and
cooling.1 The efficiency of a thermoelectricmaterial is dened as
ZT ¼ S2Tr�1k�1, where ZT is dimensionless gure of merit, S is
Seebeck coefficient, r is electrical resistivity and k is thermal
conductivity. The power factor can be expressed by P ¼ S2r�1,
with ZT then given by PTk�1. ZT � 3 is a critical value to make
thermoelectric materials comparable to the conventional
compressor-type refrigerator in cooling. The highest ZT in bulk
material up to now was reported to be 2.2 at 915 K recently.2

Layered cobaltite has been attracted much interest as
promising thermoelectric materials aer the discovery of
NaCo2O4 (ref. 3) with high power factor. Other advantages of
oxide-based thermoelectric materials include environmental
friendliness and high chemical and thermal stability at high
temperatures. In this class, the cobaltite [Ca2CoO3]0.62[CoO2],
known as Ca3Co4O9, with incommensurate mist structure has
been widely investigated. ZT of single crystal Ca3Co4O9 was
reported to be �1 at 1000 K.4 Thus it is considered to be a
promising p-type thermoelectric material.5 The structure of
Ca3Co4O9 is different from the standard thermoelectrics, such
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as PbTe or Bi2Te3. It is a complex incommensurate monoclinic
mist structure with the super space group X2/m(0b0)s0. It
consists of two interpenetrating subsystems of a triple-layered
NaCl-type rock salt Ca2CoO3 block (subsystem 1) and a CdI2-
type hexagonal CoO2 layer (subsystem 2)6–10 (see Fig. 1). The
subsystems stack along the c axis and share the same a, c and b

lattice parameters: a ¼ 4.8270(5) Å, c ¼ 10.8300(2) Å,
b ¼ 98.136(1)�. The mismatch of the unit cells along the b axis
results in different b lattice parameters for each subsystem:
b1 ¼ 4.5615(2) Å (subsystem 1) and b2 ¼ 2.8173(1) Å (subsystem
2).10 The CoO2 layer is conducting and the insulating Ca2CoO3

block is regarded as a charge reservoir.11
Fig. 1 The crystal structure of Ca3Co4O9 shows the Ca2CoO3 block (subsystem 1)
and CoO2 layer (subsystem 2) with details of the CoO6 octahedra in each
subsystem.

This journal is ª The Royal Society of Chemistry 2013
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Previous work focused on enhancing the thermoelectric
properties of Ca3Co4O9, including various preparations (as
powders, crystals and thin lms)4,12–23 in addition to chemical
doping.14,24–31 Some doping systems were investigated in all the
forms as well, such as the Bi doped Ca3Co4O9.32–34 However, the
mechanism of the thermoelectric property enhancement was
not understood well.

In this work, we focus on the Fe doped Ca3Co4O9 bulk system.
Ca3Co4O9 doping with Fe was claimed to possess the best ther-
moelectric performance (highest ZT) compared to Cu and Mn
doped materials.24 The simultaneous increase of S and decrease
of r were attributed to the strong electronic correlation with
larger electronic specic heat coefficient g and Fermi liquid
transport coefficient A and smaller Fermi liquid to incoherent
metal transition temperature T* for the Fe doped Ca3Co4O9. It
was argued that Fe occupied the Co site in CoO2 layer. Recently,
thermoelectric properties of Ca3Co3.8M0.2O9 (M¼ Co, Cr, Fe, Ni,
Cu and Zn) were investigated and the Fe doped system was
claimed tohave thehighest ZT. It was also reported that Fe2+/Fe3+

ion substitute for the Co3+/Co4+ ions in the CoO2 layer and the
difference of the valence states results in a carrier concentration
increase.35 Thermoelectric properties of Fe doped Ca3Co4O9 as a
function of doping level (Ca3Co4�xFexO9 (x¼ 0, 0.05, 0.1 and 0.2))
were measured and x ¼ 0.05 was found as the optimal doping
level. The enhancement of the thermoelectric properties was
claimed to be induced by the increase of carrier concentration.36

The same group also conducted X-ray absorption near-edge
structure (XANES) measurements on Co K-edge and L2,3-edge
and O K-edge for Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1 and 0.15). By
integrating the absorption intensity, it was suggested the
amount of unoccupied Co 3d state has the same trend with
the resistivity and the carrier concentration is associatedwith the
oxygen content in the sample. Maximum carrier concentration
was found at x ¼ 0.05.37

Although previous work concluded that doping with Fe
improves the thermoelectric properties of Ca3Co4O9, the struc-
tural origin of the thermoelectric property enhancement by Fe
doping was not understood and has not been sufficiently inves-
tigated. In addition, no previous study combined both detailed
structural studies aswell as thermoelectricmeasurements on the
same samples. It is of great importance to understand the
changes related to the thermoelectric property increase with Fe
doping, including (1) atomic site location of the Fe dopant, (2)
concomitant structural changes, (3) how does the structural
change affect the thermoelectric properties and (4) the nature of
any spin-state contribution to the transport properties change.

In this work, a series of Fe doped Ca3Co4O9 samples
(Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25)) were prepared.
Temperature dependent thermoelectric properties, including
electrical resistivity and Seebeck coefficient, were measured and
power factor was calculated. Room temperature carrier
concentrations were determined by Hall measurements. Both
synchrotron powder X-ray diffraction (XRD) and X-ray absorp-
tion spectroscopy (XAS) were conducted to explore the struc-
tural change as a function of Fe doping and its impact on the
thermoelectric properties. XANES measurements for Co L2,3-
edge and O K-edge were performed as well to investigate the
This journal is ª The Royal Society of Chemistry 2013
electronic structure and spin-state changes with Fe doping. We
found that Fe atoms substitute Co1 in the Ca2CoO3 block.
Doping with Fe modies both subsystems with the CoO2 layer
becoming more ordered. Carrier concentration is determined
by both the oxygen content and electron doping with increasing
Fe. The competition between carrier concentration andmobility
(structure) change induced by Fe doping results in the lowest
resistivity at x ¼ 0.2. No signicant spin-state change was found
with Fe doping and the structural change dominates the ther-
moelectric properties enhancement.
Experimental methods

Single-phase polycrystalline Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2
and 0.25) were prepared by solid state reaction. Stoichiometric
amounts of high purity (99.9%) CaCO3, Co3O4 and Fe2O3 were
ground, mixed thoroughly and calcined at 900 �C in air for 24
hours. The mixture was reground and pressed into pellets. The
pellets were heated at 920 �C in air for 24 hours. The latter step
was repeated and the nal pellets were annealed at 750 �C in
owing oxygen for 36 hours. The density of all the samples was
measured by an Ultrapyc 1200e. Resistivity and Seebeck coeffi-
cient measurements for all the samples up to 315 K were carried
out with a Physical Property Measurement System (PPMS,
Quantum Design). Room temperature Hall measurements were
conducted sweeping magnetic eld from �8 T to 8 T with PPMS
as well. Synchrotron powder XRD measurements on all the
samples were conducted at beamline X14A at National
Synchrotron Light Source (NSLS), Brookhaven National Labora-
tory (BNL) using a high count rate linear detector. The X-ray
wavelength was 0.77831 Å and the resolution in 2q was 0.005�.
Finely groundCa3Co4�xFexO9 powder (<25 mm)was loaded into a
glass capillary with an inner diameter 0.5 mm. Rietveld rene-
ments were performed on the XRD data using JANA 2006.38

X-ray absorption spectra for Co K-edge and Fe K-edge for
Ca3Co4�xFexO9 were collected at beamline X11B at NSLS, BNL.
The samples were prepared by grinding and sieving the powder
(500 mesh) and brushing it onto Kapton tape. Co and Fe foils
were utilized to calibrate the energy for each edge measure-
ments. Measurements were made in Fluorescence mode for Fe
K-edge and transmission mode for Co K-edge. The reduction of
X-ray absorption ne-structure (XAFS) data was performed by
standard procedure.39,40 Data analysis was carried out as in
ref. 41. CoK-edge data over the k-range 2.8 < k < 13.3 Å�1 was used
and ts in R space were carried out over the range 0.9 < R < 3.1 Å.
The k-range used for Fe K-edge was 2.6 < k < 9.5 Å�1 (the upper
limit on the k-range was constrained by the presence of the Co K-
edge) and the R-range was 0.9 < R < 3.4 Å for tting. S0

2 was xed
to 0.86 and 0.8 for Co and Fe K-edge tting, respectively. Co L2,3-
edge and O K-edge XANES spectra for Ca3Co4O9 and Ca3Co3.8-
Fe0.2O9 were conducted at the National Institute of Standards
and Technology (NIST) so X-ray beamline U7A at NSLS, BNL.
Results and discussion

The density of all the samples is similar and the value is 4.45 �
0.16 g cm�3 which is 95%of the theoretical density of 4.68 g cm�3
J. Mater. Chem. C, 2013, 1, 4114–4121 | 4115
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Fig. 2 Temperature dependent resistivity (a), Seebeck coefficient (b) and power
factor (c) of Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25). The inset in (a) shows
that the resistivity anomaly in Ca3Co4O9 near 27 K disappears with Fe doping.
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View Article Online
(ref. 6) indicating that the pellet samples were well compressed.
Temperature dependent resistivity and Seebeck coefficient of
Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25) are shown in
Fig. 2(a) and (b). Fig. 2(c) is the calculated power factor. The inset
inFig. 2(a) shows the resistivity anomalynear 27Kassociatedwith
a magnetic transition42 in Ca3Co4O9 which is also found in our
previous work.43 This feature is suppressed by Fe doping. With
respect to the over all shape, doping with Fe does not change the
overall shape of the r–T and S–T curves, while the magnitude of
resistivity andSeebeck coefficient changeswithFedoping. x¼ 0.2
has the lowest resistivity and relatively high Seebeck coefficient
which results in a 11% increase of power factor at room temper-
ature. Thus x ¼ 0.2 is the optimal doping level.

Fig. 3 presents the carrier concentration (n) of Fe doped
Ca3Co4O9 as a function of doping level. The undoped Ca3Co4O9

has the n value (2.32 � 0.28) � 1020 cm�3 and it increases at low
doping levels following with a drop above x ¼ 0.1. It was
reported that the n value for the undoped Ca3Co4O9 is signi-
cantly lower than the values for the Fe doped ones.37 Consid-
ering the geometrical errors, the Fe doped samples may have
Fig. 3 Fe doping dependent carrier concentration (n) of Ca3Co4�xFexO9 (x ¼ 0,
0.05, 0.1, 0.2 and 0.25) at room temperature.

4116 | J. Mater. Chem. C, 2013, 1, 4114–4121
approximately the same value of n. It should be noted that both
the magnitude and the trend of n in this work are consistent
with the reference mentioned before. It was suggested that the
oxygen content change induced by doping is responsible for the
carrier concentration change.37,44 Detailed oxygen content
change as a function of Fe doping and the effects on the ther-
moelectric properties will be studied in the future. However this
is not the complete picture. Carrier concentration is also
determined by the electron doping as a result of signicant
decrease of n at higher Fe doping levels (x ¼ 0.2 and 0.25) (see
discussion below). In this work, we focus on the structural
change induced by Fe doping to explore the origin of the ther-
moelectric properties enhancement with Fe doping, especially
the electrical transport property. Structural measurements as a
function of Fe doping, including synchrotron XRD and XAS,
were performed.

Fig. 4(a) shows the synchrotron XRD patterns of Ca3Co4�x-
FexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25) at room temperature.
Single-phase was conrmed for all the members. The broad rise
at low 2q angle is the background from the glass capillary. The
diffraction peak (0040) shis systematically to lower angle with
Fe doping in the inset of Fig. 4(a). It indicates the dopant Fe
enters into the Ca3Co4O9 lattice and the corresponding lattice
parameters are expanded systematically. Rietveld renement of
synchrotron XRD data for Ca3Co3.8Fe0.2O9 at room temperature
is shown in Fig. 4(b). The super space group X2/m(0b0)s0 was
employed for the renement.44 Three structural models were
utilized to rene the Ca3Co3.8Fe0.2O9 XRD data: (1) Ca3Co4O9
Fig. 4 (a) Synchrotron powder XRD patterns of Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1,
0.2 and 0.25). The broad rise at low 2q angle is the background from the glass
capillary. The inset in (a) shows the details of peak (0040) shift with Fe doping. (b)
Rietveld refinement of XRD on Ca3Co3.8Fe0.2O9. The observed (crosses), calculated
(solid line) and difference (bottom line) profiles are shown. The bars show the
peak positions of reflections common to both subsystems (1), reflections of
subsystem 1 (2), reflections of subsystem 2 (3) and satellite reflections (4). The
inset shows the details of the Rietveld refinement for two specific peaks.

This journal is ª The Royal Society of Chemistry 2013
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View Article Online
model, (2) Ca3Co4O9 model with Fe atoms in the Co1 site in
Ca2CoO3 block and (3) Ca3Co4O9 model with Fe atoms in the
Co2 site in CoO2 layer. The weighted prole R factor (Rwp) for
each model was 0.0234, 0.0234 and 0.0235, respectively. Struc-
tural parameters obtained from these three models are the
same within experimental errors. Other doping level samples
have the same results as x ¼ 0.2. This result is not surprised
because the difference of the atomic number between Co and Fe
is only one and it is hard to be distinguished by X-ray scattering
if Fe enters into a Co site. Moreover, only small fractions of the
Co atoms are replaced by Fe atoms. Here the second model (Fe
substitute for Co1) is used to show the Rietveld renement
results for all the doping samples since it is shown that Fe
atoms enter into the Co1 sites in Ca2CoO3 block by XAFS
measurements. Details will be discussed below. The observed
(crosses), calculated (solid line) and difference (bottom line)
proles are shown in Fig. 4(b). The vertical bars display the peak
positions of reections common to both subsystems (1),
reections of subsystem 1 (2), reections of subsystem 2 (3) and
satellite reections (4), respectively. The inset in Fig. 4(b) shows
the details of the Rietveld renement for specic peaks. Note
that splitting of the peak (�1120) is found in Ca3Co4O9 and it
was also observed by other ref. 10 and 43. However, it disap-
pears for the Fe doped samples. It indicates the long-range
structure becomesmore symmetric with Fe doping. Fig. 1 shows
the crystal structure of Ca3Co4O9. The Ca2CoO3 block
(subsystem 1) and CoO2 layer (subsystem 2) are shown as well as
the detail of the CoO6 octahedra in both subsystems.

Fig. 5(a–d) give the lattice parameters a, c, b1 and b2 as a
function of Fe doping. Both lattice parameters a and c (Fig. 5(a)
and (b)) increase linearly with Fe doping up to x¼ 0.2 and follow
with saturation and slight decrease at x ¼ 0.25. The lattice
parameter b1 (Fig. 5(c)) increases at low doping level x ¼ 0.05
followed by a sudden drop at x¼ 0.1. It then generally decreases
to the minimum at x ¼ 0.2 and goes up again at x ¼ 0.25. In
Fig. 5(d), b2 slightly drops at x ¼ 0.05 and keeps the value to
x ¼ 0.1. A sudden decrease occurs at x ¼ 0.2 following with a
constant to x ¼ 0.25. Note that all the panels in Fig. 5 have the
same vertical scale. The lattice parameters change with doping
suggests that Fe atoms enter into the Ca3Co4O9 lattice at Co
Fig. 5 Lattice parameters a (a), c (b), b1 (c) and b2 (d) of Ca3Co4�xFexO9 as a
function of Fe doping. All panels have the same vertical scale.

This journal is ª The Royal Society of Chemistry 2013
sites. However, the specic location of the Fe dopants (replacing
either Co1 or Co2) is not evident. Although lattice parameters a
and c have the largest change with Fe doping, it is difficult to
locate the Fe atoms because a and c are common to both
subsystems. b1 and b2 correspond to each subsystem, but both
of them change a similar magnitude with Fe doping.

Inorder todetermine thepositionof thedopedFe ions relative
to the Co sites in the subsystems, we carried out X-ray absorption
measurements at theCoandFeK-edges. A simulationof theCoK-
edge XAFS structure function for the Co1 (Ca2CoO3 block) and
Co2 (CoO2 layer) sites is given in Fig. 6(a) for comparing with the
measurements. The Ca2CoO3 and CoO2 structural models from
ref. 8wereused to generate the FEFFles atCo site and a globals2

was set to 0.008 Å2. Therst shell inbothsubsystems corresponds
Fig. 6 Simulated XAFS structure functions for Co sites in each subsystem
(Ca2CoO3 and CoO2) in (a). XAFS structure functions for average Co sites of
Ca3Co4�xFexO9 (x ¼ 0, 0.05, 0.1, 0.2 and 0.25) in (b), and average Fe sites of
Ca3Co4�xFexO9 (x ¼ 0.05, 0.1, 0.2 and 0.25) in (c). Note that the position of the
second shell for Fe site in (c) indicates Fe atoms substitute for Co1 in Ca2CoO3

block. (d) Schematic of the crystal structure for Fe doped Ca3Co4O9 with Fe atoms
in the Co1 site in Ca2CoO3 block. Note that the structure in (d) does not mean the
real Fe content. The ratio of Co1 to Fe for Ca3Co3.8Fe0.2O9 is approximately 7 : 1.

J. Mater. Chem. C, 2013, 1, 4114–4121 | 4117
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Fig. 7 (a) Fe K-edge XANES spectra of Ca3Co4�xFexO9 (x ¼ 0.05, 0.1, 0.2 and
0.25). (b) Fe K-edge XANES spectrum of Ca3Co3.8Fe0.2O9 (thick line) compared to
Fe systems of 2+, 3+, and 4+ valence states. Note that the spectrum Ca3Co3.8-
Fe0.2O9 is obviously in the group of Fe 3+ range. (c) Co K-edge XANES spectra of
Ca3Co4�xFexO9 (x ¼ 0 and 0.2). The inset shows the expanded white line region
indicating a more ordered structure around Co site in Ca3Co3.8Fe0.2O9.
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View Article Online
to Co–Obonds. The second shell in Ca2CoO3 is Co1–Ca bond and
it corresponds to Co2–Co2 bond in CoO2. Obvious shis in the
second shell for each subsystem can be observed due to the
distinctly different higher shell coordination. This will enable us
to determine the location of the Fe dopants. In other words, the
location of the second shell in the XAFS structure function for Fe
K-edge determines the Fe position. If it is in the same R as the
hCo2–Co2i peak in Fig. 6(a), Fe atoms enter into the Co2 sites in
CoO2 layer. Otherwise, Fe substitutes for Co1 in Ca2CoO3 block if
it locates at the same position as hCo1–Cai shell. A direct
comparison of the Fe K-edge and Co K-edge spectra can be made
since the atomic numbers are close.

The XAFS structure functions of Co K-edge and Fe K-edge for
the Fe doped Ca3Co4O9 are shown in Fig. 6(b) and (c). No
signicant change is observed for the oxygen shell in both Co
and Fe sites. The magnitude of the second shell corresponding
to the Co2–Co2 bond in Fig. 6(b) increases continuously with Fe
doping up to x ¼ 0.2 and it saturates at x ¼ 0.25. It indicates
enhanced structural order around the Co2 sites with Fe doping.
No signicant shi occurs for the peak position with Fe doping.
The second shell about Fe (Fig. 6(c)) is at more distant than
Co2–Co2 bond in the CoO2 layer. It matches well to the model
for the Co1–Ca shell in Fig. 6(a). This result strongly supports a
model for Fe atoms substituting for Co1 in Ca2CoO3 subsystem
exclusively up to the highest doping level studied (x¼ 0.25). The
magnitude of the second shell in Fig. 6(c) increases and the
peak position shis to high R with Fe doping up to x¼ 0.2 and it
saturates at x ¼ 0.25. Although the peak grows with Fe doping,
the local structure near Fe is disordered. Details will be dis-
cussed below. Fig. 6(d) gives a schematic of the crystal structure
for Fe doped Ca3Co4O9 with the Fe atom in the Co1 site. Note
that the purpose of Fig. 6(d) is to show the Fe position but not
the accurate content. The analysis indicates that the ratio of Co1
to Fe for Ca3Co3.8Fe0.2O9 is approximately 7 : 1.

The valence state of Fe was also determined. Fig. 7(a) shows
the Fe K-edge XANES spectra of Ca3Co4�xFexO9 (x¼ 0.05, 0.1, 0.2
and 0.25). No signicant edge shi occurs with Fe doping.
Furthermore, the Fe K-edge XANES spectrum of Ca3Co3.8Fe0.2O9

is compared to a series of standard compounds45 with 2+, 3+,
and 4+ valence states in Fig. 7(b). It is clear that the spectrum of
Ca3Co3.8Fe0.2O9 (thick line) falls into the group of Fe3+ stan-
dards. XAS studies found that the valence state of Co1 in
Ca2CoO3 block should be close to 2+.6,46 This result is also
conrmed by the Co K-edge XANES spectra in this work and it
will be discussed below. Thus, substitution of Co1 with Fe
produces electron doping. However, the oxygen content change
induced by Fe doping may dominate the carrier concentration
change at low doping level. In other words, Fe doping changes
the oxygen content and it indirectly adjusts the carrier concen-
tration at low doping levels. Electron doping becomes more
important at higher doping levels resulting in the carrier
concentration drop for p-type Ca3Co4O9. Fig. 7(c) gives the Co K-
edge XANES spectra of Ca3Co4O9 and Ca3Co3.8Fe0.2O9. Two
independent data sets for each sample were included to show
the high data quality with good statistics. No edge shi was
observed indicating that the average valence state of Co does not
change with Fe doping. The expanded white line region was
4118 | J. Mater. Chem. C, 2013, 1, 4114–4121
shown in the inset of Fig. 7(c). The curves for the same doping
level overlap very well. It is obviously x ¼ 0.2 has a larger
amplitude. This amplitude increase in the XANES spectrum
indicates a higher ordered structure around the Co site with Fe
doping. Moreover, Co K-edge XANES spectrum gives the average
structural information from both Co1 and Co2 sites. The Co1
layer is known to be disordered with Fe doping (see below). Thus
the conducting Co2 layer is even more signicantly ordered.

In order to understand the local structural change of
Ca3Co4O9 with Fe doping quantitatively, structural renement
of Co K-edge and Fe K-edge XAFS data was conducted. Fig. 8(a)
and (b) show the ts of the Fourier transform of the Co and Fe
K-edges XAFS data for Ca3Co3.8Fe0.2O9. The dash lines show
typical model curves which match with the data well. Other
samples have the same tting quality. Table 1 lists the extracted
bond distances of Ca3Co4O9 and Ca3Co3.8Fe0.2O9 from XAFS
data. Doping with Fe does not change hCo–Oi and hCo2–Co2i
distances much which means the local structure is not signi-
cantly modied by Fe doping. hCo–Oi bond consists of hCo1–Oi
and hCo2–Oi bonds and the former one is longer as shown in
Fig. 6(a). hFe–Oi distance is �0.05 Å shorter than hCo–Oi
distance and it is even much shorter than hCo1–Oi distance. For
comparison, hCo2+–Oi and hFe3+–Oi distances are found to be
2.133 Å and 2.031 Å for CoO and Fe2O3 with �0.1 Å
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Fourier transform of the Co (a) and Fe (b) K-edges XAFS data for
Ca3Co3.8Fe0.2O9. The thin dash lines are the fits to the data.

Table 1 Bond distances in Ca3Co4O9 and Ca3Co3.8Fe0.2O9 from XAFS. For
comparison, hCo–Oi and hFe–Oi distances in CoO and Fe2O3 are also shown

Ca3Co4O9 Co K-edge
hCo–Oi (Å) 1.900(2)
hCo2–Co2i (Å) 2.822(2)

Ca3Co3.8Fe0.2O9 Co K-edge
hCo–Oi (Å) 1.897(1)
hCo2–Co2i (Å) 2.821(1)
Fe K-edge
hFe–Oi (Å) 1.851(8)
hFe–Caia (Å) 3.034(7)
hFe–Caib (Å) 3.289(7)

CoO hCo–Oi (Å) 2.133
Fe2O3 hFe–Oi (Å) 2.031

a Fe–Ca shell 1 includes two Fe–Ca bonds. b Fe–Ca shell 2 includes six
Fe–Ca bonds.

Fig. 9 Fe doping dependent bond distance hCo–Oi and bond correlation
s2(hCo–Oi) (a) and bond distance hCo2–Co2i and bond correlation s2(hCo2–Co2i)
(b) derived from Co K-edge XAFS measurements.

Fig. 10 Fe doping dependence of bond distance hFe–Oi and bond correlation
s2(hFe–Oi) (a) and bond distance hFe–Cai and bond correlation s2(hFe–Cai) (b)
and (c) derived from Fe K-edge XAFS measurements. Note that two Fe–Ca shells
were used for the Fe–Ca distribution of bonds.
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difference.47,48 Hence, a higher valence state of Fe results in a
shorter hFe–Oi bond. On the other hand, it is conrmed the
valence state for Co1 is close to 2+. Note that a two-shell t was
used for the Fe–Ca distribution in the Fe K-edge XAFS structure
function with two and six Fe–Ca bonds, respectively. The
average bond distances of each shell are shown in Table 1.

The square symbols in Fig. 9(a) and (b) are the average bond
distances of Co–O and Co2–Co2 corresponding to the rst and
second shell in the XAFS structure function of Co K-edge. No
obvious change is observed for hCo–Oi and hCo2–Co2i distances
with Fe doping. Fig. 9(a) and (b) also show the bond correlation
(“Debye–Waller” factor, s2 ¼ h(r � hri)2i) for Co–O and Co2–Co2
bonds (circle symbols) as a function of Fe doping, respectively.
No signicant change occurs in s2(hCo–Oi). However, s2(hCo2–
Co2i) systematically decreases with Fe doping and a signicant
drop occurs at x ¼ 0.2 following with a saturation at x ¼ 0.25.
Combining the Co K-edge XANES spectra in Fig. 7(c), it indicates
an enhanced structural order around the Co2 sites, thus more
ordered structure in the conducting CoO2 layer with Fe doping.
This journal is ª The Royal Society of Chemistry 2013
Fig. 10 gives the rened bond distances and bond correla-
tions from the Fe K-edge XAFS structure function. Fig. 10(a)
shows hFe–Oi distance (square symbols) and s2(hFe–Oi) (circle
symbols) as a function of Fe doping. No obvious change is
observed for hFe–Oi distance and s2(hFe–Oi) with Fe doping.
Fig. 10(b) and (c) are the hFe–Cai distances (square symbols)
and s2(hFe–Cai) (circle symbols) corresponding to the two Fe–
Ca shells. Although the error bar is large in Fig. 10(b) and (c),
there is an apparent trend since the data sets are independent.
hFe–Cai distance for both shells increases with Fe doping up to
J. Mater. Chem. C, 2013, 1, 4114–4121 | 4119
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x ¼ 0.2 and it saturates at x ¼ 0.25. s2(hFe–Cai) for shell 1
(Fig. 10(b)) increases continuously up to x ¼ 0.2 and it saturates
at x ¼ 0.25. The shorter Fe–Ca bond becomes disordered with
higher Fe doping. While s2(hFe–Cai) for shell 2 is constant for
the whole doping range in Fig. 10(c). Thus the local structure
around Fe becomes disordered with Fe doping. The increase of
the Fe–Ca peak with Fe doping in Fig. 6(c) results from the
suppressed interference between the two Fe–Ca shells.

Thus we conclude the dopant Fe substitutes for Co1 in
Ca2CoO3 block (subsystem 1). Substitution of Co1 by Fe
produces electron doping. The oxygen content change might
increase the carrier concentration at low Fe doping levels and
electron doping becomes dominant above x ¼ 0.1 resulting in
the drop of carrier concentration. Chemical substitution of Fe
into Ca2CoO3 block disorders the local structure around relative
to Co at the same site. The Fe doping effect modies the con-
ducting CoO2 layer as well. The structure in this layer becomes
more ordered with Fe doping. The structure and carrier
concentration change induced by Fe doping result in a resis-
tivity change. The more ordered structure in the conducting
CoO2 layer suppresses the carrier scattering and increases the
mobility and it plays the key role to enhance the electron
transport. The highest ordered structure was achieved at x¼ 0.2
with the lowest resistivity.

Besides the structural effects, the spin-state contribution to
the transport properties was investigated as well. Fig. 11(a) and
(b) are the XANES spectra for Co L2,3-edge and O K-edge for
Ca3Co4O9 and Ca3Co3.8Fe0.2O9. No change of the overall shape
is observed for the Fe doping sample in both Co L2,3-edge and O
K-edge data. Hence there is no evident change in the multiplet
structure with Fe doping. Thus no signicant spin-state change
occurs with Fe doping and there is no spin-state contribution to
the transport property enhancement.
Fig. 11 XANES spectra for Co L2,3-edge (a) and O K-edge (b) of Ca3Co4�xFexO9 (x
¼ 0 and 0.2). Note that the overall shape of all the edges is unchanged with Fe
doping.

4120 | J. Mater. Chem. C, 2013, 1, 4114–4121
Summary

In summary, doping with Fe signicantly reduces the electrical
resistivity of Ca3Co4O9 while the Seebeck coefficient does not
change much. It results in a power factor enhancement by 11%
at the doping level x ¼ 0.2. XRD measurements reveal that the
Fe dopant enters into the structure substitutionally and
modies lattice parameters continuously with doping up to the
0.25 level studied in this work. Doping dependent Co and Fe K-
edges XAFSmeasurements indicate that the Fe atoms substitute
for the Co1 in Ca2CoO3 block. The valence states for Fe and Co1
were conrmed to be �3+ and �2+, respectively. Substitution
Co1 with Fe produces electron doping. Fe doping may change
the oxygen content and it probably dominates the carrier
concentration at low doping levels, while electron doping
becomes more important above x ¼ 0.1. The local structure
around Fe site becomes disordered, while the structure in the
conducting CoO2 layer is more ordered with Fe doping. The
more ordered structure in the conducting CoO2 layer increases
the mobility and it plays the key role to reduce the resistivity.
Thus, the highest ordered structure achieves at x ¼ 0.2 with the
optimized transport property. XANES spectra of Ca3Co4O9 and
Ca3Co3.8Fe0.2O9 on Co L2,3-edge and O K-edge show no spin-
state change with Fe doping and there is no spin contribution to
the transport properties enhancement.
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