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Abstract: Electrochemical oxidation of the antiferromagnetically ordered SrCoO,s, with brownmillerite-
type structure, to the cubic ferromagnet SrCoQs3, with perovskite structure, has been investigated in situ by
neutron diffraction as well as by X-ray absorption fine structure (XAFS) spectroscopy in specially designed
electrochemical cells. The neutron diffraction experiments were performed twice, using two different
wavelengths (A = 1.2921(2) and 4.74 A) in order to better discriminate structural and magnetic changes as
functions of the charge transfer. From the neutron diffraction experiments, two intermediate phases,
SrCo0,.75 and SrCo0; 24007, Were characterized. No superstructure reflections were observed for the
corresponding SrCo0O, 75 phase. Instead we observed here, for the first time, 3D oxygen ordering during
an oxygen intercalation reaction, as established for SrC00..s2+0.07, Which can be described as a tetragonal
unit cell, related to the perovskite cell by a ~ 2(a+v/2) and ¢ ~ 2a. The structure of this intermediate phase
confirms the strongly topotactic character of the oxygen intercalation reaction. We were also able to prove,
from in situ XAFS spectroscopy at the Co absorption edge, that the evolution of the Co valence state from
formally +3 for SrCoQ; s to +4 for the final reaction product (SrCo0Qs) does not proceed continuously but
gives evidence for the formation of O~ species for stoichiometries corresponding to SrCo0O;g21007. The
use of neutrons (vs X-rays) in the diffraction experiments and the choice of the transmission (vs fluorescence)
mode in the XAFS experiment guarantee that the obtained data well represent bulk and not just surface
properties.

1. Introduction SrCoQ_4 belongs to the family of non-stoichiometric per-

Layered perovskites have been reported to undergo topotacticoVskites, showing high oxygen mobility even at room temper-
ion exchange and intercalation reactions at moderate tempera@ture. Only a few compounds have been reported so far that
tures, giving access to a variety of new, generally metastable Show elevated oxygen transport properties with sufficiently low
phases often showing a high degree of ofd@n the other hand, ~ activation energy at low temperatures and even at room
three-dimensionnal (3D) AB&type perovskites, showing a temperaturé:3 This makes SrCo§y a promising candidate for
dense cubic oxygen anion lattice, are naturally less favored to US€ in catalysis or gas sensing, or even as an oxygen membrane,
undergo the same type of exchange or intercalation reactions,-9-, in solid oxygen fuel cells.
as all diffusion processes have to pass by interstitial lattice sites, The structure of SrCofis the well-known cubic-type
genera”y |nvo|v|ng h|gher actlvat|0n energles bar”ers The perOVSkIte Structure WhICh Changes to the 0rth0rh0mb|c bI‘OWﬂ-
introduction of regular lattice site vacancies can considerably Millerite-type structure for SrCoQ*~" These structural changes
amp“fy any diffusion process. A part|cu|ar|y |nterest|ng p0|nt concur with the modification of their electronic behaV|Or which
is the formgt_lon of order_ed vacancies in solids, as they can also 2) Shao, Z. P.: Halle, . MNature 2004 431 170173,
be a promising synthetic tool, especially for low-temperature (3) paulus, W.; Heger, G.; Rudolf, P.; Schollhorn, Rysica C1994 235
soft chemistry intercalation reactions, in order to create ther- @ ?S)lwgfztziéux, A Park, J. C.; Grenier, 1. C.; PouchardOMR. Acad, Sci.
modynamically inaccessible metastable phases, as is the case " paris Ser. 2199q 310, 1047-1052. (b) Grenier, J. C.; Wattiaux, A.;
for the SrCoQ_, system reported here. gﬁgmelrggggl;e ggErBrEfs, L.; Cheminade, J.-P.; Pouchard, §blid State

(5) Bezdicka, P.; Wattiaux, A.; Grenier, J. C.; Pouchard, M.; Hagenmuller, P.
Z. Anorg. Allg. Chem1993 619, 7—12.

T Universitede Rennes 1.

#CEACNRS. (6) Nemudry, A.: Rudolf, P.; Schiborn, R. Chem. Mater.1996 8, 2232-

§ University of Turin. 2238.

'Present address: ESRF, BP 220, F-38043 Grenoble, France. (7) Takeda, Y.; Kanno, R.; Takada, T.; Yamamoto, O.; Takano, M.; Bando,
(1) Schaak, R. E.; Mallouk, T. EChem. Mater2002 14, 1455-1471. Y. Z. Anorg. Allg. Chem1986 540/541 259-270.
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affects tremendously the magnetic and transport properties of
this material. The oxidized phase SrCafexhibiting ferro-
magnetic and metallic behavi6P,can be reduced to a semi-
conductor, SrCog, showing antiferromagnetic orderifignoth
phases being magnetically ordered at room temperature. The
oxygen stoichiometry can be modified at elevated temperatures

as a function of the oxygen partial presstitdowever, it has AMOs

been shown that SrCe@can also be electrochemically oxidized / \
via a topotactic redox reaction in an aqueous alkaline electrolyte

at room temperature, yielding SrCe@as the final reaction
product?® The reaction can formally be described by

SrCoQ 5+ xO0*~ < SrCoQ 5, + 2x€_
(0<x<0.5) (1)

In the following, the variablex will be used to define the
evolution of the oxygen stoichiometry during the intercalation
process inside the oxide phase. The oxygen stoichiomxdsy Figure 1. Schematic rep(esentation of t_he three prototype structures with

stoichiometry AMQ s obtained by reduction of the perovskite AMO'he
relate.d to the chgrge transfer of the trgns_ferred.electnn)dsy(. three prototypes are characterized by partial or total replacement of the
the simple relatiomn = 2x. On a stoichiometric level, this  MOg octahedra in the perovskite by square planar MOLaNiO, s, by
reaction is completely reversible, the total charge transfer being square pyramids M@in CaMnQys, and by tetrahedral MOin the
one electron per SrCa@ formula unit. For these reasons, this Prownmillerite Ca(Fe A))@s or SrCoQs
system is also interesting as a rechargeable battery electrode
However, the reversibility of the reaction is not obvious from
a structural point of view. The orthorhombic starting compound
SrCoQ sis metastable at room temperature and can indeed only
be obtained by quenching from 100C (in air) into liquid
nitrogen® Slow cooling results in a hexagonal SrCo{phase
with 2H-BaNiGs-type structure. Note that the low-temperature
form of SrCoQ 5, previously attributed to a 2H-BaNiQype,
has been recently proved to correspond to an intergrowth phase
corresponding to rhombohedral §80s0:5 and Ca@O, (or
Co0)7® The brownmillerite phase can be described as an
oxygen-anion-deficient perovskite phase, and its structure can : ac V2xac, 4xac,2xa,
be derived from the cubic phase by releasing oxygen atoms in Pm3m Pnma, I2mb,
an ordered way along the [11@jic direction. As described in Imma
Figure 1, three different prototypes of oxygen vacancy ordering
have been reported so far with the stoichiometry AMQvhere
Ais alarge cation (A= Sr, La, Ca, ...) and M is a 3d transition
metal cation (M= Fe, Co, Ni, Mn ...).

These three prototypes can all be obtained schematically from
the perovskite structure, modifying every second octahedral layer g
toward lower coordination transition metal polyhedra, such as o
a square planar coordination in LaNi€° or a square-based
pyramid coordination in CaMng. ! The brownmillerite struc- 12mb
ture is finally characterized by layers containing isolated MO Figure 2. (Top) Structure of the brownmillerite SrCe@ showing the

tetrahedral zigzag chains, alternating with octahedral layers (top coq; octahedral ©) and CoQ tetrahedral T) layers alternating along the
part of Figure 2)t2 Vacancy ordering leads to the formation of b-axis and the 1D oxygen vacancy channel parallel to BRI [110]perovs

empty 1D channels along the [13@]. direction. Consequently, (left). Schematic representation of the transformation from the perovskite

. . structure (middle) to the brownmillerite structure (right). (Bottom) Repre-
the symmetry becomes orthorhombic, with cell parameigss, sentation of the “zigzag” chains of Ca@etrahedra in the three different

~ aperon/Za Bbrown 2 4aperovs aNd Chrown A2 aperovs/zy but the space groups,2mb, Pnma andImma reported for brownmillerite com-
pounds. In yellow are the Co@hains parallel to tha-axis aty = /. In

LaNiO; 5 CaMnO; 5 Ca(FE,A|}Oz_5

Perovskite Brownmillerite
cubic orthorhombic

Pnma Imma

(8) Takeda, T.; Yamaguchi, Y.; Watanabe, H.Phys. Soc. Jprl972 33, red are the chains gt= 3/, deduced from the ones at= %/, by a mirror
970-972. in 12mb, a center of inversion ifPnma and the combination of both in
(9) (a) Harrison, W. T. A.; Hegwood, S, L.; Jacobson, AJJChem. Soc., Imma For clarity, only one chain per layer is outlined.

Chem. Commun1995 1953-1954. (b) Zakhour-Nakhl, M.; Weill, F;
Darriet, J.; Perez-Mato, J. Mnt. J. Inorg. Mater.200Q 2, 71-79.
(10) (a) Vidyasagar, K.; Reller, A.; Gopalakrishnan, J.; Rao, C. Nl. Rhem.

Soc., Chem. Commuh985 7—8. (b) Alonso, J. A.; Martinez Lope, M. J.; attribution of the space group remains ambiguous between
gaég'%ﬁ"gg%v J. L.; Fernandez Diaz, M.JI Phys.-Condes. Mattei997 Pnma Imma andl2mb.The first structure determination of the
(11) () Reller, A.; Thomas, J. M.; Jefferson, D. A.: Uppal, M.R¢oc. R. Soc. brownmillerite mineral, Ca(Fe,Al)&, has revealed space group
A 1984 394, 223-241. (b) Reller, AJ. Phys. Chenil987, 90, 913-914. 13 p._ ; —
(12) Hansen, W. C.; Brownmiller, L. T.; Bogue, R. Bl.Am. Chem. S04928 Pnma P_type reflectionsh + k_ + 1 . 2n + 1, althoth
50, 396-406. characterized by a very low intensity, have been clearly
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observed. However, many other compounds AMBave been The SrCoQs <> SrCoQ reaction mechanism has been
reported to have a different symmetry, with space griooma investigated by in situ X-ray diffraction on polycrystalline
or I2mb14~17 The general problem is that only slight differences electrode$, revealing a high complexity and involving also
exist in the arrangement of the M@trahedral chains for these  intermediate phases. According to Nemudry €t tiig oxidation
three space groups (see bottom part of Figur&B)bandPnma of SrCoQ 5o leads directly to SrCo&;s which is assumed to
refer to two different ordering schemes for the M@gzag be a cubic phase. A second phase, nominally SeGGghas
chains, whilelmma implies a statistical disorder of MO been observed, and the associated specific peak broadening
tetrahedra, which is approximately equivalent to a coherent suggests a tetragonal symmetry. The general problem encoun-
mixing of Pnmaand 12mb domains. Some compounds of the tered when investigating solid-state reactions by in situ X-ray
brownmillerite type show a certain degree of order within the diffraction methods is that, due to absorption phenomena, one
MO, planes'® The possible presence of both domain phases can examine only the upper20 um of the sample. This may
and different kinds of disorder, such as stacking faults or result in real problems for the correlation of the applied charge
possible formation of antiphase domains in the tetrahedral layers,transfer and structural changes, as the generally observed slow
make it impossible to easily discriminate among these different reaction kinetics for solid-state processes may yield inhomo-
space groups. The real structure of most brownmillerite- geneities between the surface and the bulk of the working
type compounds, and especially SrGgQs not yet known in electrode. Furthermore, the relatively low sensitivity of X-rays
detail. toward oxygen atoms is a limiting factor in observing possible
Oxygen vacancy ordering is also not fully understood in the intermediate phases.
isostructural SrFegx. For this phase, oxygen vacancy ordering  Despite the great interest in these systems for future applica-
has been proven by Msbauer spectroscopy even 120 K above tions, no structural description of the real structure has been
the orthorhombic-to-cubic phase transitionTat= 1103 K18 proposed for SrCo&+x phases, in order to explain the high
However, the MQordering in AMQ s structures seems to play  chemical reactivity and the diffusion mechanism of the oxygen
a crucial role in the chemical reactivity, since ordered brown- atoms.
millerite-type phases with space groBpma such as CaFel, Taking into account these different points, our reason for re-
are not able to intercalate oxygen by electrochemical oxidation. jhyestigating the reaction mechanism now by in situ neutron
This might lead to the more or less general conclusion that giffraction techniques is threefold: first, we want to verify that
oxygen intercalation at room temperature is strongly limited {0 the results reported in refs- are real bulk effects. Our second
disordered and most probably dynamically disorderedsMO  aim s to follow simultaneously the evolution of the nuclear
tetrahedral chains. Therefore, SrGof, must be considered  and magnetic structures during the electrochemical oxidation
as a key system for the understanding of low-temperature of SrCoQ s, which are both directly accessible by neutron
reaction mechanisms with oxygen diffusion, as it exhibits a giffraction. Finally, the better sensitivity of neutron diffraction
particular high charge transfer of= 1. Concerning the reaction  oward (lowz) oxygen atoms will favor the detection and
mechanism, it would be very important to know the mechanism characterization of any intermediate phase, related to the
by which the oxygen intercalation proceeds, i.e., whether the grqering of the oxygen atoms.
topotactic uptake of oxygen atoms involves ordered or disor-
dered intermediate phases, even on a local level. This point is
important also with respect to the tailoring of new compounds

with high oxygen ion conductivity, especially at low tempera- of the valence state and local environnement of the Co atoms

tres. . o on a more local level using in situ X-ray absorption fine structure
. For this reason, thg strugtqral characterization of the order/ (XAFS) spectroscopy during the electrochemical oxidation. The
disorder phenomena in the filting arrangement of the tetrahedralpigh photon flux, now available at third-generation synchrotron
layers is a key step in the understanding of the high oxygen ragiation sources, has made it possible to follow, in real time
mobility at room temperature. Itis also crucial to know whether, | .:h X-ray absorption techniques in transmission mode
at the end of the oxidation/reduction cycle, the stoichiometric catalytid® 23 or electrochemical reactioffswith a reasonable
SrCoQ s phase still reflects the structural disorder of the native (ime resolution. Therefore, we used X-ray absorption spectros-
phase obtained by quenching from high temperatures. An qq, 1 study the oxidation and aggregation changes occurring
alternative model would be the generation of an ordered phase,q,ing 4 solid-state intercalation reaction carried out in situ in
now resulting from the electrochemical reduction of cubic
SrCOQ"-O at ambient temperature’ i'e" far away from thermo- (19) Haas, O.; Holzer, F.; Muller, S.; McBreen, J. M.; Yang, X. Q.; Sun, X,;

dynamic equilibrium. Balasubramanian, MElectrochim. Acts2002 47, 3211-3217.
(20) Lamberti, C.; Bordiga, S.; Bonino, F.; Prestipino, C.; Berlier, G.; Capello,
L.; D'Acapito, F.; Llabres i Xamena, F. X.; Zecchina, A?hys. Chem.

Besides the diffraction studies, we have also focused on
understanding the local changes in the partially disordered phase.
In particular, we wanted to find out more about the evolution

(13) Bertaut, E. F.; Blum, P.; Sagnés, A.Acta Crystallogr.1959 12, 149— Chem. Phys2003 5, 4502-4509.
159. (21) Prestipino, C.; Berlier, G.; Llabse Xamena, F. X.; Spoto, G.; Bordiga,
(14) Hodges, J. P.; Short, S.; Jorgensen, J. D.; Xiong, X.; Dabrowski, B.; Mini, S.; Zecchina, A.; Turnes Palomino, G.; Yamamoto, T.; LambertGi@&zm.
S. M.; Kimball, C. W.J. Solid State Chen200Q 151, 190-209. Phys. Lett.2002 363 389-396.
(15) Hardner, M.; Miller-Buschbaum, HZ. Anorg. Allg. Chem198Q 464, 169~ (22) Llabres i Xamena, F. X.; Fisicaro, P.; Berlier, G.; Zecchina, A.; Turnes
. Palomino, G.; Prestipino, C.; Bordiga, S.; Giamello, E.; Lamberti]C.
(16) (a) Abakumov, A. M.; Rozova, M. G.; Pavlyuk, B. P.; Lobanov, M. V; Phys. Chem. BR003 107, 7036-7044.
Antipov, E. V.; Lebedev, O. I.; Van Tendeloo, G.; Sheptyakov, D. V.; (23) Lamberti, C.; Prestipino, C.; Bonino, F.; Capello, L.; Bordiga, S.; Spoto,
Balagurov, A. M.; Bouree, FJ. Solid State Chen2001, 158 100-111. G.; Zecchina, A.; Diaz Moreno, S.; Cremaschi, B.; Garilli, M.; Marsella,
(b) Abakumov, A. M.; Rozova, M. G.; Pavlyuk, B. P.; Lobanov, M. V.; A.; Carmello, D.; Vidotto, S.; Leofanti, GAngew. Chem., Int. EQ2002
Antipov, E. V. J. Solid State Chen2001, 160, 353—-361. 41, 2341-2344.
(17) Colville, A. A. Acta Crystallogr. B197Q 26, 1469-1473. (24) (a) Deb, A.; Bergmann, U.; Cairns, E. J.; Cramer, SJ.PSynchrotron
(18) Takano, M.; Okita, T.; Nakayama, N.; Bando, Y.; Takeda, Y.; Yamamoto, Radiat.2004 11, 497-504. (b) Haas, O.; Deb, A.; Cairns, E. J.; Wokaun,
O.; Goodenough, J. Bl. Solid State Chen1.988 73, 140-150. A. J. Electrochem. So@005 152, A191-A196.
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an electrochemical cell on homogeneous working electrodes ofvalue. To reach high resolution, a Si(111) single crystal was mounted

25 um thickness. in front of each detector.
) ) 2.4. In Situ X-ray Absorption Spectroscopy.High-resolution X-ray
2. Experimental Details and Methods absorption experiments were performed at the Co K-edge in transmis-

sion mode at the BM29 beam-litfeof the ESRF using a Si(111)
monochromator, detuned up to 1/3 to reject harmonics. To guarantee

thoroughly mixed together in stoichiometric quantities and pressed into an exac.t energy _callbrgtlon, the following exp(_anmental setup was
pellets of 13 mm diameter @nl g weight, which were heated in air ~ 2doPted: (i) the intensity of the monochromatic bedg(E), was
for 48 h at 900 and 1256C successively. Further annealing at 1000 measured in a first ionization chamber; (ii) the monochromatic beam

°C for 6 h was performed in order to reach the stoichiometry SgCoO was partia_lly absorbed Whi_le crossing the sample of thicklxesisii_)
with x = 2.5. At this temperature, the symmetry of the phase is still 1€ intensity of the transmitted beam(E), was then measured in a

cubic, and fast quenching into liquid;Nvas carried out in order to second ionization _chamber; (V) the remaining beam was further
induce the transformation to the orthorhombic, brownmillerite-type apsorbed by passing thrgugh a Co metal foil referen_ce sample of
SrCoQ.s The pellets thus obtained were used as working electrodes MCknessxs; and (v) the intensity of the beam transmitted by the
for the electrochemical investigations as well as for the structural studies reference sampld(E), was finally measured in a third ionization

by in situ neutron powder diffraction. Although absorption was not a chzm?ehr. I”fS“Ch away, thbe absorptlog fcoefﬂqents of the lsambclje (
major problem for the neutron diffraction experiments, it turned out to 2nd Of the reference:k) can be measured for a given enefggelecte

be a severe handicap for the X-ray absorption experiments at the Coby the monochromator according to the classical law of transTission
K-edge. For that experiment, which was performed in transmission Phenomenaiu(E)x = In[lo(E)/11(E)] and ur(E)xz = In[11(E)/I2(E)].*°

mode, we calculated the optimum thickness of the electrodes to be Small fluctuations in Fhe a”,g',e’e“efgy rg!atlonshlp of the monochro-
about 25.m. Therefore, they were prepared by intimate mixing of mator d_ue to thermal _|nstab|I|t|es of the silicon crystgls_and/or to be_am
polycrystalline SrCo@s powder with 2 wt % Teflon and then pressed fluctuations can be (if needed) corrected a posteriori. Such cautions

into homogeneous electrodes. All electrochemical cells were developed@'® ©f Primary importance when one wants to follow the evolution of
and optimized in terms of the materials, dimensions, and current the oxidation state of a transition metal during a solid-state redox

densities in the laboratory. All setups were composed of an electro- '€actiore” 2 The X-ray absorption near-edge structure (XANES) region
chemical cell containing three electrodes (working electrode, Pt counter WS acquired with a sampling step of 0.3 eV, while the extended X-ray
electrode, and Ag/AgCl reference electrodefnil N KOHelectrolyte. al_)sorptlon fine structurg (EXAFS) region was acquired up to 18 A
2.2. In Situ Neutron Powder Diffraction. In situ neutron powder with a _constant sampling step, |kr_spa(_:e, .Of 0'(.)25 A. X-ray .
diffraction (NPD) studies were carried out on the D20 diffractometer absorption measurements were acquired in situ during the electrochemi-
at the ILL at Grenoble. France. and on the G6.1 diffractometer of the cal reaction using a test cell optimized to minimize the thickness of
ORPHEE reactor at Sa{clay Fra’mce. The D20 high-flux neutron powder the solution, which is highly absorbing at the Co K-edge, crossed by
diffractometer installed at the Institut Laue Langevin (Grenoble, France) the beam. . ) .
was used ai = 1.2921(2) A, in order to collect data at elevated sin- _ Under the adopted conditions, a single X-ray absorption spectrum
(6)/2 values for high-accuracy structure analysis. The diffractometer (including both high-resolution XANES and EXAFS) requires slightly
is equipped with a large microstrip detector covering a scattering angle less than 40 min. This time is inclusive of the time spent to move back

of 154 simultaneously. Powder patterns were collected every 25 min the monochromator below the Co K-edge to start the acquisition of
during 3.5 days in order to achieve a charge-transfer resolutigmof € Next spectrum. The current was set to perform the complete $5C0O

= 0.005 electronsAx = 0.0025, see eq 1) per diffractogram. We also _~ >rC0Qu 0xidation in 2500 min. This allows more than 60 spectra
performed the same in situ experiment on the G6.1 two-axis diffrac- © be collected during the reaction. Within a single spectrum, the charge
tometer, installed at the ORPHEE reactor in Saclay. The very large ansfern was 0.016 electron/formula unit (corresponding/te =
wavelength of 4.74 A was useful to better separate the purely magnetic 0-008). a sufficiently low value to consider the sample almost unchanged
doublet (120/021) and to study the evolution of magnetic changes with P&ween the first and the last sampled points of a single spectrum.
the charge transfer. The diffractometer is equipped with a 1D detector ~ 2-5- Structure Refinements Structure refinements of all NPD data
covering 80 (26). The electrochemical cells used for in situ neutron Were undertaken by FULLPROF the values taken for the neutron
diffraction were totally made of quartz, as it is quite transparent for Scattering lengths for the respective elementsbgse= 2.49 fm, bs, =
neutrons, keeping the background to a reasonable scasel RKOD 7.02 fm, andd = 5.805 fm?* Special care was taken in the background
electrolyte was prepared from equivalent amounts of 40% KOD solution correction of the in situ experiment on D20. The background was

in D,O (99.9% enriched, Aldrich) and,D (99.9% enriched, Eurisotop). ~ caréfully determined from the fully oxidized phase SrGp@s it
The fresh electrolyte was pumped at constant flow through the contains fewer reflections, and was taken as constant for the whole

2.1. Synthesis and Working Electrode PreparationSrCoQ swas
prepared by solid-state reaction techniques. Sr@@ CqO, were

electrochemical cell, in order to guarantee stable reaction conditions, €XPeriment.
and also to obtain a constant background during the whole experiment.
The cell was equipped with a platinum counter electrode and a Ag/

AgCI reference electrode, as described in detail elsewliesdl 3.1. Evolution of the Electrochemical Potential during
electrochemical oxidation reactions were carried out in galvanostatic |ntercalation. Following eq 1, the oxidation of SrCo@

react_ion mode, i.e., applying a <2:onstant current. The applied current 4, SrCoQ corresponds to a total charge transfay ¢f one
density did not exceed 5Q@\/cm’. electron per formula unit, corresponding to the intercalation of

2.3. Synchrotron X-ray Powder Diffraction (XRPD). The Swiss- _ :
Norwegian powder diffractometer (BMO1B,= 0.5000(1) A) installed X (.)'5 oxygen atom; under the assumptlon.th&.T B the .
only intercalated species. In this way, the oxidation reaction

at the European Synchrotron Research Facility in Grenoble (ESRF) . . .

was used to characterize the intermediate phases obtained ex situ¢@n Pe followed on a stoichiometric level, applying a constant
Measurements were performed at room temperature. A Si(111) double- - - - .

crystal monochromator was used to select the wavelength from the (%6) Egﬁcﬂ%""sA_'ifeo?V‘,’fénggc?Ol‘r'g?rﬂth'oT(b@qsezlhzzj2'3‘{3%"300‘ A De
white beam. An array of six scintillation counters was mounted in order (27) Rodriguiez-Carvajal, J.; Roisnel. Fullprofo8 andWinplotr, New windows

to increase the statistics, since all six counts are added for a gH/en 2 95/NT application for diffraction: Commission for powder diffractitidCr
Newsl.1998 No. 20 (Summer, MayAugust).

(28) Koester, L.; Rauch, H.; Seymann,A. Data Nucl. Data Table$991, 49,

(25) Paulus, W. Habilitation, University of Paris XI, 1998. 65—120.

3. Results and Discussion
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0.40 From our NPD data, no evidence of reflection broadening
was observed. Every reflection belonging to the oxygen-deficient
Gm 035+ perovskite phase and appearing in the first half of the reaction
< can be indexed with a simple cubic perovskite unit cell.
& 0301 Consequently, we assume for this growing intermediate phase,
@ SrCoQ .75 and also for all phases with higher oxygen content,
> 0.25- u - . o .
- referred to as “oxygen-deficient perovskite phases” in the first
% 0.20.] step, an average cubic symmetry.
= We will discuss first (section 3.2.1) the results of the Rietveld
8 0154 refinements obtained from the NPD patterns collected in region
< Region 1 Region 2 Region 3 1 (0.0 < n < 0.5) and successively (section 3.2.2) those
0.10! concerning regions 2 and 3 (05 n < 1.0). This exposition
o0 02 o4 o6 o8 10 plan implies that Figure 5, reporting simultaneously data on the
Charge transfer n (electrons/formula unit) whole 0.0< n < 1.0 range, will be anticipated in section 3.2.1,

Figure 3. Evolution of the electrochemical potential (versus Ag/AgCl) as where only the results concerning the first region will be

a function of the charge transfer during the intercalation of oxygen into discussed. The remaining part of the data will be commented
SrCoQs. The fully oxidized perovskite phase SrCe§s obtained after on in section 3.2.2.

the transfer of 1 electron/formula unit. The trend of the potential curve . .

suggests the presence of three different regions, the first one showing an  3-2.1. Details on the 0< n < 0.5 Region.For the NPD
almost constant potential. refinements, we used the nuclear and magnetic structure model

of SrCoQ 5 in Pnma For the intermediate phase, SrCo@

current. For ceramic oxides, the completeness of the reactionwe used, in a first approximation, the cubic perovskite symmetry
and the reproducibility of the potential are generally limited with space groufPm3nwith a fixed oxygen stoichiometry. The
by contact problems between the grains of the polycrystal- two phases were refined simultaneously on the basis of the
line working electrode. In the case of SrCo{dhis problem is Rietveld refinement technique that allows the evolution of all
even more pronounced, as a volume shrinkage of about 5%parameters, especially their scale factors, to be followed
occurs during the oxidation to SrCeChatisfying results were  separately. The refined scale factors of the two phases both show
obtained using either the as-sintered pellets of about 13 mmg |inear evolution as a function of the charge transfer, as depicted
diameter and 1 mm thickness or ultrathin pressed electrodes,in Figure 5a. For 0.0< n < 0.5, the scale factor of the starting
optimized for neutron diffraction and XAFS experiments, phase decreases linearly with the charge transfer to zero, while
respectively. that of the oxygen-deficient perovskite increases linearly yield-

The electrochemical potential (Figure 3) shows mainly three ing, within the given error bars, a constant sum, which was not
different regions. The first region (& n < 0.5) shows @  ¢onstrained during the refinement. After a charge transfer of
potential plateau at abovt = 175 mV. After the exchange of  — 5 electron (i.e.x = 0.25), the brownmillerite phase has
0.5 electron, we observe in regi@ a steep increase ofup to totally disappeared, yielding only the oxygen-deficient perovs-

330 mV, reached aroumti=0.75. Region 3 (0.75 n < 1.00)  yjte S1C0Q 75 The fact that the scale factors found for the
eghlblts a more or Ihess cqgtlr)uour? mclrez;se thth? potential tfo starting compound (at = 0) and for the intermediate cubic
about 400 mV. Further oxidation then leads to the formation o phase (an = 0.5, see Figure 5a) are identical shows that no

Eorlleculﬁr hoxygen_ frqm vyat(_ar Icliecompcl)smon a_tblthehar}(_)de. significant amorphous phase is formed during the intercalation
though the reactionis principally entirely reversible, the first ) vion and also that the whole compound has reacted. As

reduction of the SrCo@polycrystalline electrodes showed a shown in Figure 5b, the lattice parameters of the orthorhombic

decreased charge transfer of approximately-18% that brownmillerite phased = 5.448(5) A.b = 15.738(8) A, and:

e e e of O aloneclon oYes 1) §545(0) &) and the SiCosarmedite s 3,642
Y9 Y, P (2) A) are observed to be constant for 0On < 0.5. This

diagram is composed of a two-phase reaction from SHz40 result confirms the biphasic reaction mechanism during the first

SrCoQ 75 followed by a one-phase reaction step to Srgg® . . .
In the third region, continuous oxidation leads homogeneously half of.the reaction, as preV|0_ust sugggsted on the basis of the
evolution of the electrochemical potential (see Figure 3). The

to the final reaction product, SrCgO X o o
P ¢ cubic cell parameter of the oxygen-deficient perovskite is larger

3.2. In Situ Neutron Diffraction Studies. Time-resolved H h : — 3330 A ob 4 for the full idized
neutron powder diffraction (NPD) patterns measured in situ than the valuea = 3. observed for the fully oxidize

. 4g T : .
during the electrochemical oxidation (D20 with= 1.2921(2) ~ Perovskite, SrCoex™ This is consistent with the smaller
A) are shown in Figure 4. The reaction was performed in a 2Verage valence state of cobalt in this oxygen-deficient perovs-

galvanostatic mode, which allows direct correlation of the Kite, which leads to a larger average €0 distance. Direct
structural and magnetic evolutions with the charge transfer. evidence of these facts comes also from the in situ XAFS study
According to the pattern evolution, the progressive decrease in(S€€ section 3.6).

the intensity of the reflections of the SrCg©phase and the Figure 5c shows the evolution of the integrated intensity of
appearance of new peaks clearly confirm that the browmillerite the most characteristic reflections of the two phases as a function
phase SrCog; directly transforms in a biphasic reaction step of the charge transfen. In the 0< n < 0.5 region, the linear

into a “deficient perovskite structure” with SrCe@ stoichi- decrease of the intensity of the (020) reflection for the Sr&pO
ometry. This fact agrees well with the almost constant value of phase, accompanied by the linear increase of the intensity of
the electrochemical potential in region 1 (see Figure 3). the (200) reflection of the SrCa@sphase, testifies, once again,
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Figure 4. Evolution of the NPD pattern obtained in situ during the electrochemical oxidation of SdefOcharge transfer. The diffractogram of the
brownmillerite SrCo@s is represented at the bottom, whereas that of the perovskite Sg@3hown at the top. The dotted ellipsoids show the positions
of the superstructure reflections.

to the progressive transformation of the brownmillerite into the with the drop in the average cubic lattice parameter in the second
oxygen-deficient perovskite. half of the reaction.

3.2.2. Details on the 0.5< n < 1.0 Region.At x = 0.25 For the reflections of the oxygen-deficient perovskite phase,
(n = 0.50), the starting phase SrCg6has completely dis-  the evolution of the intensity with respect to the oxygen
appeared and only the oxygen-deficient perovskite phase stoichiometry can be easily deduced from the calculation of their
SrCoQ.7s persists. For all refinements beyond a stoichiom- structure factors. This is related to the additional contribution

etry of SrCoQ7s we added one additional parameter, the of the intercalated oxygen to the structure amplitGgg which
occupation factor of the oxygen atoms (Figure 5d), still assuming can be written as

an average cubic symmetry. At the end of the oxidation run (
= 1), the refined oxygen occupancy results in an estimated F. Ob. +b. r(_l)(h+k+l) +
stoichiometry ofx = 0.48, which is very close to the ideal one "™~ "¢ = ™S
(x=0.5). Eolbo(—1)" + bo(—1) + bo(—1)] (2)
From the results given in Figure 5a, it becomes obvious that
further oxidation does not strongly affect the scale factor. Just Here,bco, bs,, andbo are the neutron scattering lengths of the
a slight decrease is observed at the beginning of the<5< respective elements (see section 2.5) &nis the oxygen site
0.8 region. This may be related to the presence of the orderedoccupancy factor. The refinement is very sensitivéddecause
intermediate phase (see below), giving rise to extra superstruc-different types of reflections exhibit either an increase or a
ture reflections. The intensity of these extra peaks does not,decrease of the intensity upon oxygen intercalation. As an
consequently, contribute to the volume fraction of the pure cubic example, (eee) and (uuu) reflections=eeven, u= uneven)
phase. show an increase for the correspondi@hen changing from
As the oxygen occupation (increasing) and the lattice SrCoQ.7s to SrCoQ, whereas (euu) reflections show the
parameter (monotonic variation) are the only parameters thatopposite trend. In this regard, it is worth noting that the linear
vary with the charge transfam, the reaction appears to be increase of the intensity of the (200) reflection of the oxygen-
monophasic. This argument goes along with the continuous deficient perovskite phase, observed in Figure 5afer 0.5,
increase of the electrochemical potential beyond a chargereflects the modulation of its structure factor amplitudesby
transfer ofn = 0.5 electron (see regions 2 and 3 in Figure 3). asFop)is directly proportional to the sum di, + bsr + So-
As expected for a one-phase region, the cubic lattice paramete{3bg] (see eq 2). This trend has a different slope than the similar
decreases continuously from 3.842< 0.5) to 3.830 A for the one observed in the 0.8 n < 0.5 region, where we were
final phase, SrCogXFigure 5b). This result has to be correlated dealing with the progressive formation of a new phase,
with the linear increase of the oxygen content in the average characterized by a constaRfog) value. From these findings,
cubic perovskite unit cell (Figure 5d), causing an increase of we can also exclude an alternative intercalation mechanism,
the valence state from €bto Cd**. Both factors are consistent  proposed elsewhefewhich would imply the intercalation of
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Figure 5. (a) Evolution of the refined scale factor parameters (and corresponding estimated error bars) as a function of the chargeltrahsfér< n

< 0.5 region, a biphasic refinement has been done: full dots refer to the starting phase $mu@ full squares refer to the oxygen-deficient perovskite
with fixed SrCoQ 75 stoichioimetry. Lines represent the linear best fits of the data for the two phases. In then0<51.0 region, a monophasic refinement

has been done for the “cubic” SrCe&@s phase with a refined site occupancy factor of the oxygen position (see part (d)). (b) Evolution of the unit cell
parameters as a function of the charge transfén the 0< n < 0.5 region, a biphasic refinement has been done: the corresponding unit cell parameters
are shown as full circles, triangles, and squares forathe andc parameters of the orthorhombic brownmillerite phase (SrGp@ft ordinate axis) and

as full stars for the cubic, oxygen-deficient perovskite phase with fixed Sy@iichiometry (right ordinate axis). In the 05n < 1.0 region, a monophasic
refinement has been done for the cubic Srgef; phase, where the site occupancy factor of the oxygen has been optimized (see part (d)). The corresponding
a parameter is shown as open stars (right ordinate axis). (c) Evolution of the integrated intensity of characteristic reflections as a functioargé the c
transfem: (020) for the brownmillerite SrCo%; (@), (200) for the oxygen-deficient perovskite (SrGof B, for n < 0.5, and SrCo@ys;4, O, for n > 0.5),

and the reflection at@= 30.18 for the intermediate phasa]. For clarity, the intensity of the superstructure reflection has been multiplied by 3 (with
respect to the brownmillerite intensities). (d) Evolution of the total O stoichiometry as a function of the charge tramsfer 0.5< n < 1.0 region of the
oxygen-deficient perovskite phase SrGa@s. The oxygen stoichiometry was deduced from the O site occupancy fag(see eq 2), obtained from the
Rietveld analysis.

OH" instead of G~ and the formation of a SrCoQOH") temperatures, i.e., far away from thermodynamical equilibrium,
phase, corresponding to an electron transfem ef 0.5. the oxygen sub-lattice can relax toward new 3D ordered
3.2.3. Intermediate Ordered Phase: 0.5 n < 0.8 Region. frameworks. Therefore, it is worth noting that SrCo@is
The most exciting feature observed during the oxidation is the structurally very close to a dense cubic-packed lattice, in which
appearance of new superstructure reflections in the region 0.5any oxygen mobility at low temperature should be extremely
< n < 0.8 (see Figure 4), the strongest being &t=2 30.18 hindered. The intensity variation of the superstructure reflections
and 36.16, corresponding td = 2.48 and 2.08 A, respectively. as a function of the charge transfer is given in Figure 5c,
The intensities of the superstructure reflections, reaching up toshowing that the ordered phase appears at a stoichiometry of
4% of the intensity of the strongest basic reflection of the nominally SrCoQ s and disappears at about SrCas The
brownmillerite phase, i.e., the (020) reflection, are plotted as question of which kind of oxygen ordering can be attributed to
functions of the charge transfer and oxygen stoichiometry in this intermediate phase is rather difficult to answer, as is
Figure 5c. These additional reflections are certainly not of obvious; with just a few weak superstructure reflections, a
magnetic origin, as they have also been observed ex situ bystructure solution by classical methods is quite impossible. Our
X-ray synchrotron diffraction (see section 3.3 for more details), approach was therefore to compare the intensities found for
and they were observed on D20 with almost uniform intensities SrCoQ s2:0.07 With those of oxygen ordered phases found for
up to 0.4 A1 in sin(®)/4, signifying indeed the ordering of the  the homologous SrFeOsystem. For the compound series
intercalated oxygen atoms. This is the first time that a 3D long- SrFeqOsm-1, two intermediate phases were characterized apart
range ordering of the oxygen sub-lattice has been observedfrom the terminal phases with = 2 ande by NPD1429These
during an electrochemical oxygen intercalation reaction pro- intermediate phases witm = 4 and m = 8, which were
ceeding at room temperature. This means that, even at lowsynthesized at elevated temperatures under defined oxygen
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2300 T T T in the l4/mmmmodel area = b = 10.862(2) A andt = 7.666-
200 : 3 (3) A. Figure 6 shows the diffraction profiles of the ordered
- - ] intermediate phase collectedrat 0.64 during the in situ NPD
l: 170 . experiment. From analysis with Rietveld refinement, it can be
& ] seen that the superstructure reflections (see Figure 6, marked
o 1ae ] by stars) are quite nicely described in terms of both intensities
'E 110 ] and angular positions, and we may assume that the structures
5 . ] of SrFeQ g7s and the intermediate phase SrGg@ 07 have
S soof - . to be considered as isotype, the SrGgébhase showing a non-
w i stoichiometric character. This means that the oxidation reaction
e N e e T mechanism of SrCo£ at low temperature proceeds in a way
200F ] similar to that described for SrFe@at medium temperature
L | P J\}L—w ] under defined oxygen partial pressures. These findings are quite
-100 b ' ' ' - : . : — important for the understanding of the chemical reactivity under
23 27 M 3IF I 43 47 51 55 W9 63 nonequilibrium conditions, i.e., low temperature by electro-
20 (°) chemistry, as the SrCaQystem at high temperatures always

Figure 6. Observed (scattered circles) and refined (full line) diffraction tends to form a thermodynamically stable hexagonal phase with
profiles of the ordered intermediate phase Sree; o7 obtained in situ a 2H-BaNiQ-type hexagonal perovskite structdfelAs Fe,

by NPD. The experimental pattern corresponds tortle 0.64 pattern in which is a 3d Jahn-Teller cation, is well adapted to they,

the series reported in Figure 4. The approach used in the structural idal dinati this i t evident in th f
refinement of SrCo@s, was to take the structural modeproposed for pyraml al coordination, this 15 not evident in the same way 1or
SrFeQ.7s in the I4/mmmspace group (see the table in the Supporing CO*' in the 3@ state. To some extent, we have to assume a
Information), placing Co at the proposed Fe sites, and refining only the mixing-up of the sub-band structures of oxygen and cobalt,
lattice parameters, peak line shapes, and background parameters. ThS‘i/ielding less defined valence states for both elements. However,
superstructure reflections are marked with asterisks. The lattice parameter: h L I

have been refined ta = b = 10.862(2) A anct = 7.666(3) A, and the pyramidal coordination has been found for¥®€e Co** mixed-
profile reliability values aréR, = 13.6%,Rup = 10.0, andy? = 9.11. (Inset) valence oxides of the same family, such agC8507_4.32 The

The structural model of the tetragonal, |dea”y ordered Srﬁﬁ@hase in maximum intensity Of the Superstructure reﬂections iS not’

14/mmm In order to evidence the relation with the SrGg@hase, showing .
alternating octahedral and tetrahedral layers, the structure is aligned with however, centered exactly at SrCogs but is between Sr-

the [110] axis vertical. The native Ca@trahedral layers are now completed  C0Qz.7sand SrCoQg7s(Figure 5¢). This indicates that the one-
by oxygen atoms, forming rows of @0y bipiramidal units (gray) alternating ~ phase reaction step in region 2 (see Figure 3) is still accompanied

with rows of CoQ octahedra (blue). by some structural disorder, at least for the end members
SrCoQ 7sand SrCoQg7s which do not show any superstructure
intensities at all (see Figure 5c¢). The assumption that SsG9O
obtained from electrochemical oxidation, might not be a well-
ordered compound can be arrived on the basis of the evolution
of the electrochemical potential (see Figure 3), as throughout
region 1 the electrochemical potential smoothly increases instead
of having a constant value, as expected for an ideal two-phase
reaction step. This is also indicated by the potential behavior at
the border between regions 1 and 2, which is not sharp but
smeared out.

partial pressure, correspond formally to Srie§and Sr-
FeQ g751* For both phases, the true symmetry and structure
are, however, still ambiguous due to the subtle oxygen ordering,
leading to unit cells which are 8 or 16 times larger than the
perovskite cell. One proposed structure model for Seeéds
related to the perovskite cell bya?/2 x 2av/2 x 2a with
tetragonal symmetry, the space group bd#gymm The main
structural difference with respect to the brownmillerite-type
structure is the transformation of the native ke€trahedral
layer into a layer containing rows of isolated square-plang®§e Further discussion is needed to explain the absence of
bipyramidal units, alternating with rows of corner-sharing feO  Superstructure reflections for the SrGoephase. From a purely
octahedra. For SrFe(s a similar structural framework was ~ structural point of view, this phase can be easily obtained in a
reported, with orthorhombic symmetry, space gr@upmm and topotactic way via removal of O from the ideally ordered
a smaller unit cell related to the perovskite cell B2 x 2a SrCoQ 75 phase shown in the inset of Figure 6. The critical
x av'2. Compared to SrFeQss the octahedral rows in the point is related to the fact that this transformation is not univocal
native FeQ layer are here reduced to isolated units of planar Put can be obtained in different ways. Two simple possible
Fe,0s bipyramids. For a schematic view of the two structures, models are briefly discussed herein, leading to two different
see Figure 7. For clarity, only the evolution of the native FeO Structures for the SrCoQs phase, as schematized in Figure 7.
tetrahedral layers is shown. A first crystallographically simple solution would be to remove
We tried to apply these two structural models in order to @ll 0xygen atoms from the 2b position of tié/mmmmodel
refine the ordered intermediate phase observed by in situ neutror(Se€ the table in the Supporting Information and Figure 7d),
diffraction. A successful refinement was possible only in the Which leads to the formation of rows of Ca®lanar squares
tetragonal space groug/mmm as we were not able to index separated by rows of Cgctahedra, as indicated in Figure
all superstructure reflections in the orthorhomBimmmspace - -
group of SrFe@7s No extra oxygen vacancies were taken into (30) f;%)gR?g)@éfSnéugogjeéﬁiz'gfetzchm?t%r “Fjlisé?:gi}e?figiécl’_ ;4F2’g;netier,
account for the refinement of SrCeg). The structure is shown J.; Anne, M.Solid State Commuri.987, 62, 231234, ‘
in the inset of Figure 6, and the refined cell parameter values 1) gegé’s“gsg’”b?'EVF;?rﬁf'C,\‘j&'ctg-;Cglgf;‘l‘ég';’_'-Efggg'g‘g‘éziigfé?‘(g’ S:
Evain, M.; Boucher, F.; Gourdon, O.; Petricek, V.; Dusek, M.; Bezdicka,

(29) Tofield, B. C.; Greaves, C.; Fender, B. E.Mater. Res. Bull1975 10, P.Chem. Mater1998 10, 3068-3076.
737—745. (32) Dann, S. E.; Weller, M. TJ. Solid State Cheni.995 115 499-507.
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Figure 7. Model for the structural changes in the native tetrahedral layer observed during the electrochemical oxidation gt Sri®@ree different
regions of the reaction are outlined. The different structural elements are designed schematically, and slight distortions are not outlinéal atlcvde
direct comparison with the undistorted cubic perovskite SrCdOr clarity, only one plane, hosting the native tetrahedral units of the original Sr£oO
phase, is reported.

7b. A second possibility is to remove the same quantity of measured under the same experimental conditions. From this
oxygen from the octahedral rows of the SrCg@ structure additional experiment we were able to clarify two points. First,
(Figure 7d), leading to the ordered model of the SrggPhase we could see that reflections indexed in the averaged cubic
schematized in Figure 7c, characterized by rows of isolated perovskite cell ash00) or (hO) are clearly separated into two
C0,0g square bipyramidal units, as found for the homologous distinct diffraction peaks, whereashh) reflections turned out

SrFeQ 75 phase inCmmmt4 to be unique (see parts a, b, and c of Figure 8, where the profiles
The reason that no superstructure reflections are observed inof (111), (200), and (220) reflections are shown for both phases).
the NPD study for the electrochemically obtained SrgeO The high angular resolution of synchrotron radiation XRPD

phase might, in fact, be related to the presence of the two phasegiata allowed us to gain knowledge about the structure obtained
represented in Figure 7b,c. They might be present simulta- from NPD data, where we were not able to observe the
neously at a microscopic coherent level, causing the loss of long-peak splitting reflecting the weakly distorted tetragonal sym-
range order for this stoichiometry. Of course, we cannot rule metry of the SrCo@g, phase and where refinement of the lat-
out the simultaneous presence of additional ordered intermediatetice parameter did not allow unambiguous assignment of a
phases. non-cubic symmetry, within the error bars. The XRPD analy-
3.3. Ex Situ Synchrotron Radiation XRPD Studies of the sis clearly indicates that the symmetry of the inter-
SrCo0;,.g, Phase.The hypothesis of the ordered intermediate mediate SrCo@s,phase is indeed not cubic but tetragonal, with
phase SrCo&kao07 refined in I4/mmm implies indeed a  lattice parameters corresponding do= b = 3.84152(5) A
tetragonal symmetry, which we were not able to confirm by andc = 3.83093(6) A, leading ta = b = 10.865 A andc =
the in situ neutron diffraction experiment. This may be related 7.662 A for the orderetd/mmmstructure. The assignment for
not only to the insufficient instrumental resolution for peak the a-, b-, and c-axis lattice parameters was done taking
separation but also to the increased mosaicity of the phases duénto account the relative peak intensities, which ideally
to the low reaction temperature and also to possible non- should be about 2 times larger in the case of the superimposed
stoichiometry phenomena. (200)/(020) reflection peaks compared to the unique (002)
The determination of the crystal structure of complex solids reflection.
such as non-stoichiometric oxides is a difficult task, and different  second, we were able to observe very small superstructure
sets of diffraction data, combined with the use of other reflections (see Figure 8d), corresponding to the ones already
techniques, may be useft** In this work, in order to  opserved, e.g., at = 2.48 and 2.08 A during the in situ NPD
investigate the true symmetry of the intermediate phase Sr-experiment (see Figure 4). This supports, on one side, the
C00; g2t0.07 an electrochemically prepared sample of nominally correctness of theas?/2 x 2av/2 x 2a superstructure unit cell,
SrCoQ.g2composition was measured ex situ on the synchrotron pyt it also underlines the non-magnetic origin of the superstruc-
radiation high-resolution powder diffractometer BMO1B at the tyre reflections found by neutron diffraction.

ESRF. For comparison, the cubic perovskite SrggWas also 3.4. Concluding Remarks on the Structural Changes
(33) Garcia-Martin, S.; Alario-Franco, M. A.; Ehrenberg, H.; Rodriguez-Carvajal, churrlng dunng the Ele,CtrOChemlcal Oxidation. The topo-
J.; Amador, U.J. Am. Chem. So@004 126, 3587—3596. tactic uptake of oxygen in the tetrahedral Gd@yer can then

(34) Cussen, E. J.; Rosseinsky, M. J.; Battle, P. D.; Burley, J. C.; Spring, L. E.; ; ; B ; ;
Vente, J. F.; Blundell, S. J.; Coldea, A. I.; SingletonJ JAm. Chem. Soc. resume, as illustrated schematically in Figure 7. The separation

2001, 123 11111122, into three sections corresponds to regions 1, 2, and 3 of the
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Figure 8. Comparison of the reflection profiles (111), (200), and (220) between the perovskite $ygth@ squares) and the intermediate phase Sr&nO
(open circles), parts (a), (b), and (c), respectively. Powder patterns have been measured using X-ray synchrotron diffraction at the beamhf@l8NBL B
installed at the ESRF. (d) The weak superstructure reflectibvrs 2.48 and 2.08 A), marked by stars, already observed in the in situ NPD experiment (see
Figure 4). The index of the stronger reflection on the left side (d) is (111) with respect to the cubic perovskite unit cell, or (4023/mrtimeunit cell.
Asterisks mark the superstructure reflections indexed (332) and (303) id/thenmcell.

potential curve obtained during the electrochemical oxidation
(see Figure 3). SrCof (Figure 7a) transforms topotactically,
in a two-phase reaction step, into SrCg®(Figure 7b,c). As
no long-range order has been observed for this phase, we haveCoO; oo with a Curie temperaturel, ~ 300 °C, neutron
to assume a coherent mixing of the two ordered phasesdiffraction is adequate to study any electronic, i.e., magnetic
containing (in the planes of the native CpQ@etrahedra)
simultaneously Cogoctahedra and square planar Gaiits
as well as square planar bipyramidabOgunits. The disordered
SrCoQ 75 phase then transforms, in a one-phase reaction step,type structure, since Gb (3d°) usually adopts ai$ = 0 low-
into the disordered SrCafgss phase through the formation of
an ordered intermediate phase stoichiometrically centered atthe magnetic properties of the brownmillerite can be monitored
SrCoQ g2 and which is structurally isotype to SrFe&s
Even though there is still some doubt about the real symmetry reflections, which are of purely magnetic origin, as they are
and space groups of the intermediate phases, the structuraforbidden in the twd-centered space groupmmaand 2mb
evolution with the uptake of additional oxygen atoms in but also forPnmaconcerning nuclear intensities. We have
SrCoQ s principally goes along with the formation of square carried out the electrochemical oxidation of SrGgCas
planar bipyramidal units and the subsequent formation of rows described above. In order to be able to resolve the two magnetic

of corner-sharing octahedra.

3.5. Evolution of the Magnetism during the Oxygen ¢ - Of _
Intercalation. The magneﬂc proper“es of non-stoichiometric available on the two-axis diffractometer G6.1 at the LLB. This

perovskites have been widely investigatéd?’ and in this _ _ _ lagne
regard, neutron techniques have been among the most informastructure of SrCo@s, which would immediately cause signifi-

tive 343538
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Since the simultaneous intercalation of 0.5 oxygen atom and
release of one electron transforms the antiferromagnetically
ordered SrCo@s into a ferromagnetically ordered metal Sr-

modifications. The oxidation reaction formally implies the
change from C#%" to Co*f, and it is surprising to find such
high magnetic correlations in SrCe@with brownmillerite-

spin state, like in the perovskite LaCe®Any maodification in

directly in the relative intensity ratio of the (120)/(021)

reflection intensities, which appear at very simiwalues, we
have taken advantage of the long wavelength of 4.75 A,

experiment is very sensitive to any modification of the magnetic

cant changes in the relative intensity ratio of the (120)/(021)
reflection doublet, as all magnetic moments are aligned parallel
to thea-axis, resulting in a G-type antiferromagnetically orderd
structure? Figure 9 shows the evolution of the magnetic doublet
(120)/(021) of SrCo@s vs n. We can establish that neither the
cell parameters nor the relative intensity ratio between the two
reflections changes during the oxidation of SrGg@OThe
disappearance of the magnetic doublet, as presented in Figure
9, has a linear dependence on the charge-transfer value
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Figure 9. Evolution of the integrated intensities of the purely magnetic
doublet (120/021) during the electrochemical oxidation of the electrode
SrCoQ s for 0.0 < n < 0.5. (Inset) The doublet, where the bold curves
represents the patterns collectednat 0.0 andn = 0.5. The integrated
intensities of the doublet decrease linearly (main part) without any changes
in terms of the unit cell parameter or even the intensity ratio between the
two reflections (inset).

and the relative ratio of the two reflections remained constant
on oxidation. These results confirm that no magnetic modifica-
tion occurs for the starting phase SrCgthe extra half
electron is directly involved in the formation of the new
SrCoQG 75 phase.

3.6. In Situ EXAFS. Due to its atomic selectivity, X-ray
absorption, both in the EXAFS and XANES regions, has been
widely employed to investigate the local geometry and the
average coordination and valence state of transition metal
elements hosted inside non-stoichiometric perovskités*
Most of these studies refers to ex situ experiments, and only
very recently have the coordination and oxidation states of iron
during the charge and discharge of the LiFgR®ctrode¥' at
current densities typically used in Li ion batteries been
investigated in situ. Due to the logof the atomic species, the
LiFePQ, material represents the ideal candidate for such in situ
experiments. Here we present, for the first time, an in situ
experiment that is able to follow the oxidation process of a
highly absorbing material such as SrCgQs.

3.6.1. Qualitative Description of in Situ EXAFS and
XANES Data. The raw experimental data of the in situ X-ray
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Figure 10. (a) Normalizedux function sampled across the Co K-edge
(XANES region) during the oxidation process: starting curve, continuous
bold line, corresponding to the SrCe&phase; final curve, scattered bold
line, corresponding to the SrCg@phase; selection of the intermediate
curves, continuous light gray lines, corresponding to the average SEC00
stoichiometry. The blue shift of both pre-edge peak and edge positions, as
well as the changes in the white line feature, occurring during the in situ
oxidation process are evident. (Inset) The same spectra in the extended
region above the edge. (b) Evolution of t¢k) functions extracted from

the absorption data reported in part (a); curves are plotted in-12 55
A-lrange. The back spectrum corresponds to the starting Sr&ui@se,
while the front one represents the final SrGe@erovskite phase. The effect

of the oxidation is a significant increase of the overall intensity ofyithé¢
functions, mainly due to an increase in the degree of order around the cobalt
atoms. (c) Evolution of thk3-weighted, phase-uncorrected Fourier transform
of they(k) functions shown in part (b) (note that here the orientation of the
oxidation axis is reversed for graphical reasons: front spectrum, Sy£00
phase; back spectrum, SrCeg¢perovskite phase). The increase in order
observed in thg(K) functions along the oxidation process, part (b), is well
visible also in the corresponding Fourier transforms. This ordering
phenomenon is observed in the enieange reported. Of particular interest

is the 4.5-6.6 A region, where the Fourier transform signal is within the

absorption experiment during the oxidation process are shownngijse level in the first stages of the experiments, growing progressively as

in Figure 10a, just after pre-edge subtraction and edge-jump
normalization. The first spectrum, corresponding to the SigoO

a function of the evolution of the oxidation process.

phase, is presented as a continuous bold line, while the last onecorresponding to the SrCe@ phase, is reproduced with a
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Chem. Soc1995 117, 8557-8566.
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177, 1000-1010.
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scattered bold line. A selection of the intermediate spectra is
depicted using continuous light gray curves. The main part of
Figure 10a shows the XANES region (7707750 eV), while

the first part of the extended region of the normalizedpectra

is given in the inset (77408020 eV).

The XANES part of the spectrum clearly indicates a blue
shift by about 2.0 eV of the edge position, accompanied by a
progressive increase of the white line (first resonance after the
edge) intensity of 0.09 normalized unit, from 1.13 to 1.22.
The former feature reflects the increase in the average oxidation
state of cobalt during the electrochemical process, while the
latter testifies to an increase in the average coordination state
of the absorbing atoff(Co in this case). In the pre-edge region,
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the dipole-forbidden 1s> 3d transition shifts from 7711.0 to  SrCoQ o perovskite phase, not present in the initial SrgeO
7711.9 eV, with a weak intensity increase and a significant brownmillerite phase.
broadening in the high-energy tail of the peak upon moving  3.6.2. Quantitative Analysis of the in Situ EXAFS and
from the SrCoQs phase to the SrCof phase. By looking at ~ XANES Data and Comparison with the Parallel NPD
the overall set of spectra in the extended region (see inset), aResults. The first step in the quantitative analysis of the EXAFS
large number of isosbestic points (points where the intensity of data has been the reproduction of the experimental EXAFS
all spectra of the series is the same) is observed: 7715.2, 7726.6signals of the final SrCogy perovskite and of the initial
7781.6, and 7808.6 eV, etc. This is an elegant spectroscopicSrCoG s brownmillerite compounds using the theoretical phases
proof that the SrCog) phase is transforming progressively into  and amplitude signals generated by FEFF8 &bda clusters
the SrCoQ phase. Well-defined isosbestic points are routinely constructed from the structure obtained from diffraction refine-
observed in high-quality IR experimefitdut are very rare in - ments (section 3.2). For homogeneity reasons, the simulations
X-ray absorption spectroscopy. have been performed on both systems by reproducing the most
The evolution of they(k) functions extracted from the relevant single-scattering and multiple-scattering paths within
absorption data reported in the inset of Figure 10a is shown in a global path length of 8.0 A, corresponding to a bond length
Figure 10b in the 2.0612.65 A range. The effect of the  of 4.0 A for single-scattering paths. The experimental EXAFS
oxidation causes a significant increase in the overall intensity signal of the SrCogy perovskite phase has been perfectly
of the x(K) functions. This fact was already appreciable for the reproduced in a straightforward manner from the fixed geometry
raw ux spectra shown in the inset of Figure 10a, but here it is given by diffraction data, optimizing only Deby&Valler factors
much more evident. Three main factors can lead to an increaseand a singleAE parameter. Conversely, more delicate has been
in the intensities of thg(k) oscillations?®a-¢ (i) an increase in the reproduction of the starting SrCe©system, for which
the average coordination number around Co; (ii) a decrease inunusually large DebyeWaller factors have been obtained,
the dynamic Ce-O Debye-Waller factor, reflecting a strength-  reflecting the higher degree of disorder of the brownmillerite
ening of the Ce-O bond; and (iii) an increase in the degree of phases.
order around cobalt, which causes a decrease in the static part Before starting to analyze the intermediate spectra, it is worth
of the EXAFS Debye-Waller factor. Point (i) must play arole,  recalling the local nature of the information that can be extracted
as during the electrochemical oxidation we are introducing from EXAFS and XANES, which complement the long-range
oxygen atoms in the lattice, progressively transforming all order-based information obtained from NPD (see section 3.2,
tetrahedral Co sites (four-fold-coordinated) to octahedral ones yhere we learned that in the 0<0n < 0.5 region the SrCog
(six-fold-coordinated). Point (iii) is also expected to play an and SrCo@sphases coexist, while in the 05n < 1.0 region
important role, as the final SrCa@phase exhibits only almost e have basically a single SrCe.» phase). Being able to
perfect octahedral sites (with a single first-shel-distance  reveal the average changes occurring only few angstroms around
at 1.92 A), while the SrCog; brownmillerite phase exhibits  co atoms, EXAFS will basically monitor the progressive
half of the Co in a strongly distorted octahedral geometry (four transformation of tetrahedra into octahedra through pyramids
planar Ce-O distances at 1.92 A and two axial €0 distances  gccurring upon oxygen intercalation, without being able to
at 2.20 A) and the remaining half in a strongly distorted gjiscriminate whether this transformation results in one or more
tetrahedral environment (with G distances in the 1.84 ordered phases. From a simple inspection of the inset in Figure
1.96 A range). 10a, the high number of isosbestic points, as well as their prefect
Thek®-weighted Fourier transform of thek) spectra, shown  gefinition, implies that X-ray absorption spectroscopy is basi-
in Figure 10c, clearly supports what was discussed above in ca|ly observing the transformation of a phase A into a phase B.
terms of the strong increase in the first coordination shell along This means that a simpler model must be adopted for analyzing
the oxidation experiment. The data in Figure 10c allow us t0 the EXAFS and XANES data.
go one step further in the conclusions obtained from the EXAFS  \y/a then simulated the geneiih experimental spectrum of
experiment. In fact, the EXAFS signal of the starting St600  he in situ experiment as the linear combination of the two

phase exhibits well-defined contributions up to 4 A, while at reference spectra of the SrCegperovskite phase [EXAFS-

higherR values no constructive contribution is observed above (E;)] and of the SrCo@s brownmillerite phase [EXAFSYE)]:
the noise level (see the first curve in Figure 10c). Along the : i :

oxidation process, we do not just observe a progressive increase
of the three peaks in the 6-4.0 A range, but we also observe The Red. Oxy __
the appearance of four new and well-defined features in the EXAFS o(a')q Vi) =
4.5-6.6 A region. It is not common to observe such strong xped EXAFSRed(Ri) +yXEXAFS™(R) (3)

EXAFS contributions for such large values. This fact is direct

proof of the high degree of order (on the local ground) of the whereR (j = 1, 2, 3, ...,N) are theR values where the

(48) (a) Berlier, G.; Spoto, G.; Bordiga, S.; Ricchiardi, G.; Fisicaro, P.; Zecchina, e>'(per|m(.antal spectrq shown in Figure 10c have been Cog(‘pmed
A.; Rossetti, |.; Selli, E.; Forni, L.; Giamello, E.; Lamberti, C. Catal. with a discrete Fourier transform approach, aﬁad and Y,
2002 208 64—82. (b) Berlier, G.; Spoto, G.; Fisicaro, P.; Bordiga, S.; ; B ;
Zecchina, A.; Giamello, E.; Lamberti, Glicrochem. J.2002 71, 101— are the fractions of SrCo3 brownmillerite and SrCoéx

116. (c) Bordiga, S.; Damin, A.; Bonino, F.; Zecchina, A.; Spano, G.; perovskite phases, respectively. The latter two parameters are

Rivetti, F.; Bolis, V.; Prestipino, C.; Lamberti, Q. Phys. Chem. B002 i _ AR
106 9892-9905. (d) Bonino, F.; Damin, A.: Ricchiardi, G.; Ricci, M.; optimized by standard least-squares methods, minimizing the

Spano, G.; D'Aloisio, R.; Zecchina, A.; Lamberti, C.; Prestipino, C.; function F(xiREd,yiox), defined as

Bordiga, S.J. Phys. Chem. B2004 108 3573-3583.

(49) (a) Zecchina, A.; Scarano, D.; Bordiga, S.; Spoto, G.; LambertAdz.
Catal. 2001, 46, 265—-397. (b) Groppo, E.; Lamberti, C.; Bordiga, S.; Spoto,  (50) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SHbys. Re. B
G.; Zecchina, AChem. Re. 2005 105 115-187. 1998 58, 7565-7576.
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E (XiRed,yiOx — SrCoO, oxygen stoichiometry x SrCo0, |

12 2.'5 256 2.'7 2;8 2;9 3;0 : 3.'0
N ) Region1 i Region 2! Region 3 |
E Th Red, Oxy12 2 {@a) z :
Z[EXAFSi “P(R) — EXAFS™(R x5y )]° (4) Eio] ws : : 17255
1= - \.=
o . £ fage
We are thus dealing with a two-parameter fit, where the sum g 0.8 . , L 7725.0 %
. . = %o

of the fractions¢*** andy/™ is not forced to be equal to 1.00. 2 _1x™xANES T NEXAFS o 2
This means, consequently, that a significant deviation of §  |% XANES-—O- V" EXAFS —O— |-77245 g
X+ y>* from 1.0, accompanied by a decrease in the quality £ o4 ' 9
of the fit, would imply that the two-phase model is not adequate %’ 77240
for reproduction of the experimental data. The circles in Figure 2 0.2+
11a represent the optimized®® (full circles) andy®* (open @ o] -

circles) factors for all the EXAFS spectra collected during the , 1.0s4+— i
in situ experiment. The full circles in Figure 11b represent the 7, 1
i

Red Ox ]
X Ty sum. . *095](D) e Exars  —m xanEs
The same approach has been applied to the sequence of T T T T T y y
. . . Rad Ox 0.0 0.2 0.4 0.6 0.8 1.0 1.0
XANES spectra (Figure 10a), and the ophmméi? andy; Charge transfer n (electrons/formula unit)
factors are shown in Figure 11a using full and open squares, Figure 11. (a). Left axis: evaluation of the reduced (full symbols) and
respectively. A remarkable agreement is obtained for both oxidized (open symbols) phases as obtained from the XANES (squares)

Hlari ; and EXAFS (circles) data. Right axis: shift of the edge position, which
brownmillerite (full symbols) and perovskite (open symbols) correlates well with the evolution of the oxidized fraction as estimated by

by using both EXAFS (circles) and XANES (squares) data.  poth XANES and EXAFS (full line). (b) Sum of the oxidized and reduced
Also shown in Figure 11a is the edge position (full line, right fractions as obtained from the XANES (squares) and EXAFS (circles) data.
ordinate axis) measured at the inflection point. When ad hoc The egpeficfjnentm data ibeOth EXAFS afnd XA’\:1ES fegio?s can be perfelc;ly”
. : : : reproduced assuming the presence of two phases only. The vertical fu
superimposed Wl_th the fr_aCtl_or_] of t_he perovskite phase _(open line represents the end of the oxidation run for the Sr&pQanode; for
Symbols, left ordinate aX|S), it is evident that the blue shift of higher times the stoichiometry does not change from Sego@nd the
the X-ray absorption edge due to the oxidation process well electron flux just oxidizes the water of the solution. According to the slopes
mirrors the formation of the SrCa@ phase. of the oxidation process monitored by both XANES and EXAFS, three

Coming to the discussion of the data in Figure 11b, we see different regions have been identified (see vertical dotted lines). This
' behavior well mirrors the evolution of the electrochemical potential (Figure
that the Suma(iRecj + yiOx obtained from EXAFS data (circles) 3) and that observed in the in situ NPD experiment (see, e.g., Figure 5c).
differs from 1.00 by less than 0.02 for all but three of the spectra.
In those three cases, values of 180X+ y°*) of +0.03, the 0< n < 0.45 region we observe the expected'Ce CoV
—0.05, and—0.05 were obtained. Similar conclusions can be -+ e~ charge transfer; (ii) in the 0.45 n < 0.65 region we are
drawn from the same sum obtained from XANES data (squaresdealing with G- — O~ + e; and (iii) in the final 0.65< n <
in Figure 11b), which differs from 1.00 by less than 0.01 along 1 region we are dealing with the simultaneous presence of both
the whole set of spectra. The results reported herein give furtherCd" — CdV + e~ and O + Co" — O>" + CoV charge-
support to the hypothesis that the average local structure aroundransfer transitions.
Co can be interpreted as a progressive evolution from that In this regard, it should be noted that SrGa@ is the first
present in the SrCof3 brownmillerite phase to that of the system showing the formation of Ospecies during the
SrCoQ; perovskite phase. This fact is not surprising as, on intercalation reaction. For LAiO4.s, where oxygen can be
the local ground probed by both XANES and EXAFS tech- intercalated on interstitial sites, it has been proven by structural
niques, we are basically observing a progressive transformationanalysis of single-crystal neutron diffraction data, using the
of the tetrahedral CoQpresent in the starting phase into maximum entropy method, that the intercalated oxygen must
octahedral Co@units of oxidized phase. The presence of the be assumed to be?05! This interpretation has been confirmed
intermediate phase, observed by diffraction techniques (Figure by theoretical calculations on the electronic structure within the

~e® 9® ®

o\ yo.g.v

5¢), is not necessarily visible with this local technique. density functional theory approaéh.
Notwithstanding this limitation, a careful inspection of all We can conclude that the SrCe§— SrCoQ o transforma-
the experimental data summarized in Figure 2%%andy® tion occurs in a three-region step mechanism, as evidenced

factors obtained from both EXAFS and XANES data and edge independently by electrochemical measurements (Figure 3), in
position) shows that the transformation'€e> CdV is not linear situ NPD (summarized in Figure 5c), and in situ XANES/
along the whole experiment. A linear evolution of the five EXAFS (summarized in Figure 11). Considering that reproduc-
experimental parameters presented in Figure 11a is observedbility problems result from problems related with electric
in the 0< n < 0.45 region. The system then seems to be almost contacts caused by the large volume variation undergone by
unchanged in the 0.45 n < 0.65 region. Finally, in the 0.65 the electrode during the complete SrGgO— SrCoQ
< n < 1.0 region the five parameters again undergo a variation transformation, the rather good correspondence ohtlmits
characterized by greater slopes with respect to those observediefining the three regions according to the three independent
in the 0< n < 0.45 region. When performing a linear fit of the  experiments is rather convincing.
data in regions 1 and 3, we observe that the absolute value of
the angular coefficients of both the oxidized and the reduced (1) &%slzsg!ussf; ﬁéﬁ%‘;ﬁ%ﬁﬁEggr'fg’fftf{oﬁﬁif;g‘uv d"'s;&?!éé"zegézc”' A
fractions in region 3 is almost double that found in region 1. 4, 565-573. (b) Le Toquin, R.; Paulus, W.; Cousson, A.; Dhalenne, G.;
These observations allow us to tentatively hypothesize the . Revcolevschi, APhysica B2004 350, e269-e272.

. . " . (52) Frayret, C.; Villesuzanne, A.; Pouchard, ®hem. Mater2005 17, 6538~
following three-step mechanism for the charge transfer: (i) in 6544.
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4. Concluding Remarks mobility of oxygen in a solid matrix. In this context, it is worth
The most surprising result found during the electrochemical MeNtioning that the polarizability of oxygen ions may also play
oxidation of SrCoQs s the oxygen ordering of the intermediate & key role for oxygen diffusion in solids.
phase that happens at room temperature. Using a combination It is thus clear that the general assumption that a good ionic
of in situ NPD and ex situ synchrotron X-ray diffraction, we conductor is always associated with structural disorder phe-
were able to characterize the intermediate phases Srga@d nomena, and that reciprocally all structural disorder may favor
SrCoQux007, and we propose a model of the reaction any ionic conduction, is questionable when explaining low-
mechanism on a structural ground that allows the diffusion of temperature oxygen conduction, as complex ordered structures
oxygen ions into a very dense structure. Using in situ XAFS, can be involved in the reaction mechanism, as shown for
we have found a nonlinear evolution of the Co valence state SrCoQ gz10.07. Low-temperature ion conduction and especially
from Co(lll) to Co(IV), giving evidence for the formation of  anion conduction might, however, be restricted to compounds
O~ species. It thus underlines the extreme complexity of how that are able to modify coordinati@ndvalence states for both
topotactic solid-state reactions proceed, especially at low cations and anions in a competitive way, thereby reducing
temperatures, i.e., far away from thermal equilibrium conditions. considerably the anion radius during each diffusion step, which
In terms of chemical reactivity concerning oxygen intercalation significantly helps to minimize the activation energy for
into solid oxides, we must assume a competitive interplay of diffusion processes.
several parameters, including an appropriate electronic band
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