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Zn;—,Cu,AlL,O4 (0 < x < 0.30) compounds have been synthesized by polyesterification using metallic salts and
annealing at low temperatures as well as by conventional solid state. XRD-powder data refinements (Rietveld
method) have demonstrated that both compound series crystallize in the spinel structure (Fc3m) and exhibit similar
inversion rates. This low-temperature route lead to metastable phases with crystallite sizes around 40 nm whereas
particle sizes are larger than 1 um in the case of solid-state route. This preparative method largely described in
the literature allows stabilizing reduced copper states thanks to the presence of reductive organic species, which
are decomposed below T= 700 °C. The absorption spectra of the x = 0.15 composition exhibit strong differences
depending on the synthesis route. These differences can be explained by the occurrence of Cu?*/Cu* mixed valencies
in compounds prepared by the low-temperature route; 33% of monovalent copper has been identified in the x =
0.15 composition prepared by low-temperature process, whereas the solid-state compound contains only divalent
copper. Reductive properties of polyesterification reaction implying citric acid and low annealing temperature (T =
700 °C) are mainly responsible of the occurrence of the Cu?*/Cu* mixed valencies. Actually, the annealing under
air at T = 1000 °C of divided zinc—copper aluminates prepared at low temperatures (T = 700 °C) leads to the
oxidation reaction Cu* — Cu®* + e~ confirmed by the evolution of magnetic measurements, ESR spectra, and
optical absorption properties. Defects such as oxygen vacancies in the anionic network leading to reduction in the
cations coordination number could also explain the strong evolution of optical absorption spectra especially around
A = 700 nm where intervalencies transfer (Cu*/Cu?*) as well as intra-atomic d—d transitions (Cu?* in a 5-fold
coordination) can occur. Finally the occurrence of monovalent and divalent copper at the surface of such divided
oxides, probably in tetrahedral sites, has been demonstrated by FTIR spectroscopy using the co-adsorption of CO
and NO as probe molecules.

Introduction valencies can be also stabilized in GuYCaAlOzs

The stabilization of mixed valencies in Cu-based oxides CUSG-MGAIO2+5,°>° and CuBQ.," (B*" are large cations
has been widely studied as well as the impact on electronic SUCh as L&) that adopt the delafossite structures deriving
properties. Thus, Cd/Cu* mixed valencies states have from rocksalt network.This is the case of CuAI©composi-

been found in LgCuQOy4s Or La—BaCuQ, adopting per-
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tion adopting the delafossite-type strucflamd which can
be considered as p-type transparent conductive oxide
(TCO). In CuAIG; delafossite, the occurrence of defects with
Al3* jons in Cu site and interstitial oxygen atoms forming
pseudo-tetrahedral environments around Cu sitest80;")
has been showH.Thus, most of these mixed valencies Cu-
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investigations led to the identification of the €wenviron-
ments in the Zp «CuAl,0O, series. Finally, magnetic mea-
surements and FTIR studies using probe molecules in order
to detect the Cu valence state have been performed.

Experimental Section

based oxides exhibit unusual electronic properties. In the case Polyesterification reaction based on the Pechini prééésas

of CuAl,O, spinel compounds, Cu cations occupy both

been used for the preparation of dividedi ZICUAI 04, (0 < X <

tetrahedral and octahedral sites with an inversion rate closel) compounds. This synthesis is based on the polyesterification

to 35%*! This compound exhibits insulating behavior, but

the optical absorption spectrum reveals the occurrence of

intense bands at the frontier between UV, visible range, and
NIR region due to CaO charge-transfer band and €u
intra-atomic transitions relating to octahedral and tetrahedral
fields, respectively? The creation of CWCW" mixed
valencies into this network should lead to the stabilization
of oxygen vacancies. In the spinel structure deriving from
the rocksalt type structure, few works dealt with anionic
vacancies. This is the case in LiMDy—s, used as electrodes
in secondary batteries, where oxygen nonstoichiometry on
solid-state compounds has been measured by thermogravi
metric technique depending on the oxygen partial pressure.
In CuMn,O,4 spinel, the occurrence of CICW" mixed
valencies are compensated by the presence df Mations
leading to the following formula (Cly Mn?*og)[Cu?tye
Mn3t, ,Mn**t]O, without any oxygen vacancié$.

The occurrence of mixed valencies in such aluminates can
improve the redox catalytic activity of such oxides, as
reported in the literatur® 17

In this study, the stabilization of Cuin Zn—Cu-based

. : t
aluminates and the creation of defects have been a’ttemptetﬁ1

between aa-hydroxy acids such as citric acid (HO-C(OH)-
(CO;H)-(CH,),-CO,H) and a polyalcohol such as ethylene glycol
(HO-CH,-CH»-OH) in a metallic solution: Z#", Al3*, CW#t. This
mixture was brought to the boil on a hotplate, leading to a solution
becoming gradually more and more viscous to finally form a
yellowish solid. The latter was then calcinated on a Bunsen burner
to get an intermediate black powder. This powder was grounded
in an agate mortar and heated up firsffte= 400 °C for 4 h and

then up toT = 700°C for 8 h under air. In this case, the amount
of copper, zinc, and aluminum was controlled by atomic absorption
(CNRS Vernaison Center). The annealing at low temperature (400
°C, then 700°C) during short times allows the elimination of all
organics, especially carbon species since no traces of carbon have
been detected by chemical analysis. This thermal treatment allows
us also to keep small size particles with a large content of defects
(oxygen/cations vacancies). Moreover in such a process, cations
form various complexes and the polyesterification reaction mixes
intimately ions with a rather high homogenelfyBased on the
Pechini patent and related worksthe annealing al = 700 °C
during 8 h isenough to get homogeneous compositions and keep
nanosized crystallized particles.

The same solid solution has also been synthesized by a solid-
state route. Compounds (ZRCuAIO4, 0 < x < 1) were prepared
arting from binary oxides (CuO, ZnO, and 8%) of high purity

stoichiometric amounts. The mixtures are heated at @O0

in order to follow the evolution of optical absorption bands during 12 h and slowly cooled down. Several grindings and

in the UV—vis—NIR region associated with electronic
transitions involving copper cations. Moreover the stabiliza-

annealings are necessary to obtain pure phases. Chemical composi-
tions have been controlled by microprobe analysis.

tion of nanoparticles or metastable phases allows the decrease Powder X-ray diffraction patterns have been collected on a
of Madelung potentials on each site because of the increasingPhilips X’Pert MPD X-ray diffractometer with BraggBrentano

of surface/bulk ratio leading to the reduction of coordination
numbers and valence states for cationic sites. A non-

geometry, and using Cudg radiation (5< 26 < 12Q°, step of
0.02 and counting time of 30 s) for the compositions prepared by

conventional synthesis route has been used, phases have pedpf Pechini route. Solid-state samples were also characterized by

characterized by XRD, and the structures have been refine
on the basis of powder XRD data (Rietveld refinement). ESR
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59.
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Barnabe A.; Ko, D.; Poeppelmeier, K. RChem. Mater.2004 16,
5616-5622.
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dX-ray diffraction (XRD) in the same conditions, except the fact

that Cu Ko, radiation was used instead of CuK Diffractogramms
have been refined using the Rietveld method with conventional
reliability factors?® Unit cell parameters, atomic positions, oc-
cupancies, and Deby&Valler factors have been refined on the basis
of Fd3m space group hypothesis corresponding to the spinel
structure.

The average particle size and morphology of; Z68uAl,O,
powders obtained by this low-temperature preparative method were
determined by transmission electronic microscopy (TEM, Jeol
2000FX microscope). Size distribution was evaluated from TEM
micrographs by manual counting.

Electronic paramagnetic resonance (ESR) spectra have been
recorded al' = 5 K and at room temperature on a ESR 500 Brucker
spectrophotometer working at= 9.449 GHz in order to identify
the local environments of Cu ions.

(18) Pechini, M. P. U.S. Patent 3,330,697, 1967.

(19) Pascual, L.; Gadjov, H.; Kovacheva, D.; Petrov, K.; Herrero, P.;
Amarilla, J. M.; Rojas, R. M.; Rojo, MJ. Electrochem. SoQ005
152 A301.

(20) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65—71.



Zinc—Copper Aluminate Spinels

Table 1. Rietveld Parameters and Experimental Conditions for Data Colléction

LT

solid-state route

formula

symmetry

reflection conditions
space group

unit cell parameters (A) 8.0825(4)
volume (A3) 528.00(6)
z

radiation Cu Ky

peak shape function Thompson Cox Hastings

Hg = (U + DST?) tar? 6 + Vtan6 + W+ IG/cog 0

Hy = Xtan6 + Y/cos6

DST? = 0.03(1)

IG=0

X=0,Y=0.306(4)
measuring range (deg)

reflections collected 33
parameters used in refinement 18
CRy 0.0752
CRyp 0.0871
RBragg 2.40

Zny 85CU0.15A1 204
cubic
h+k=2nk+1=2n;1+k=2n
Fd3m (No. 227)
8.0850(3)
528.49(3)

Cu Ko, Ko

PyYL+ (1 -G
n = 0.64(2)
H2=Utarf 6 +Vtan6 + W
U = 0.006(2)
V =0.027(6)
W=0.011(2)

°5 20 < 120°
33
20
0.128
0.132
3.22

aCase ofx = 0.15 composition obtained by the low-temperature preparative method (LT) and solid-state route.

Curie constants of various compositions have been deduced fromcommon to three octahedral sites and one tetrahedral site.

magnetic susceptibilities (/= (T + 0,)/C, x = M/H) with
magnetization recorded between 25 and 200 K (increment 50 K)
and magnetic fieldH going from 0 to 50 000 Oe. Magnetic
measurements have been performed on a S.QU.L.D. dete
magnetometer Quantum Design MPMS 5. As the Curie constan
is proportional to the concentration of paramagnetic specie, Cu
concentration in the various compounds can be deduced from
magnetic data.

Oxygen atoms are located in the 32e site (u, u, u).
X-ray data refinements by the Rietveld method have been

cto rperformed on the various synthesized Z&uAl 0, com-
A positions in order to determine accurately the oxygen position

and site’s occupancy. The conditions of data collection have
been detailed for the compositier= 0.15 in Table 1. While
pure phases have been obtained on the whole solid solution

The UV—vis—NIR absorption properties were investigated by for samples prepared by solid-state rotitdor samples

diffuse reflectance spectroscopy using a Cary 5000E spectropho-

tometer, with the 210< 1 < 2500 nm wavelength range. Halon
standard has been used as a white reference.
Fourier transform infrared (FTIR) studies have been performed

prepared by this low-temperature method witte 0.30,
traces of parasite phases identified as copper oxide (CuO)
or metallic copper (CY) can be stabilized (Figure 1).
Moreover, highly divided powders with crystal diameters

on powders outgassed at room temperature with a Nicolet Mag”avarying between 10 and 40 nm (Table 2), depending on the

550 FTIR spectrometer. Probes molecules were introduced at room
e

temperature on the activated samples and then evacuated. Th
spectra have been treated by the Nicolet MONIC software.

Results and Discussion

Rietveld Analysis of Powder X-ray Diffractograms. The
Zn;—xCuAl,O4 phases (& x < 1) adopt a cubic symmetry
with the Fd3m space group related to the spinel-type
structure. In such a structure, cations can occupy either
octahedral sites (16d) or tetrahedral sites (8a) depending o
their affinity for these various environmerftsWhen all

divalent cations are located in tetrahedral sites, the spinel is

defined as a normal one or a direct GAén some cases,
octahedral sites can also be occupied by a fraction or the
totality of divalent cations, forcing an equivalent amount of

trivalent cations to occupy tetrahedral sites. In such cases,

the spinel structure is partially inverted or fully inverted,
respectively. Whatever, octahedral sites in the network are
sharing edges and are forming chains, while tetrahedral site

by 12 octahedral sites. Each oxygen atom of the network is

(21) Cornmack, A. N.; Lewis, G. V.; Parker, S. C.; Catlow, C. R.JA.
Phys. Chem. Solid$988 49, 53—57.
(22) Cooley, R. F.; Reed, J. 8. Am. Ceram. Socl972 55, 395-398.

S
are isolated from each other because they are surroundecé3

copper rate, have been obtained by this low-temperature
process; wide X-ray diffraction lines are so observed (Figure
1). Samples issued from solid-state route are not so divided
and their X-ray diagrams exhibit narrow diffraction lines.
For comparison, Rietveld refinements (experimental, theory,
and difference) for the zn,CuAl,O4 compoundsX = 0,

0.15, and 0.30) prepared by both synthesis routes have been
represented in Figure 1. Consequently, XRD data refinements
for solid-state compounds were led using a pseudo-Voight

function deriving from the Caglioti lawH? = U tar? 0 +

V tand + W, whereas the pseudo-Voight Thomson Cox
Hastings function was preferred for divided compounds
obtained by the Pechini routél§{ = (U + DST?) tar? 6 +
Vtan® + W + 1G/cog 6 andH, = X tan6 + Y/cos#) in
order to take into account the contribution of particle size
on the width of diffraction lines. From th¥ term in the
Lorentzien contribution can be deduced the crystal size
domain of particles. The nanosized feature of the powders
btained by this low-temperature route is illustrated by the
ransmission electronic micrography performed onxhe
0.15 composition obtained by annealinglat 700°C and

(23) Le Nestour, A.; Gaudon, M.; Villeneuve, G.; Andriessen, R.; De-
mourgues, Alnorg. Chem.2007, 46, 0000-0000.
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Figure 1. X-ray data refinement by the Rietveld method for the Z@uAl ;04 compositionsX = 0, x = 0.15, andk = 0.30) obtained by solid-state route
and low-temperature preparative method.

Table 2. Crystal Size Domains Estimated by XRD Analysis and TEM  Rgagg for x = 0, x = 0.15, andx = 0.30 synthesized by

Observation (JEOL, 200 keV) for Various Compositions.Z8uAl 204 esterification process and solid-state route are reported in
Prepared by the Low-Temperature Preparative Method " . . .
Table 3. Compositions witlk > 0.30 did not result in pure
Xin Zn—xCuAl 04 0.15 0.20 ; _
 (nm) estimated by XRD 10.4(4) 2101 phas_es by thls low-temperature process, and only the case
7 (hm) measured by TEM 40 35 of x = 0.30 is reported.

One should have to point out that, whatever xrepper
after thermal treatment &= 1000°C (Figure 2), showing content, the lattice parameter corresponding to the low-
that annealing at high temperature does not affect the sizetemperature process is systematically smaller than for the

and morphology. composition obtained by solid-state route. Moreover, whereas
The atomic positions, isotropic thermal displacements, the a parameter for compositions obtained by solid-state route
occupancies of each site, and reliability factoRs, (Rup, is almost identical for 0< x < 0.30, the cell parameter

4070 Inorganic Chemistry, Vol. 46, No. 10, 2007



Zinc—Copper Aluminate Spinels

favorable?® In the case of compounds prepared by the
Pechini proces¥ an inversion of 8% (1) has been found by
XRD data refinement, whereas an inversion rate of 3% (1)
has been refined in the case of solid-state réut€he
observed inversion rate in Znf, (~8%) prepared by
this low-temperature method can be understood as a conse-
guence of the nanosized effect on the cationic distribution
leading to a stabilization of a larger amount ofAtations
in tetrahedral sites. Nevertheless?’Al MAS NMR study
Figure 2. Transmission electronic micrographs_of the com_position on the ZnAbO, compounds prepared by this preparative
x = 0.15 prepared by low-temperature preparative method just after .
synthesis (left) and after annealing Bt= 1000 °C under air for 12 h method has revealed a comparatively weaker amount of
(right). 4-fold coordinated A} cations (around 2%). This study
indicates on the other hand the occurrence of 5-fold
coordinated Al" cations (around 4%) in the compound,
suggesting the presence of oxygen vacancies and, conse-
. quently, the presence of locally rearranged coordination sites
around the defects. Actually this low-temperature method
leads to the formation of nanoparticles wheré*Atations
can be found with a lower coordination number than in
octahedral sites as reported in direct spinel ZAprepared
. by solid-state route. The preparation of nanoparticles allows
] forcing polarizing cations such as#lions to reduce their
80754 —m— low temperature process Madelung potential and then to adopt tetrahedral or 5-fold
-o-- solid state route coordinated sites into the spinel framework. This is the
occurence of Cu° and Cuo | reduction of Madelung energy into zinc aluminate nanopar-
- . . T . ticles that leads to the creation of defects such as oxygen
-0.1 0.0 0.1 . 0.2 0.3 0.4 Vacancies.
Copper rate x in Zn, Cu Al,0, CW2* cations are known to be preferentially stabilized in
Figure 3. Variation_oftheblattice rE)aramﬁter'forthe variou&zlﬁ?L&AIﬁO4l octahedral coordination than in tetrahedral éh&hat is
o B e o et aagy " essentially why partally inverted structures were expected
for Zn;—,CuAl,O4 (x = 0). However, C&" cations have a
corresponding to compositions obtained by this low-tem- 3d® electronic configuration, leading the octahedral coordina-
perature method exhibits stronger variations despite thetion to a strongly stabilized distorted octahedron due to the
standard deviation values, passing through a maximun at Jahn-Teller effect of this 38 configuration. For the spinel
= 0.15 and strongly decreasing up to 8.079 Axoer 0.30 structure, it has been already demonstrated that a limited
while for CuALO, obtained by solid-state route, the cell Jahn-Teller cooperative distortion was supported by the
parameter is equal to 8.078&(Figure 3). network!* Pure CuA}O, obtained by solid-state route is not
This gradual decreasing of the cell parameter is directly indeed a totally inverted spinel, but its inversion is limited
linked, in a first approach, to the introduction of Cications to around 359%8 Electronic and sterical effects leading to
in the network instead of Zn cations, copper cations being the stabilization of C# cations in tetrahedral and octahedral
smaller than zinc catioAsand more polarizing as well ina  sites are mainly responsible for this limited inversion rate.
4-fold or 6-fold coordination. The evolution of structural features as well as optical
Structural refinements on both the series indicate also aabsorption properties of the ZRCuAl,O, solid solution
similar variation of the oxygen position in the 32 e site versus obtained by solid-state route at high-temperatufe=
the copper rate in the spinef® This result indicates that 1000 °C) have been described and discussed in a recent
the cation-oxygen distances in 8a and 16d sites of the spinel paper??
network evolve in the same manner whatever the preparation In the solid solution, Zn,CuAl,O,, Zn?" ions are
mode. assumed to occupy mainly tetrahedral sites while other
ZnAl,O, is always described in the literature as a normal cations have a strong preference for octahedral coordination.
spinel (Zri#* cations are located in 8a sites, and*Atations The inversion rates corresponding to the Al occupancy in
are occupying 16d sited).For some examples, a small tetrahedral sites are given in Table 3. In the case of spinels
inversion is observed in cases of samples prepared bysynthesized by esterification reaction considering that zinc
alternative synthesis roufésuch as setgel or hydrothermal cations occupy tetrahedral sites, the copper content in
routes. Calculations based on normalized ion energy method

8.090 . . . | . r . .

8.085

8.080

Lattice parameter (A)

8.070

(26) Grimes, R. W.; Anderson, A. B.; Heuer, A. B. Am. Chem. Soc.

also show that inversion in ZnfD, is not energetically 1089 111 1-7.
(27) Burns, R. G.Mineralogical Applications of Crystal Field Theary
(24) Shannon, R. DActa Crystallogr. A1976 751. Syndics of the Cambridge University Press: Cambridge, 1970.
(25) Van der Laag, N. J.; Snel, M. D.; Magusin, P. C. M. M.; De With, G. (28) Otero Arean, C.; Diez Vinuela, J. $. Solid State Cheni.985 60,
J. Eur. Ceram. S02004 24, 24172424. 1-5.
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Table 3. Atomic Positions, Isotropic Thermal Displacements, and Reliability Factors of the VariaugsCigAl .04 Compositions (Powder Rietveld
Analysis)

ZnAl,0,4 (Fd3m), X-ray Refinement

atoms site X y z biso occupancies
Low-Temperature Preparative Methad:é 8.0799(6) A,CR, = 8.97%,CRup = 9.81%,Raragg= 3.65)
Znl 8a 1/8 1/8 0.665(66) 0.920(10)
All 8a 1/8 1/8 1/8 0.665(66) 0.080(10)
Zn2 16d 1/2 1/2 1/2 0.66(12) 0.039(6)
Al2 16d 1/2 1/2 1/2 0.66(12) 0.960(6)
e} 32e 0.2639(5) 0.2639(5) 0.2639(5) 0.46(16) 1
Solid-State Routex(= 8. 0861(2) ACR,=10.6% CRNp = 14.3%,Raragg = 4.44)
Znl 8a 1/8 0.79(7) 0.967(3)
All 8a 1/8 1/8 1/8 0.79(7) 0.033(3)
Zn2 16d 1/2 1/2 1/2 0.79(10) 0.016(2)
Al2 16d 1/2 1/2 1/2 0.79(10) 0.984(2)
o} 32e 0.2649(3) 0.2649(3) 0.2649(3) 0.74(14) 1
Zno.g=Clo.15A1 .04 (Fd3m), X-ray Refinement
atoms site X y z biso occupancies
Low-Temperature Preparative Methcm:é 8 0825(4) ACR, = 7.52%,CRup = 8.71%,Rgragg= 2.40)
Zn1/Cul 8a 1/8 1/8 0.91(8) 0.92(1)
All 8a 1/8 1/8 1/8 0.91(8) 0.08(1)
Cu2 16d 1/2 1/2 1/2 1.00(15) 0.040(6)
Al2 16d 1/2 1/2 1/2 1.00(15) 0.960(6)
O 32e 0.2636(4) 0.2636(4) 0.2636(4) 0.61(17) 1
Solid-State Routea(= 8. 0850(3) ACPp =12.8% CRNp 13.2%,Regragg= 3.22)
Znl/Cul 8a 1/8 1.104(68) 0.918(9)
All 8a 1/8 1/8 1/8 1.104(68) 0.082(9)
Cu2 16d 1/2 1/2 1/2 1.06(11) 0.040(5)
Al2 16d 1/2 1/2 1/2 1.06(11) 0.960(5)
e} 32e 0.2636(4) 0.2636(4) 0.2636(4) 1.11(15) 1
ZNo 76CUo 30Al:04 (Fd3m), X-ray Refinement (Presence of CuO and@s Impurities)
atoms site X y z biso occupancies
Low-Temperature Preparative Methczd:é 8 0793(5) ACR, = 10.6%,CRup = 10.9% RB,agg 2.96)
Znl/Cul 8a 1/8 1/8 1.20(12) 0.84(2)
All 8a 1/8 1/8 1/8 1.20(12) 0.16(2)
Cu2 16d 1/2 1/2 1/2 1.36(20) 0.082(9)
Al2 16d 1/2 1/2 1/2 1.36(20) 0.918(9)
e} 32e 0.2631(7) 0.2631(7) 0.2631(7) 0.74(23) 1
Solid-State Routea(= 8. 0849(2) ACR,=13.6% CRNp 12.0%,Raragg= 2.43)
Znl/Cul 8a 1/8 0.761(49) 0.846(8)
All 8a 1/8 1/8 1/8 0.761(49) 0.154(8)
Cu2 16d 1/2 1/2 1/2 0.681(73) 0.077(4)
Al2 16d 1/2 1/2 1/2 0.681(73) 0.923(4)
O 32e 0.2634(3) 0.2634(3) 0.2634(3) 0.81(10) 1

tetrahedral and octahedral sites remains identical, whateverf the occurrence of strong steric and electronic constrains.
the copper rate for 0 < x < 0.30. In the case of the solid-  This hypothesis will be discussed in the following para-
state route, the copper content in tetrahedral and octahedragraphs. The larger decreasing of the cell parameter for 0.15
sites seems also identical, but the copper rate in tetrahedral< x < 0.30 compositions prepared by this low-temperature
sites slightly increases for > 0.40 and becomes equal to process can be attributed to the formation of a larger defect
65% for CuAbO,. Above the composition = 0.60~ 4/7, rate such as anionic vacancies associated or not to cationic
the preferential coordination for copper switches from the vacancies and to the evolution of Cu valence state as the
octahedral environment to the tetrahedral one. In thesecopper content increases. The formation of smaller size
conditions, the maximal steric constrains associated to theparticle leads to generation of also smaller oxidation states
Jahn-Teller distortion are reached, so that?Cications at the surface due to the reduction of Madelung energy and
cannot occupy additional octahedral sit&sloreover, in the higher defects concentration. Thus for<0x < 0.15, the
case of the low-temperature method, the formation of copperincrease of the cell parameter is probably associated to the
metal and CuO oxide is observed ®ICu content higher  formation of Cu, CwW" mixed valencies with anionic
thanx = 0.30. vacancies and for 0.15 x < 0.30, the gradual decreasing

The reductive conditions of the polyesterification process of cell parameter is probably due to the evolution of Cu
implying citric acid and ethylene glycol could explain first yalence state.

the formation of Cti cations in tetrahedral environment,

. : _ - UV—Vis—NIR Absorption Properties. As the particle
followed by the disproportionation reaction

sizes are largely lower than the UWis—NIR wavelengths,
2CU — CP + Ci2t @ the transformatlon of diffuse reflecta_nce by the Kube{ka
Munk equation was not applicable in the case of spinels
as the copper rate is larger than or equad $00.30, because  obtained by this low-temperature method. Then, the reflec-
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tance spectra are converted into absorbance by considering : L . : . ' : !
the optical density given by the relationship: BO—log- 1.2 :
(R). ; i

Correlation between structural features and absorption 1.0 ’
properties for Zn «CuAl,O, obtained by solid-state route

Al O, synthesized

x 24

Zn, Cu

by the low temperature preparative method
x=0.15

has been developed in detail in a recent pdpBecause of % 0.8 -

two coordination numbers for copper cations in spinel 2

network, two intra-atomic € d transitions related to copper- 1 g¢-
. . o

(1) in octahedral and tetrahedral sites are expectge-(e =1

and e— t,, respectively). Octahedral transition occurs with 04
a weak probability, because distorted octahedral sites in ]
spinels Dsq) are “pseudo-centrosymmetric” whereas tetra- |
hedral transition takes place with an exalted intensity since
the coordination state does not exhibit a centrosymmetry

character. These two intra-atomied transitions are located S s s %
at around 750 and 1500 nm, respectively, in good agreement Wavelength (nm)

with the expected crystal field values in octahedral and 4 , . . . , . , . ,
tetrahedral sites\rq¢ &~ 4/9A0n). Two other absorption bands : b
assigned to interatomic charge transfers between oxygen and :

cationic species in octahedral and tetrahedral sites are also Zn, Cu Al,0, synthesized by solid state route

presented. These two bands are located in the UV and at the
frontier between UV and visible range, 250 and 450 nm,
respectively. One should have to note that far @ < 0.20, » e x = 10.30
only thex = 0.15 composition exhibits the stronger differ- ¥ 2+
ence between the two routes. This point will be discussed
in the following part for instance. The phases corresponding
to 0.20=< x < 0.30 show smaller variations of the absorption
spectra whatever the synthesis route (Figure 4a,b) as
compared to thex = 0.15 composition.

Both the expected absorption bands (interatomic charge o
transfers and intra-atomic-di transitions) are presented for 0 50 1000 1500 2000 2500
the compounds obtained by low-temperature process. Their Wavelength (nm)
positions are also compatible with electronic transitions rigyre 4. Comparison of the optical absorption properties for the
observed for the solid-state compourglslevertheless some  composition withx = 0.15 (), x = 0.20 (---), andx = 0.30 ¢+)
anomalies can be detected concerning their observed intensiii’;‘t‘:‘igﬁtzd(gg’ the low-temperature preparative method (a) and by the solid-
ties. It is especially remarkable for the absorption band '

assigned to the intra-atomic-di transition relative to Cl ¢ yequctive conditions leading to the creation of anionic

in octahedral sites, whose the strong intensity is not compat-5,4/0r cationic vacancies. (3a) Monovalent copper cations
ible with the Laporte selection rules. This effect is much + can lead to intra-atomic 38— 4< transitions in Cu-
more affected for the low copper ratesn Zn,CuAl 0. based oxides as in CuAlQielafossite where the transition

It is particularly clear for thex = 0.15 composition when  4.rs pelow 780 nr?. (3b) Around the oxygen vacancies,
absorption spectra of the composition obtained by the low- e formation of C&* in a 5-fold coordination, such as in
temperature [(LT) sample in the rest of the text] and by the pe acyg, (RE=Y, Sm, Gd) with aC,, symmetry, leading
solid-state route [(S) sample in the rest of the text] are strong absorption around 700 #f(3c) Interatomic ClY

compared (see Figure 4, panels a and b). Cu intervalencies transfers occurring between 775 and 1000
As far as thex = 0.15 composition is concerned, the nm could also explain such behavidr.

optical properties are clearly function of the synthesis route.
Especially, the absorption band spreading from 600 to 1100
nm for the (LT) sample occurs in the same wavelength range
as the intra-atomic €d transition relative to Cu in
octahedral site. Various hypotheses can be proposed in orde
to explain the strong variation of the absorption band
intensity centered at around 750 nm: (1) a strong evolution
OT thellnversmn rate Wlth. the. synthesis route; (2) a higher (29) Ammar, A.; Wichainchai, A.; Doumerc, J. P.; Pouchard, M.; Hagen-
distortion of octahedral sites in (LT) sample than in the (S) muller, P.C. R. Acad. Sci. Ser. Il: Mech., Phys., Chim., Sci.érs,

sample; (3) the occurrence in the (LT) sample of new species(go) ?Aqi-hTtlerrngG 303 5;35]3—53?% State Chem1982 43, 73-80
.. . . . . . . ichel, C.; Raveau, BJ. Soli tate e , (3—30.
giving intra-atomic transitions in this energy range, which (37 patel "R N.: Kumar, S.: Pandeya, K. IBdian J. Chem2001 40A

can be due to the stabilization of nanoparticles as well as 1104-1109.

—x=0.15

The first hypothesis can be easily excluded thanks to the
X-ray data refinements, which show that whatever the
synthesis route, X-ray diagrams corresponding to the same
copper content are refined with almost the same inversion
fate. For instance fox = 0.15, the refined inversion rate is
y ~ 8% as well in (LT) and (S) samples.
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Table 4. ESR Measurementg (values, hyperfine constants, and signal
width) Compared to Absorption Properties of&lin Distorted
Octahedral Site witlD2n, Point Group (Case af = 0.15)

octahedra axis X y z
experimental g values 2.072 2.135 2.335
hyperfine constants (Gauss) 20 70 130
signal width (LT) 20 40 30
signal width (S) 80 120 100
expected optical transitiohgnm) 420 800 500

observed optical transitions (hm) between 600 and 800 nm

aAx = 24(9« — Ge); Ay = 2A/(gy — Qe); Az = 8A/(9; — ge) With Acy =
830 cnt! (spin—orbit coupling for isolated copp&) andge = 2 (Lande
factor for isolated electron).

4000 . ; . , . ,
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-2000 -

-4000 —

-6000 —

Intensity (a.u.)

-8000

e Y & e

—o— ESR signal simulation
—e— ESR signal experimental T = 5K

-10000
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Figure 5. ESR signal and ESR simulation for ZRCuAl 04 (x = 0.15)
compounds synthesized by the low-temperature preparative method.

T
2000 2500 4000

6000 . ' . , . ,

4000

2000 +
0
-2000

-4000 —

Intensity (a.u.)

-6000 —
-8000

—o— ESR signal simulation
—e— ESR signal experimental T = 5K

-10000 —

-12000
2000

T T
3000 3500
Field (Gauss)

Figure 6. ESR signal and ESR simulation for ZRCuAl,04 (x = 0.15)
compounds synthesized by solid-state route.

T
2500 4000

ESR Investigations.Concerning the second hypothesis,
an ESR study at room temperature as welllas 5 K on
the Zn_CuAl,O, compositions withk = 0.15 obtained from
both the synthesis routes lead after simulation (Table 4) to
the same orthorhombic distortiony(g 2.072, g = 2.135,
g, = 2.335) for Cd* in octahedral sites (Figures 5 and 6).
Only ESR spectra recorded at= 5 K have been reported
because of their best resolution. Actually, the octahedral
environment for Cli cations exhibits the same distortion

whatever the synthesis route and these sites can be considered

as centrosymmetridd, symmetry).
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x = 0.15 after low temperature
preparative method
x = 0.15 after annealing

0.8

0.6

OD = -log (R)

0.4 S

0.2

0.0

T T T T T
500 1000 1500 2000 2500
Wavelength (nm)

Figure 7. Effect of an annealing aT = 1000 °C on the absorption
properties of the Zp «CuAl,04 compound withx = 0.15 prepared by the
low-temperature preparative method.

Based on these conclusions, the occurrence of a mixed
valency for copper cations in the (LT) compounds can be
strongly considered. And this is even more probable that the
reductive conditions of process implying citric acid are
obvious. The stabilization for high copper content( 0.30)
of CuO and metallic copper, resulting probably from the
disproportionation reaction of monovalent copper is indeed
in good agreement with the occurrence offGaations in
compounds prepared by this low-temperature method.

An annealing under air af = 1000 °C of the various
compositions Zp«CuAl,0, synthesized by this low-tem-
perature process has resulted in the strong attenuation of the
absorption band located between 600 and 1100 nm without
any changes of morphology and size particles (Figure 2).
The effect of annealing under air on the absorption properties
of the composition withx = 0.15 (leading to sample (A)) is
illustrated at the Figure 7. Moreover, the increase of the
absorption band around 1500 nm due td' @utetrahedral
site after annealing can also be noticed. The annealing under
air at 1000°C lead surprisingly to the elimination of oxygen
vacancies associating to the oxidation reaction2€d/,0,

— 2Cu* + O?". Then the annealing implies an oxidation
of monovalent copper cations present initially in the structure,
where these latters were probably stabilized in tetrahedral
sites, which is in good agreement with the preferential
environments of Ctications? and the increase after anneal-
ing of the absorption band located at around 1500 nm related
to CU?* cations in tetrahedral sites.

In the same time, the annealed compound &t 1000°C
(sample (A)) has been characterized by electronic paramag-
netic resonance and the obtained ESR signal has been
compared to the pristine material. Both ESR signals are
superposed in Figure 8, and the simulation of the ESR signal
for CU' in octahedral site for sample (A) is represented on
the Figure 9. The values proposed by the ESR simulation
of both samples (before and after annealing) are equivalent
and estimated t@, = 2.072,9, = 2.135, andg, = 2.335

(32) Smit, J.Solid State Commuri968 6, 745-746.
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x = 0.15 obtained by low temperature
preparative method
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Figure 10. Comparison between ESR signalsxf 0.15 composition
obtained by low-temperature preparative methodyasd).10 composition
obtained by solid-state route.

Field (Gauss)

Figure 8. Variation of the ESR signal for the compositioniZgCuAl ;04
(x = 0.15) just after the low-temperature preparative methed-§ and
after the annealing=).

6000 . . . . . .

] - Table 5. Magnetic Measurements on Variousi1ZgCuAl 04
4000 - Compositions Obtained by the Low-Temperature Preparative Method
J and Solid-State Route
2000 0.300
0l X in ZN1_xCUAI 204 0.150 0.200 (e Cu, CuO)
E ] Low-Temperature Preparative Method (LTPM)
8 20004 C (molY) 0.0484(4) 0.0850(6) 0.1249(9)
2 4000_' X (Cu?) on the basis o€c,=  0.108(1) 0.190(3)  0.279(4)
2 ] 0.4470 mot!
g 6000 4 |0p| (K) 5.2(2) 11.9(2) 19.0(3)
1 Low-Temperature Preparative Method Followed
-8000 + 1F by Annealing under Air at 1008C (12 h)
1 —ov—ESR signal simulation tF L C (mol™) 0.0649(4) 0.0876(6) 0.1277(9)
100004 _,_ ESR signal experimental T = 5K F X (CU2") on the basis 0€cy=  0.145(2) 0.196(3) 0.286(4)
12000 ] [ 0.4470 mot?
- T T T T T T T
2000 2500 3000 3500 4000 10pI (K) 16.2(2) 15.6(2) 20.3(3)
Field (Gauss) - Solid-State Route
. . . C (mol™?) 0.0661(5) NA NA
Figure 9. ESR spectrum simulation fox = 0.15 (low-temperature X (C2t) onthe basis 0€c,= 0.148(2) NA NA
preparative method) after annealing. 0.4470 mot?!
|6p| (K) 19.3(3) N.A NA

(Table 4). Concerning the signal width in the three dimen-
sions, the estimated values after annealing are much higher
than those estimated before the thermal treatmé&ht 20 are summarized in Table 5. These measurements clearly
G, W, =40 G, andW, = 30 G for LT sample and\, = 80 show that the annealing under air implies the oxidation of
G, Wy = 120 G, andW, = 100 G for A sample). An  copper species whose oxidation state was lower thHn
increasing of the concentration in paramagnetic specie¥ (Cu Furthermore, the systematic increasefgfparameter and
cations) results usually in the broadening of the ESR signal exchange integrall (J = 6,/k) after annealing for any
and to the progressive disappearance of the hyperfinecomposition indicates also the reinforcement o GGu2*+
structure® Consequently, the hypothesis of an oxidation of antiferromagnetic interactions. Moreover it is relevant to
Cut into CW?* during annealing is in good agreement with point out that forx = 0.30 andx = 0.20 for instance,
the evolution of the ESR signals detected for both the whatever the synthesis route, the Curie constants remains
samples before and after annealing. Moreover, one shouldsimilar with majority of Cd" cations (Table 5) despite the
have to point out that the ESR signal corresponding 1o occurrence of small amount of €for x = 0.30 sample. It
0.15 prepared by esterification process is quite similar with has to be noticed that the mixed valency is much more
that of x = 0.10 composition obtained by solid-state route stabilized for the composition witk = 0.15. Then on the
(Figure 10), containing smaller amount of ications. basis of the determination of the €ucontent inx = 0.15
Magnetic Measurements. Finally, magnetic measure- compounds and considering the inversion rate on the basis
ments have been performed in order to evaluate the of the powder XRD Rietveld refinement, 33% of copper are
concentration of divalent copper cations in the esterification in +I state and occupy a tetrahedral site. Moreover, as
compounds before and after annealing. Thé'Gontents pointed out by the ESR measurements, the magnetic behavior
of sample (A) is very different from the one of samples
(33) Thorp, J. S.; Skinner, A. R. Magn. Magn. Mater1987, 69, 34—42. prepared by low-temperature process, but it is quiet identical

aNA, not available.
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Figure 11. Inverse of magnetic susceptibility vs temperature for the i e 12, FTIR spectra with co-adsorption (CO and NO) for the
composition withxk = 0.15 obtained by low-temperature preparative method, composition withx = 0.15.

before and after annealing and by solid-state route. (Linear fits are also

represented.) . . - .
as C@d" cations can be easily stabilized in tetrahedral

to the one of solid-state sample, since their Ctliéeiss  environments, then the reduction of oxygen vacancies and
fits are identical (Figure 11). Moreover, the evolution of the he oxidation of Cti as well as the rearrangement around
cell parameter determined for = 0.15 andx = 0.20  oxygen vacancies become more favorable. Because of the
compositions for instance before and after annealing undereyojution of the cell parameter in this series, the occurrence
air at T = 1000 °C has been also analyzed. If the cell of oxygen as well as cationic vacancies has been proposed.
parameter decreases fram= 8.0825(4) A toa = 8.0810-  This is due to the reduction of Madelung potentials for both
(3) A for x = 0.15 composition due to the oxidation reaction oxygen and cationic sites in these nanoparticles taking into
Cu" — Cw* + e, it remains constard = 8.0800(8) A for  account the large surface/bulk ratio. The as-prepared meta-
x = 0.20 composition whatever the annealing temperature, stable phases evolve at high temperatures to the thermody-
in good agreement with the fact that for this composition a namically stabilized compound although the particles size
majority of divalent copper has been identified. does not change with this final thermal treatmenfTat

Absorption properties, ESR signals, and magnetic mea- 1gpg°C.
surements have clearly demonstrated the presence of monov- 1R surface Spectroscopy by Adsorption of Probe
alent copper stabilized within the spinel network issued from \jojecyles for Surface Cu- Species Identification.in order
esterification route. Moreover the post-annealing step per-i, gemonstrate directly the occurrence of*Cspecies in
formed on these samples clearly underlined that the presence, -, Al,O, spinels, FTIR studies have been performed.
of Cu’ cations results from the occurrence of oxygen cip+ and Cuf cations located at the surface of a material
vacancies as defects stabilized into these nanoparticles. Then,a, pe easily identified by FTIR spectroscopy with probe
surprisingly, the treatment under airgt= 1000°C allows — mojecules. Especially co-adsorption of nitrogen monoxide
eliminating these defects leading to the oxidation reaction onq carbon monoxide leads to identify the oxidation state
Cur — C92+ +te. _ of copper at the surface of materials.

Assuming that zinc atoms occupy preferentially tetrahedral Nitrogen monoxide (NO) can be indeed adsorbed on

sites and that copper ions are half-distributed betweeng 0" containing various copper species under several
tetrahedral and octahedral sites (since inversion rate is almos*orms“ but nitrosyl groups (-NO) are unstable with Cu

0, = . ! . .
equal to 50% for 0= x = 0.30), atx = 1/6, the amount of cations. In the same time, carbon monoxide can be also

cozpir cations occupymgﬁetrahgdral S'teﬁ‘ 'j elqu_al to 1:llz'adsorbed on surface with various copper species, but carbonyl
and the same amount is located in octahedral sites. Theng, e instable with Eucations®

considering t.hat each tetrahgdral site is surrounded by_ twelve Various adsorbed molecules on Cu sites have been
gctahedralhgtﬁ S, t:.e pTOba.b I““I/ o dget 'S%la:jd_@” pa:)'.rl.s characterized by vibration wavenumbers. This study has been
e o o o e s sty ot Do on the composion i = 015 ntaly
electrostatic interactione di® outgassed under vacuum. The FTIR spectra after NO and
‘ CO co-adsorption are given in Figure 12, and the FTIR bands

Moreover, at_around_z 1/6, the *a” parameter Cel.l pass assignments are reported in Table 6. The results indicate that
through a maximuma( = 8.0825 (4) A) corresponding to both Cu” and C@" cations are present at the surface of

the largest amount of Cidientified by magnetic measure- materials. But although the Cications amount titrated by

ments. I_:or h|gher copper cpntents, the e.>§ten.5|on of CcOoPper magnetic measurements remains smaller (33%) than thie Cu
copper interactions results in the destabilization of Gites

and the StabI|IZ§ltI0n of'dlvalgnt copper on the basis of steric (34) Hadjiivanov, K. I.Catal. Re. Sci. Eng.200Q 42, 71144,
and electrostatic considerations. Furthermore’ @s well (35) Hadijiivanov, K. I.; Vayssilov, G. NAdv. Catal. 2002, 47, 308-491.
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Table 6. FTIR Band Assignments for Co-adsorption of CO and NO as 9 . 1 . 1 . L . L
Probe Molecules 1

adsorbed groups identification
NO Adsorptiono (cm™1)

1877 nitrosyl groups Gd—NO 6 _ d-d transitions related to Cu** cations
1315 nitrites (N@~) on C&*, AI®*, and Zi#* | / in square based pyramid coordination
1227
5

broad signal: 1454, 1465, nitrates NG~ or nitro groups (NG) »

1546, 1630 on C#*, Zn?*, and AB* 2, ]

CO Adsorptions (cm™1) 1 — Y BaCuO

2124 carbonyl groups Gu-CO 3 2 5

solid state route

content (66%), one should have to notice that the quantity
of Cu" at the surface detected by such a technique remains '
high. This is consistent with the fact that the ‘Ccations 0
are preferentially located at the surface, creating oxygen
vacancies and defects in these nanoparticles. Moreover the
two wavenumbers relating to nitrosyl groups (1877 ém
and carbonyl groups (2124 ci) are relating to C# and Figure 13. Optical absorption spectrum of,BaCuQ obtained by diffuse
Cut, respectively, corresponding to one unique site for each reflectance.

valence state. At the surface, the coordination numbers 3000 - . : T : T - .
remain small and correspond probably to tetrahedra. 2000

Impact of the Formation of Defects (Oxygen Vacancies
and Monovalent Copper) on the Stoichiometry of Spinels
Zn1-xCuxAl,04. The presence of monovalent copper forthe 1
compositions presenting low copper rates has to be com-:} ~1000 A
pensated in the structure. The occurrence of oxygen vacancie$, g, ]
has to be considered in the network while interstitial cations 2
would imply too strong cationcation interactions.

If oxygen vacancies are present within the network, it has %0
to be mentioned that one oxygen vacancy allows compensat- -s000 - —o— ESR signal simulation
ing two monovalent copper cations. Moreover, any oxygen —*— ESR signal experimental Room Temperature
atom in the spinel structure is common to three octahedral . . . . . . .
sites and one tetrahedral site. One oxygen vacancy affects 2000 2500 8000 8500 4000
consequently four coordination sites, and locally the three Field (Gauss)
octahedral sites and the tetrahedral site evolve towardFigure 14. ESR spectrum simulation of 2BaCuG obtained by solid-
three 5-fold coordinated sites and one 3-fold coordinated “' "'

site. Table 7. ESR Measurementg (values, hyperfine constants and signal

It is not excluded that these sites undergo a rearrangemeng'r(ggz, ((’éacsi O'PXSB‘;”C"’H&)BaSEd Pyramid Environment wt, Point

toward two 4-fold coordinated sites and two 5-fold coordi-

T T N T N T T T T T
0 500 1000 1500 2000 2500
Wavelength (nm)

1000

0

-3000

Inte

-6000 —

nated sites. It has to be noticed that the occurrence of divalent : pyramid axis X Y z

copper cations in a 5-fold coordination can besides be ﬁ;gg:;mg”gggs‘;gmis((;auss) 209 209 228
partially at the origin of the strong absorption band in the  signal width (Gauss) 150 150 200
visible range at around 700 nm. Indeed, beautiful green colors

are commonly observed for compounds with*Cin a Furthermore, the formation of oxygen vacancies associated
square-based pyramid, as itis the case #BaCuQ or Sm- with the reduction of the Cu valence state in these nanopar-

o .
BaCuQ™ with a strong absorption band at around 700 NM icje5 considered as metastable phases leads to mention as

(Figure 13). ESR |n_v_est|gat|_ons at room temperature on theweII the possibility to create cationic vacancies that contribute
Y,BaCuQ composition indicate the occurrence of wide . :
to increase the number of oxygen vacancies. In the as-

anisotropic resonance signal@t 2.145 (Table 7) related Sprepared “ZnAJO;” composition and Al-rich spinel (with

to copper cations located in isolated square based pyramid A7 . ol han 2 ds. th
(Figure 14). As 5-fold coordinated copper atoms are well h atomic ratio larger than 2) compounds, the occurrence

isolated in BBaCuG, one can assume that in the case of ©f Al°" ions in 5-fold coordination has been demonstrated
spinels where some copper cations could occupy 5-fold Y */Al MAS NMR investigations leading to consider oxygen
coordinated sites in interaction with another divalent or Vacancies as well as cationic vacancies to compensate ionic

monovalent copper, signals relating to 2Cuin 5-fold charges. Moreover too low densities that decrease as Al rate
coordination or in distorded octahedral sites wiihy, increases have been measured using helium pycnometry
point groups appear in the same field range with various confirming the occurrence of such defects in these nanopar-
intensities. ticles.
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It is then clear that this surprising result leading to the according to the Ellingham diagram. The evolution of the
oxidation of Cu at high temperature is due to the creation structural features in this series is almost similar to what is
of defects at low temperature in these nanoparticles allowing observed for the solid solution obtained by conventional
the stabilization of high content of monovalent copper (33%) solid-state route. Nevertheless, similar inversion rates and
in tetrahedral sites forming pairs with &uin Td (4-fold slightly lower cell parameters are observed for samples
coordination),C,, (5-fold coordination), andD,, (6-fold obtained by this low-temperature process compared to those
coordination) symmetry. Then the formation of electronic obtained by solid-state route. Furthermore, for= 0.15
Cu"—Cu** pairs allow stabilizing a high content of defects composition, the a cell parameter reaches clearly its maxi-
such as oxygen as well as cationic vacancies with a mum.

maximum rate reached at = 1/6 corresponding to the The stabilization of nanoparticles with a large content of

situation where the probability to get isolated ‘GtCL** defects associated to the reduction of Madelung potentials

pairs in Td and Oh sites respectively becomes the highest.q each sites and the reductive properties of the polyesteri-
Fromx > 1/6, in the case of the= 0.20 composition for  fjcation route involving citric acid and ethylene glycol are

instfnce, the Cucontent is very low because the Tt goyptiess at the origin of the occurrence of a mixed valency
CW?" interactions become more and more important leading for copper in the case of compositions containing the low

to the destabilization of monovalent copper in tetrahedral 4qunt of copperx < 1/6). Especially for the composition
site. Eromx > 0.30, the formation of Cland CuO |s_due to. x = 0.15, a high content of Cucations (33%) is identified

the high rate of defects such as oxygen vacancies mainly 55 e| as a strong variation of the absorption band centered
generated at the surface of these nanoparticles and they: o.0und 700 nm compared to the same composition
capability of copper to be reduced. The zinc aluminate ,ineq by solid-state route. Magnetic measurements and
framework cannot accommodate a too large content of Cu - g spectra evolution for compounds prepared by the two
and the limitation of constrains within the network is at the routes, function of the annealing temperature for the low-
origin of the disproportionation reaction of monovalent temperature preparative method, and finally the identification

COPPET. . . of Cu valence state by FTIR analysis of the co-adsorption
Suitable techmque_s such as XRD, TEM, ESR, magnetic probe molecules, lead to conclude certainly to the evidence

measurements, and finally Uwis—NIR spectroscopy allow ¢ 000 00 oia o copper in the spinel network

showing on one hand the clear differences between samples Two hypotheses are finally proposed t.o explain the

obtained by solid-state rogfeand this low-temperature _ . : :
y P dependence of this absorption band intensity versus the

preparative method. Moreover, if these characterizations ) . ) . ,
correspond to a bulk analysis, the co-adsorption of probe synthesis route. Either this dependence is directly linked to
the presence of monovalent copper cations stabilized through

molecules at the surface and the FTIR spectra show the o X ' | .
occurrence of mixed CWCu™' valence states stabilized at the polyesterification reaction, since intervalency transitions
or intra-atomic transitions occur in this wavelength range.

the surface. X-ray photoelectron spectroscopy (XPS) mea- S )
surements could also give access to such results. Thanks " this is indirectly linked to the presence of monovalent

the stabilization of nanosized particles, it is reasonable to COPPer- Indeed, the occurrence of a mixed valency for copper
assume that low valence states of copper associated to oxygefations implies the presence of oxygen vacancies in the
defects or vacancies are mainly stabilized at the surface due?nionic network. Locally divalent copper cations could be
to the reduction of Madelung potentials. On the other hand, stabilized ina 5-folq coerdlnanon, giving rise to intra-atomic
one should have to point out this synthesis route allows d—d transitions with high probability at around 700 nm.
preparing in a reproducible way nanocrystallized phases. TheFinally, it is important to conclude that the surprising fact
occurrence of mixed valency coupled with oxygen defects Showing an oxidation reaction of monovalent copper at high
stabilized into nanoparticles exhibiting high surface area as temperatures is due to the stabilization of defects within the
well as the stabilization of metal copper due to a dispropor- SPinél framework at low temperature, such as oxygen
tionation reaction at the surface are probably key factors for Vacancies allowing and leading to the formation of"Gu
developing performing and valuable redox catalysts during Td symmetry. This metastable phase containing oxygen

cycles between oxidative and reductive atmosphires. vacancies and monovalent copper evolves to thermodynami-
cally stabilized phase with only divalent copper and a
Conclusions limitation of oxygen vacancies. Based on these conclusions,

The synthesis of Zn,CuAl,O, spinel series by low- a new zinc aluminate spinels series presenting high excess
X

temperature process is possible and leads to the obtentiorf @luminum cations as well as high degree of anionic and
of highly divided crystalline powders, whose color evolves Caionic vacancies has been prepared and is under investiga-
with the copper content. For > 0.30, traces of CuO and  UONS on a structural point of view.

metallic copper are stabilized and their presence is explained
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