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10 Using a recently developed sajel route to prepare new“Ti@ZnO nanocolloids, we were able to synthesize,
11 at relatively low temperature (maximum 78Q) and very short annealing time (1 h) under ammonia gas
12 flow, nanosized colored “ZnysTi1 3804-3,N2,” OXynitride powders (Zn/TE 1) with tunable optical absorption.

13 Above the dissociation temperature of ammonia, the-W\ spectra are progressively red-shifted with
14 increasing nitriding temperature and the nanosized powder shows a yellowish color &€ T@@er NH.

15 X-ray diffraction, scanning electron microscopy, X-ray photoemission spectroscopy, oxygen and nitrogen
16 analysis, and UVvis spectroscopy measurements show that this red shift is directly related to the nitrogen
17 content.

18 Introduction prepared using zinc acetate dihydrate (4.39 g) suspendedoin
19 Nanomaterials represent a new class of materials with pr:ﬁi‘;ﬁzo;(A;(e)r?e];)t:dngi?ircg?gi'leg;;tragssr;hfﬁ dz??n(zsﬂlé%i tor
20 continuously increasing fields of applicatieenvironment, i tFr)1 lic tet thl . .h droxid gTMA .
21 catalysis, biotechnology, and magnetic and optical devices. > "M9: Imte anolic e_r;medoyl/ %mgnorllu;ns?y'\;o;(l ti( il :?;
22 Particularly, nanoparticles have generated a large research eﬁ‘orpase solu 'Zg\gas r_alpg_ ya 't'eII ( rtn b d. .) .? i € Sh! h

23 in the past 10 years because their properties differ markedly precursor ( ), yielding initially a turbid precipitate which s¢

next turned into a clear nanocolloid after a few minutes. To the

24 from those of their bulk counterpariRecently, we developed o . .
25 a new low-cost colloidal setgel route to prepare nanosized fr.'ESh sol, we adde(.j titanium tgtrwsopropomde precursof (3a
26 colored “ZnTiON”, 1um thick, porous layers on gladgirst, Ti = 1), which readily reacts with the ZnO nanocrystals. Aften
27 we had prepared highly concentrated ZnO nanocolloids using cooling to room temperature, the solvant was removed usingsa
28 an alcoholic clusters route developed in refs 3 and 4. Then we rotary evaporator (40C, 20 Pa_\). The res_ultlng soft-ge_l was9
29 added titanium tetraisopropoxide in order to obtain new then kept in an oven at 100 qlunng 1 week n orqler o solidify, 60
30 Ti“+@2znO nanocolloids. To get colored oxynitrides, we used (hen was ground and pre-sintered at 4@in air to remove 61
51 an ammonia-induced replacement of oxygen by nitrogen ac- the organic reS|dues,.a.nd finally transformed into white powder.
32 cording to the general equation oxideNH; — oxynitrides+ To get colored oxynitrides, the powders (0.5 g) are anneatsd
33 H,0, well-known from classical solid-state chemistryhese under ammonia gas (purity N36)rfd h attemperatures betweers4
34 kinds of colored porous thin films showed excellent photosta- 220 and 750°C and then cooled by removing the electricab
35 bility and photodegradation of an aqueous methylene blue POWer under ammonia flow. 66
36 solution in the visible spectruf® These results corroborate Elemental Analysis. Nitrogen and oxygen contents werer
37 recent works about oxynitrides or nitrogen-doped oxides report- determined with a TC-436 analyzer from LECO, Inc. using tlse
38 ing high photocatalytic activity under visible light (refs 7 and inert gas fusion method, nitrogen ag ¥ thermal conductivity, 69
39 8 and references therein). In this paper, we present theand oxygen as Cfby infrared detection. The apparatus was
40 microstructural characterization of “ZnTiON” nanosized pow- calibrated with N and CQ gas (purity, 99.95%). At least threern
41 ders obtained from nanocolloids. The nanosized powders wereanalyses were performed for each sample in the same conditians.
42 studied by X-ray diffraction (XRD), scanning electron micros-  X-ray Intensity Measurements and Peak Profile Analysis. 73
43 copy (SEM), X-ray photoemission spectroscopy (XPS), oxygen The powder X-ray diffraction data were recorded at diffractos
44 and nitrogen analysis, and UWis spectroscopy. meters with BraggBrentano geometry, Cu d radiation (40 75
kV, 30+ 40 mA, and 0.5 10 s integration time), proportional7é
45 Experimental Section detectors, and secondary monochromators. At room temperature
46 Synthesis ProcessThe nanosized powders were synthesized @ Philips PW 3020 was used. The high-temperature XR®
47 from Ti**@ZnO nanocolloids by evaporation of alcohol using €XPeriments were performed on a Philips X'Pert MPD with am
48 a rotating evaporator. Briefly, Tf@ZnO nanocolloids were ~ Anton Paar HTK-16 camera, where the powder samplesis
deposed directly on the heating elemeatplatinum strip. 81
* To whom correspondence should be addressed. Telephe88:223 The average apparent crystallite sigg) (vas evaluated from sz
23?3,‘\‘/'0’?- Eaz’égr gﬁlé? 635 799@'5"'25"': gralsset@“”""re”“931-fr- a whole diffraction pattern profile analysis, using last develogs
+UMR CNRS-UR1 ’(562'7\{%?;\,;5'“32”;;,{% 1. ments implemented in the Fullprof program (version 2.0 Ne¥
8 UniversiteBordeaux-1. 2001, LLB, Juan Rodriguez-Carvajal). A normalized Voigs
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Figure 1. X-ray diffraction at 25°C of nanopowders with Zn/T+ 1 (a) and Zn/Ti= 2 (b) ratios. (Pt= platinum sample holdeg = ZnO main
peaks.)

function (convolution of Gaussian and Lorentzian functions) true size, but only if the crystallite shape is known or assumeth
was used to fit the peak profiles. The profile analysis is based For instance, for a spherical crystallite, the true diambBtés 111
on the angular dependence of the full width at half-maximum simply given by 4/3¢3). Moreover, this simple relation is strictly112
(FWHM) of the Gaussian and Lorentzian componehts &nd valid for a monodisperse systého, the true size could be11s
H., respectively). Both instrumental and sample intrinsic defined only in the case of single-domain nanoparticles withaui
contributions to the line broadening were examined separately.amorphous shell, as it is for transmission electron microscapy
When the instrumental resolution function (IRF) is known, the (TEM) and/or scanning electron microscopy (SEM) imagesiié
sample contribution to the line profile is calculated as follows: Morphological Investigations by SEM. SEM photographs 117
were taken by JEOL JSM 6301F microscope to examine the
shape and size of the nanoparticles. 119

G....
2 _ 2 2\s 2 size iso

Hs" = (Ustrainisot (1 = €) Darain aniso) 1970 + @ UV —Vis Spectroscopy.Diffuse reflectance spectra wera2o

collected using a U¥vis CARY 100 spectrometer equipped21

YaiseisoT Fsize aniso with a Labsphere DRA-CA-30I with a 70 mm diameter coatadz

H, = Ksprainiso T EDstrain anisdtd0 + cosO with Spectralon (PTFE). The absolute reflectance of the sampie

is compared with a calibrated 2 in. D 99% Spectralon reflectanee
standard. 125
X-ray Photoemission SpectroscopyXPS was performed 126
under a base pressure 0861079 mbar using a VSW HA100 127

spectrometer. The analyzer was operated with at constant pass
energy of 22 eV, which leads to an experimental resolutionab
1.1 eV. The X-ray source used either Al or Mgrkexcitation 130
strains in the sample. “Perfect”,¥; powder was used as a radiati_on at 1486.6 and 1283.6 e_\/ 7 espectiy ely. The spectram-
eter binding energy scale was initially calibrated against te

standard to determine the resolution function of the diffracto- .
meter. The observed line broadening was modeled by consider-Au Af7/2 (84.0 eV) level and Cu 23 (932.7 eV). Since the 133

ing isotropic size and strain contributions. Only the size-related frlln;s werg nonc_ohndulctl\t/)(_e,(;hey were refergnzed t(i/advenutmus
terms ofHg andHy (Gsize iso@Nd Ysize isg cOnverged to significant ydrocarbon with C1s binding energy at 284.9 e 135
values. The strain-dependent parametdeg 4 isoand Xstrain isg

had meaningless values, which did not influence the profile
fitting of the XRD patterns. After the profile refinement, the Using the described soft method to synthesize ZnO naner
apparent size along each reciprocal lattice vector is calculated.colloids, the hydrodynamic diameter of the ZnO nanoparticles
The average apparent crystallite sizg) Can be related to the is around 7 nni® Nevertheless, analysis of the X-ray powdasy

where Ustrain isa xstrain isa Gsize isa and Ysize iso are refinable
parameters related to isotropic size and strain effects on the line
broadening, Whil®sgain anisc)@NdFsize anisciare analytical functions

for anhkl-dependent broadening modgis a mixing coefficient

for the Lorentzian part of the strains. The integral-breadth
method is applied, finally, to determine the crystallite size and

Results and Discussion 136
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Figure 2. Temperature-dependent X-ray diffraction under air atmosphere.
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Figure 3. XRD patterns of “ZnTiON” oxynitrides powder.
140 diffraction data of the Ti@ZnO solid gel obtained after removing of titanium tetraisopropoxide added into the ZnO nanocolloidgy
141 the alcohol show amorphous structure (Figure 1). In Figure 1, the X-ray patterns of two different Zn/Ti ratios areso
142 This amorphous structure can be explain by the fact tiat Ti  represented. We notice that the peaks of ZnO appear with thie
143 tetraisopropoxide (i) partly decomposes the ZnO nanocrystalsratio Zn/Ti = 2, whereas they are not present for the Zr#Ti 152
144 (this has been confirmed by XRD in this work and in 1 ratio. 153
145 complementary UV-vis absorption and DLS measurements in In situ temperature-dependent X-ray diffraction in air showwss
146 our previous workd); (ii) forms itself into amorphous com-  that above 150C, for the Zn/Ti= 1 ratio, peaks of zinc oxide 155
147 pounds at room temperature. In fact, XRD data reveal that the appear again (Figure 2). The binary compounds in the systsm

148 decomposition of ZnO nanoparticles is dependent on the amountZn—Ti—O can be detected only at 50C, and no pure phaseis7
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Figure 4. Observed, calculated, and difference X-ray diffraction profiles for the compound annealed “4.750

TABLE 1: LECO Analysis and XRD Results

temp €C) O (wt %) N (wt %) cell param (nm) chem compd@sn €8 (nm)
600 (NHs) 27.7 1.8 8.430(1) Zi3Ti1.3430.3803.69N0.2470.11 4.2(5)
650 (N H3) 25.9 2.5 8430(1) Zﬂ;;,)Ti1_3:4]0_3@3_4“0_3&0_17 73(5)
700 (NHy) 24.9 3.0 8.441(1) 11.0(5)
750 (NH) 23.8 3.6 8.441(1) 14.3(5)
800 (NHs) 25.8 25 8.438(1) 15.4(5)

aTaking the density into accourill represents vacancy.

could be prepared in air until 60C. The presence of ZnTO 15.4 nm, which is in good agreement with the powder SEl1
(JCPDS card 1 26-1500) and ZsTi3Og phases as impurity  images (Figure 5). 182
agrees with the ZaTi—O phase diagrarf. X-ray diffraction As expected, theg is increasing with the annealing tempertss
under ammonia atmosphere with our laboratory apparatus wasature. These results agree with high-resolution transmissien
not possible because of the high activity of ammonia gas. Only electron microscopy (HRTEM) and XRD data on thin filmss
pure phases were prepared from annealed solid-gel (i) at 400reported in ref 2. In fact, our previously obtained HRTENs6
°C in air and (ii) using ammonia atmosphere with a temperature images of the films have shown a broad scale of differentlyr
higher than 550C (Figure 3). sized nanodomains ranging between 1 and 9 nm, gheiss

Analysis of the room-temperature X-ray powder diffraction increasing also with the annealing temperature. This point has
data indicates that “ZnTiON” compounds annealed between 600 been confirmed by the SEM images (Figure 5) of the powdego
and 750°C are isostructural with a cations deficient spinel type  Above the dissociation temperature of ammonia, the optiaal
structure such as ZiizOs (a = 8.390 A)13 The observed XRD  transmission spectra are progressively red-shifted with increasisg
patterns were refined using the Le Bail method. The refined nitriding temperature. As observed in Figure 6, the progressive
values of the lattice parameters and the average apparenN3-/O%" anionic substitution gives the possibility to tune the4
crystallite size §p), extracted from the line profile fit are given  absorption edge position by varying the nitridation temperaturgs
in Table 1. This red shift is directly related to the nitrogen contenbe

The observed, calculated, and difference X-ray diffraction determined by LECO apparatus (Table 1) and coincides with
profiles for the compound annealed at 78D are shown as the observation generally made for micrometer-sized nitrided

examples in Figure 4. Classicallfd3m is used as the space oxide powders? 199
group for spinel type structure, but the defect spinel that exhibits  In our previous papersiothe presence of & was confirmed 200
ordered cation vacancies should be indexed Rit{82 1213 This on colored thin film by XPS techniques (the N K-edge locateot

ordering leads to a space group with lower symmetry. The at 396.1 eV proves the presence of oxynitrides). In additicz
evaluatedeg were estimated within a range between 4.2 and when raising the nitridation temperature, a new Ti(2) componeot
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Figure 6. Changes in the optical transmission spectra of “ZnTiON” nanosized powders with increasing nitriding temperature.

appears at the low-energy side of the XPI$ spectra which is annealing time under ammonia flow, whereas the classieal

related to the nitrogen incorporation. This new component was nitridation process usually takes several hdfrs. 231
attributed to Ti-N bounds?1°In the present case of nanosized
powders, preliminary XPS analysis of Zn and Ti reveals that Conclusion 232

after 1 h treatment under ammonia at 600 and 660the Zn/
Tiremains close to 1. Using all these results, a chemical formula
could be proposed for the compounds annealed at 600 and 65
°C (Table 1), keeping the Zn/Ti ratio equal to 1. As an example
the chemical formula for the compound annealed at 850
could be written as ZyssTi1 39703303490 347017 following ref

15. For higher temperature, analysis is in progress. Nevertheles
we could expect some nonstable phases because LECO analyses
show that, for temperatures higher than 8@) the nitrogen
content decreases. The powder slightly becomes green-yellow
indicating a metal reduction proce¥sThis phenomenon has
been already observed for micrometer-sized powder oxynitrides
the nitrogen content reaches a maximum when the temperatures ofarences and Notes

We are able to prepare new spinel oxynitride compounds w3
unable band gap from white to yellow colors. A chemicab4
ormula is proposed for the compounds annealed at 600 or 650
' °C, and it could be written as “Znalii13804-3yN2". These 236
compounds present promising semiconducting properties dor
yotential gas sensing or sunscreen applications. 238
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is increased and then it decreases due to the volatilization or 23

the reduction of metdf As a result, the domain of existence \ (1\)( Kllaglé%fiey K. JNanoscale Materials in ChemistryViley VCH: 2
Y . o . . ew York, .

of “ZnTiON” oxynitrides is limited in tempergture (between (2) Grasset, F.: Starukh, G.: Spanhel, L. Ababou-Girard, S.: Su, D46

550 and 80C°C). Moreover, thermogravimetric measurement giein,'A. Adv. Mater. 2005 17 (3), 294. 247

(temperature rate, 10C/min) shows that these oxynitrides are (3) Schmidt, T.; Muller, G.; Spanhel, LChem. Mater.1998 10, 248

stable in air until 430°C; a further increase of the weight 65 249

S S : (4) Hilgendorff, M.; Spanhel, L.; Rotheribaler, C.; Miler, G. J. 250
indicates an oxidation process. Nevertheless, we notice that,ci, o nem. Soc008 145 3632, 251

thanks to our nanocolloid approach, pure oxynitride phases were (s) marchand, R.; Laurent, Y.; Guyader, J.; L'Haridon, P.; Verdier, B52
obtained only aftel h (only 15 min for 1um thick film) of J. Eur. Ceram. Socl991, 8, 197. 253
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