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Effects of Nb doping on the TiO , anatase-to-rutile phase transition
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We study the influence of Nb doping on the Fi@natase-to-rutile phase transition, using combined
transmission electron microscopy, Raman spectroscopy, x-ray diffraction and selected area electron
diffraction analysis. This approach enabled anatase-to-rutile phase transition hindering to be clearly
observed for low Nb-doped TiOsamples. Moreover, there was clear grain growth inhibition in the
samples containing Nb. The use of high resolution transmission electron microscopy with our
samples provides an innovative perspective compared with previous research on this issue. Our
analysis shows that niobium is segregated from the anatase structure before and during the phase
transformation, leading to the formation of NbO nanoclusters on the surface of ther(ii(®
nanoparticles. ©2002 American Institute of Physic§DOI: 10.1063/1.1487915

I. INTRODUCTION Although many articles mention the influence of Nb on
strain, grain size evolution, and anatase-to-rutile transforma-

Even since the first solid-state semiconductor gas sertion, as well as the consequences for sensing
sors were produced, TiChas been an important gas sensingdevices:’ %2025 ijttle systematic research has been carried
material, mainly in lambda sensor devices, due to its duabut in this field. Therefore, our work provides useful data for
response to both oxygen-rich and oxygen-leanthe technological improvement of Tjchased gas sensor de-
atmosphere’:* Its stability at temperatures up to 700°C vices, as well as for the scientific understanding of the
makes TiQ a suitable gas sensor material for harsh environanatase-to-rutile transformation and the role of Nb doping in
ments, such as the flue ducts of cars. these mechanisms.

TiO, can crystallize in different structures, rutile being This article presents a complete study of the influence of
the stable one. At low temperatures there is only a slighiNb on the TiQ phase transition from the anatase metastable
difference between the stability of rutile and the metastablghase to the rutile stable phase. The analysis was carried out
anatase and brookite phases. Compositi, temperature, using Raman spectroscopy and x-ray diffractiiRD). The
the rate of crystallization, and the structure of precursors mayise of transmission electron microscofEM) enabled us
all determine the polymorph, but the reasons why these difto analyze TiQ grain size evolution with Nb content at dif-
ferent phases are formed is poorly understood. For high tenferent annealing temperatures, as well as Nb segregation.
perature applications of titania as catalysts, membranes, and
sensors, a stable anatase phase is necés$aprefore, one |l EXPERIMENTAL DETAILS
of the problems in both catalytic and sensor applications of Nb-doped samples were synthesized by induced laser
anatase-based material is its transformation to rutile, a Pr%yrolisis, with various Nb contents ranging from undoped to
cess that depends on both temperature and firtfe. 24.5 Nb/Ti at. %(Table )), following the procedure described

The presence of a suitable doping agent strongly affectg|sewheré’ Briefly, a CQ, laser beam perpendicularly inter-
the kinetics of this process. Indeed, some metal species Cafcts a reactant stream, defining a well-localized reaction
occupy interstitial positions or induce structural changes ingone that enables the growth of nanometric powders with a
metal oxide structures, as is the case of Nb, V, and Ce loadeghrrow size distribution. Ti—isopropoxide vapors were used
onto Ti0,.**"* The effect of Nb doping in titania and its for the synthesis of pure TiQ while controlled amounts of
importance for oxygen sensors has recently been highlightegip—isopropoxide vapors were added to the reactant stream
by several article$?™**indicating higher device sensitivl§  for the production of Nb—Ti oxides. All these raw samples
at lower working temperaturés:*? Likewise, recent studies ere subjected to annealing temperatures ranging from 600
have shown the feasibility of using Nb/Tj@s surface con- to 900 °C, in steps of 50 °C. The thermal treatment applied in
ductance CO sensof$ Moreover, Sberveglieret al. found gl the series was a heating ramp of 10 °C/min to the holding
that Nb/TiG, thin films could be used to monitor methanol temperature for 2 h, followed by free cooling, the whole
Selectivity at ppm levels with negllglble sensitivity to inter- process being carried out under atmospheric air.

fering gases, such as benzene and, NOFor both applica- XRD was performed on a Siemens D5000 diffractometer
tions, nanosized grains of the sensing material are preferablgorking with the CiK ,; , wavelength. Data were collected
in order to increase the area that is exposed to gases. in steps of 0.05° from 20° to 60° in &-Raman spectra were

recorded on a Jobin—Yvon T6400 instrument, with ar Ar
aAuthor to whom correspondence should be addressed; electronic mail@Ser source of 514 nm Wa\{elength aqd an mc@gnt power of
arbiol@el.ub.es, http://nun97.el.ub-esfbiol 2 mW/mnf. TEM was carried out using a Phillips CM30
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TABLE I. Description of sample metal loading concentrations and anneal- T E A
ing temperatures applied in each set. (2) 5""9';0"‘)00 f * le
Samples Nb/T(at O/Q Tannealing(oc) — ”T“zzgzg E.
A 0.0 600-900 3| e Ee v By, ﬂ
B 2.9 600-900 > | ——ssoc
c 34 600-900 g | ——oov'c
D 10.9 600-900 £
E 24.5 600-900 =
200 400 600
SuperTwin electron microscope operated at 300 keV with Raman Shift (cm’”)
0.19 nm point resolution. For TEM observations, Nb/TiO
nanopowders were ultrasonically dispersed in ethanol and . . T
deposited on amorphous holey carbon membranes. (b)s“’""';;ec ¢
——850°C
+—— 800°C
IIl. RESULTS - b 750°C
Both the Nb content and the annealing temperatures in- € | rpe ;{ ¥
fluenced the percentage of anatase and rutile phases present g —so0'c| ¥
in the samples. For example, the evolution of Raman spectra 8 ' !
as a function of annealing temperature for samples A, B, and = AN /' \
E is shown in Figs. (&)—1(c), respectively. On these figures, /\
we have marked the main characteristic peaks of anatase at e A I NI N
—1 —1 =1 T T T
198 cm (Eg), at 397 cm~ (Byg) and 516 cm*™ (Byy), 200 400 600
639 cm -~ (E4), and of rutile at 235 cm' (disorder or sec- Raman Shift cm™)

ond order scattering® 449 cm* (Eg4), and 610 cm’
(A1).?° The Raman spectra show that the presence of dif-
ferent Nb percentages influences the phase transition rate.
Similarly, XRD patterns for samples A, B, and[Eee Figs. _izgz
2(a)—2(c), respectively show a clear evolution of TiOwith e 750°C
different anatase-to-rutile ratios. —Too'e
In order to quantify the anatase-to-rutile transformation, I
XRD peak intensity ratios were uséHig. 3). The ratio be-
tween anatase and rutile extracted from XRD spectra was
comegted with the empirical relationship used by Depero
et al.
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R(T)= 0.679m + 0.312< =N
whereR(T) is the percentage content of rutile at each tem-rG. 1. (a)—(c) RAMAN spectra of samples A, B, and E, respectively, at
perature,l 5 is the intensity of the main anatase reflectionvarious temperatureg600—-900 °Q. Notice the anatase-to-rutile transition
(101) (26=25.30°), and  is the intensity of the main rutile when the ann(_ealing temperature is increased. Anatase and rutile main peaks
reflection(110) (26=27.44°). are marked with gray and black arrows, respectively.

The 50% molar anatase and rutile mixture point is
marked with a dashed ling=ig. 3). Comparing results, and
taking this point to be one of the most characteristic in theB00 °C and 825 °C for samples E and D, respectively. More-
anatase-to-rutile transformation, we found that sample Apver, for high annealing temperatur€00 °O, we obtained
which contains no Nb, reached the 50% anatase/rutile poirdround 85% and 90% of the rutile transformation for samples
at around 700 °C, and this quickly evolved into a completeD and E, respectively.
rutile transformation. At 750 °C sample A had reached 90%  The evolution of the phase transformation was also ana-
of rutile content. lyzed by means of selected area electron diffrac(®AED).

In the case of the lowest loaded sampBsand Q, 50%  As an example, the qualitative results obtained by SAED for
of the rutile transformation did not occur until temperaturesthe samples at higH900 °Q annealing temperatures are
above 850 °C, and even at temperatures as high as 900 °C tkhown (Fig. 4), and these results can be directly compared
samples continued to contain a significant anatase(ppito ~ with those obtained by means of XRD and Raman. From our
25% molar in the case of sample B and 20% in the case dBAED patterns, the rings and spots present are identified in
sample G. order to determine the crystal phase to which they corre-

For the highest loaded samples we found that the 50%pond. Notice that the rings and spots analyzed are marked in
molar anatase and rutile mixture was obtained at arounthe diffractograms using a symbolic notation: circles marked
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FIG. 2. (a)—(c) XRD spectra of samples A, B, and E, respectively, at various
temperature$600—900 °Q. Gray and black selections show the evolution of
anatase and rutile peaks, respectively.

1-5 (TiO, anataspand circles marked A—DOTiO, rutile).

The existence of a few diffuse spots that do not corresponc{(3Irasae
to any of the former phases, suggests there is an additionc o
phase related to the presence of Iircles marked i—iii. :
After indexing these spots, we compared the data obtainedi
with those shown in JCPDS cards for the different Nb oxide [
phases, as well as the known alloys composed of Nb and Tig
The crystal phases considered were those corresponding t@#
NbO°NbO,,3! B-NbO,,%? Nb,Os, 2 and TiNb,O, .>* After &
comparing tabulated and experimental data, we found thajs
the above-mentioned diffuse spots are in good agreement
with the NbO phase. It should be pointed out that the presE!G. 4. SAED patterns corresponding to samples:A900, (b) B0O, (c)

} : . - 900, (d) D900, and(e) E900. Rings and spots analyzed have been marked
ence of strong and well-defined spots is due to the |mportan|crf] the diffractograms using the following notation: circles marked (H6,

increase in grain §iz_e of the Tjhanopowders at such high anatasg circles marked A—O(TiO, rutile) and, finally, circles marked i—iii
temperatures. This is the case for the sample A900 patterithe NbO phase

——— TiO; Anatase (1-5)
TiO; Rutile (A-D)
——— NbO (i-1i)
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(©)

FIG. 5. General TEM view of
samples: () A900, (b) B900, (¢
C900, (d) D900, and(e) E900.

be seen in them. had a minimum value of around 2%-3% Nb atomic percent-
The TiO, grain size evolution of our samples was ana-age, and then slowly increased as the Nb loading was also
lyzed by means of TEM. Figure 5 shows a set of TEM brightincreased. It is important to note that the mean grain size is
field micrographs corresponding to the samples annealed atosely related to the amount of rutile phase present in the
high temperatur€900 °Q. Their respective grain size histo- samples. In general, the more rutile percentage found in our
grams are also given in Fig. 6. The statistics computed fronsamples, the bigger the mean grain size.
the histograms show a noticeable change in grain size that High-resolution TEM(HRTEM) and digital image pro-
depends on the Nb loading values. All mean grain size reeessing(DIP) were used to complete the sample analysis.
sults are summarized in Table Il and in Fig. 7. A dramaticHRTEM analysis of the sample nanopowders annealed at
decrease in nanoparticle size occurred when samples welewv temperature600 °Q revealed no Nb clusters or Nb
loaded with a low percentage of Nb. The mean particle sizalloys around the Ti@ anatase nanoparticld$-ig. 8(@)].

1007 Gpean = 130 = 50 nm 1007 Oppean =38 £ 10 nm 107 Amean = 32+ 6 nm
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TABLE Il. Mean nanopowder diameters obtained from grain size histograms after Gaussian fit.

A600 B600 C600 D600 E600 A900 B900 C900 D900 E900
D (nm) d (nm) d (nm) d (nm) d (nm) D (nm) d (nm) d (nm) d (nm) d (nm)
20+8 164 14+3 13+2 12+4 130+ 50 38+10 32+6 40+10 57+ 20

However, despite not being shown by TEM, electron disper= 60 nm; the simulated image was obtained 10° off[(h@]
sive x-ray spectroscopyEDS) analysis[Fig. 8(b)] of the  TiO, rutile zone axis. It is normally expected that phase tran-
nanoparticles confirmed that the grains with anatase structuigtion is too fast to be observed, and this is indeed the case
do contain Nb atoms, as expected. for our samples: rutile or anatase nanoparticles, but never
HRTEM showed that Nb is segregated from the anatasenixed phases in the same grain. Nevertheless, the observa-
structure just before or even during the phase transformatiofion of frozen nanoparticles and the correlation with simula-
to rutile. The segregated Nb was always found in its NbCtion experiments provides further insight into phase transi-
oxidized phase, forming nanoclusters on the surface of TiOtion phenomena.
rutile grains(Fig. 9), and followed a Volmer—Weber growing In summary, all our results, both the spectroscdpia-
mode until clusters merged into a thin NbO film for high man and XRD and SAED show an important inhibition of
loading valuegFig. 10. The HRTEM distribution pattern of = the TiO, anatase-to-rutile phase transition when Nb is intro-
the Nb inside the anatase nanograins and the segregated sdgiced into the samples. These results are supported by HR-
gests that Nb segregation may be closely related to inhibitiomgM, finding that the number of anatase nanoparticles is

of the anatase-to-rutile phase transition, as observed biwuch higher for those samples which contain Nb. In order to
XRD, Raman, and SAED.

When anatase is transformed to rutile, Nb atoms are seg-
regated from the rutile stable phase grains, thereby creating a
thin NbO film (in the case of high Nb loading®or small
nanoclustersin the case of lower Nb loadingsAt an inter-
mediate stage, an anatase layer, which still contains Nb at-
oms, remains at the exterior surface until the total transfor-
mation to rutile phase.

Figure 1@a) shows a scheme of the proposed phase tran-
sition mechanism, frozen at an intermediate stage. The model
was created using thRHODIUS software packag® In this
model we took the bulk of a pure Tiutile particle covered
by a few monolayers of NbO, with a thin anatase film on top.
In order to validate our previous results, we used electron
microscopy simulation(EMS) software to compute the HR-
TEM image of this model. Similar contrast patterns and the
same plane spacing distances were obtained when comparing
the HRTEM-simulated imagekFig. 10b)] with those ob- X-RAYs 040 keV
tained experimentallfFig. 10c)]. The simulated image was Live: 60 Ereset: 0 (b)

. . . .. Real: 66s 9% Dead
obtained under the following microscope conditions: 300 kV -

"TiO, Anatase [111] (a)

and Cs=1.2mm, layer thickness40 nm, and defocus i

E 120

E | A —— 600 °C {

0

g 100 —e— 900 °C C

5 sl i Ti Nb Nb

(=]

= ]

§ 60—. h i

2 4o P PR TR | W

b= J ) 9.886 keV 20.1 >

3 20 Jl\

F_-’ 1A -B}I - E}f FIG. 8. (a) HRTEM micrograph showing a rectangular anatase nanoparticle.
§ 0 : C . . . . . . . A digital diffractogram of the squared region is also shown, allowing us to

0 5 10 15 20 25 determine the atomic structure of the selected gi&nEDS spectrum cor-
Nb at. % responding to the area shown (g). The presence of Nb atoms is clear

although the signal is weak. Titanium also shows two peaks. While Cu is
FIG. 7. Grain size evolution at 10600 °Q and high(900 °Q annealing  also present, this last signal comes from the x ray scattered in the copper
temperatures. grid.
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extensively studied, but there are no available data regarding
the energy cost of such a defect formation in either struc-
tures. The defects generally encountered in,Téde oxygen
vacancies, interstitial or substitutional*Ti ions, interstitial

Ti** ions and cation vacancies. The tolerance of anatase and
rutile toward the presence of such defects can be qualita-
tively correlated with the local environment of titanium and

to elastic properties. In both structures Ti is sixfold coordi-
nated, but the number of shared octahedral edges increases
from two in rutile to four in anatase. Traditional crystal
chemical theory argues that shared edges should lead to
cation—cation repulsion and structural destabilization, in ac-
cordance with the relative stability of both phases. In addi-
tion, it also suggests that the presence of a cation vacancy
should be better tolerated in anatase structure, due to a better
charge defect compensation by neighboring Ti cations. Ex-
FIG. 9. HRTEM micrograph of D900 sample. White arrows indicate someperimental resulf§ confirm this latter hypothesis since ana-

of the NbO nanoclusters segregated on the,Ti@ile surface. The squared tase and rutile, prepared from the same solution and heat
details show the DIP analysis of a NbO nanocluster. treated at 600 °C, present 20% and 10% of cation vacancies,
respectively. The high value of rutile bulk modul¢&10

37 H 38 H
understand the influence of niobium in the phase transitio®Pa° compared with that of anatagé78 GP,™ which
mechanism several aspects have to be taken into account. ARflects the curvature of the potential function, also suggests
explanation of the phase transition inhibition phenomena ighat the introduction of sterically costing defects in rutile

proposed in Sec. IV. would imply a higher energy per defect than in the case of
anatase.

IV. DISCUSSION As in the case of undoped TjQthe tolerance of anatase
and rutile structures to Nb doping may be described qualita-

A. Background tively. First, the similarity of N6°® (r=0.70 A) and Ti*

On the basis of phase equilibrium experiments, natura(r =0.68 A) radii in sixfold coordination suggests that the
abundance and atomistic simulations, it has been widely besolubility of niobium in TiO, phases will depend mainly on
lieved that only rutile has a true field of stability at low the charge compensation mechanism rather than on the in-
pressure, while anatase is metastable with respect to rutileluced stress. Thus, whatever the structure considered, the
Furthermore, the defect structure of both phases has begifect of introducing Nb is given by the following charge

(a)
Nb/T10, (101*

Anatase

NbO (001)f

Tio: (110}
ntile FIG. 10. (a) Supercell model repro-

ducing the growth mechanism. Phase
transition occurs from inside to out-
side at the same time as Nb is segre-
gated from anatase when this is trans-
formed into rutile. (b) Computer

(c) image simulation of the model shown
in (a); notice the good resemblance of
S e contrast lines to those shown in the
: HRTEM micrograph in(c).
Nb/Ti0,
Anatase
NbO
TiO,
Rutile
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equilibrated equations, expressed in classicalgkreVink  of an inflexion point in grain growth are discussed below
notation: when the effects of Nb segregation have been introduced.
1 X . 1\ H 1
5Nb,O5+ Ti— Nby + VT + TiO, + 0,, 2
2 " Pt 4V 2o D. NbO segregation during phase transition

l .X. . ) .,. §
2NDOs + Tigi— Nby; + Tig 30, ® As was demonstrated by HRTEM analysis, niobium is

where the charge compensation of®Nhbis achieved either segregated from the TiGstructure. This segregation has two
by the creation of one vacancy per titanium site per four Nbpossible origins: segregation during phase transition and/or
introduced, or by the reduction of one*Tiin Ti®* per Nb  segregation at high loading values. When might this occur?
introduced. Both mechanisms may be present, the latter b&he above explanations suggest that it would be very diffi-
ing much more likely to occur at high temperatures. What-cult for an anatase grain containing Nb dopants to transform
ever the case, the presence of a vacancy on a titanium site twr rutile. Therefore, it is possible that transformation is ac-
the stress induced by the presence of Tisuggests that a companied by prior Nb segregation, in order to allow an
higher solubility limit of niobium into TiQ may be found in  increase in oxygen vacancies in our material and thus facili-
anatase than rutile, in line with the previous discussion fottate phase transition. The process described could explain the
nondoped Ti@. However, for a complete description of pos- behavior of our anatase nanoparticles when temperature was
sible Nb-doped TiQ defects, the occurrence of oxygen va- increased; Nb" ions would remain inside anatase bulk until
cancies also has to be considered. It would be expected thtife temperature was high enough to provide the mobility
the introduction of niobium will reduce the amount of oxy- necessary for our niobium ions to sinter. Thus, the Nb aggre-
gen vacancies, due to it having a higher positive charge thagates created would be expelled from the anatase structure
titanium. and be placed on the TiGsurface in an oxidized Nb phase.

At the same time, once the main part of the niobium has left

the anatase structure, a fast transformation to rutile would
B. Inhibition of the anatase-to-rutile phase transition occur, since at such high temperatures phase transition would

During phase transformation, the anatase pseudoclos€€ highly favored. _ _ _
packed planes of oxygefil2 are retained as rutile close- If we consider Nb segregation on the TiGurface, it
packed plane§l10 and a cooperative rearrangement of theWould be expected that Nb would react with the T€urface
titanium and oxygen ions occurs within this configurafidn. @nd acquire one of its oxidized phases, which are thermody-
The oxygen vacancies placed in anatase planes act as nucf@mically more stable than the metallic ones. Recently,
ation sites for the anatase-to-rutile phase transforméfion. Marienet al™ used a simple model to calculate the change

If we consider defect formation by foreign ions in titania in Gibbs free energh G® of the surface reaction, assuming
lattice, it can be supposed that ions, which enter into thdhat TiO; (rutile) was reduced to 305
system substituting 1, may either enhance or delay the 2TiO,+Nb—Ti,03+NbO (AG°= —36 kJ/mo), (4)
transformation from anatase to rutile depending on whether .
the number of oxygen vacancies is increased or decréased4 TiO2+Nb—2Ti,03+NbO, (AG®=—-57kJ/mo), (5)
When niobium ion§ enter substitutionally into TiQthe 10TiO,+ 2Nb—5Ti,O5+ Nb,Os  (AG°=—59 kd/m).
charge of the Nb" ions should be compensated for a de- (6)
crease in oxygen vacancies, leading to the hindering of the

anatase-to-rutile transformatiéh®: After analyzing their specimens, they were unable to de-

termine whether NbO, NbQ or Nb,O5; was formed. As can

be seen, a most favorable reaction, thermodynamically
C. Grain growth inhibition speaking, would transform Nb into BOs, due to its lower

Gibbs free energy value. Controversially, our SAED and HR-

An important inhibition of grain growth was observed at Tgpm results suggest the presence of NbO clusters on, TiO
high annealing temperaturé¢800 °CQ when Nb was intro- grain surfaces.

duced into our samples. The TEM results and particle sizé  pfier analyzing a few hundred TiDnanoparticles we
histogram clearly show an inflexion point at which inhibition 5,nd no anatase nanoparticle with NbO clusters on its sur-
reaches a maximum. This point was found to be around 3-f,ce Conversely, the niobium EDS signal comes from ana-
at% Nb, where the mean Tithanoparticle size was around 556 pylk, meaning that the anatase structure enabled Nb at-
32 nm. This latter value greatly increased for both the unymg to pe incorporated within it. However, the presence of
loaded sampléup to 130 nm and the high loaded samples Npo clusters on the surface of rutile grains would confirm
(up to 57 nm. In general terms, the grain growth hindering oyr hypothesis that there is a prior segregation of Nb ions
observed when our samples were loaded with Nb was vergefore or during phase transition.

L 42 i

similar to that found by other authot’rF -“The NB" radius In this work we have related the segregation of Nb to the
(0.70 A) is slightly bigger than the Ti" radius(0.68 A and g atase-to-rutile phase transition.

this means that NI induces slight stress in titania lattice,

which may hinder the growth of the Tirystallites, as was
found by Sharma and BhatnagiiMoreover, we also found
that TiO, anatase particles were smaller than rutile ones in ~ So far, we have shown that the segregation of Nb ions

the same sample. These phenomena as well as the existerioen the anatase structure favors the anatase-to-rutile phase

E. NbO segregation at high Nb loading values
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transition. It has been pointed out that this segregation igrains from low loaded samples, which would maintain Nb
possible when a certain annealing temperature is reachetbns in the anatase structure until they reach a high annealing
However, there is another effect, which has yet to be extemperature. Nb segregated from Ji@anoparticles was al-
plained, namely, the acceleration of phase transformation faways found in its NbO oxidized phase, forming nanoclusters
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