










-420 J/g compared with -636 J/g for the undoped sample,
indicating that formic acid is easier to remove in the presence
of silver. This is in agreement with the previously proposed
mechanism from the FTIR and Raman spectroscopy results, that
silver inhibits formic acid and it is thus removed upon aging at
100 °C therefore, allowing the oligomer structure to readily
collapse and form rutile upon calcination.

In Figures 8 and 9 an endothermic peak at ∼250 °C is due
to the removal of isopropanol formed through the condensation
step. The removal of isopropanol indicates that the condensation
step is complete. Comparing the DSC curves of the samples
before (Figure 8) and after (Figure 9) aging shows that the
endothermic isopropanol peak is present in both the 0 and 5
mol % silver sample before aging. But after aging the isopro-
panol peak at 250 °C is only present with 0% Ag TiO2. This
provides further explanation for the formation of rutile at lower
temperatures, since when the condensation step is near comple-
tion, the crystallization temperature is lowered and then so too
is the anatase to rutile transformation temperature.

The appearance of the first exothermic peak in all DSC curves
is the transition from amorphous TiO2 to crystalline anatase,
and as expected this peak occurs earlier with silver doped TiO2

than with TiO2 only. Figure 8 shows that crystallization occurs
at 320 °C for 5% Ag TiO2 but does not occur until 350 °C for
the undoped sample. This can also be seen in Figure 9 where
crystallization of 5% Ag TiO2 takes place at 320 °C but for the
undoped sample crystallization does not occur until 385 °C.

XPS. To determine more information on exactly how the
silver is interacting with the titanium formate complex, XPS
was carried out on the silver doped and undoped samples before

calcination to establish the titanium structure, the chemical state
of the silver particles, and also for further evidence of the
reduction in the carboxylate species. XPS spectra were recorded
of the samples precalcination (as with IR and Raman) and XPS
was also carried out on the crystalline titania after calcination.
The spectra of C1s and O1s of TiO2 without silver show the
presence of the carboxylate group at 289.171 and 532.3 eV,71,72

respectively (parts a and b of Figure 10). As the silver content
is increased the intensity of these peaks decreases in a similar
manner as those of the IR and Raman results, again indicating
that with increased silver content, the formation of a titania
formate bridging complex becomes increasingly difficult to
form.

Figure 11 shows the XPS narrow scans for Ti 2p and Ag 3d
peaks. The XPS spectrum of Ti 2p is unchanged with increasing
amounts of silver, the Ag 3d spectrum of 1% silver TiO2 gives
a weaker signal than the 3% shown in figure 11b and the Ag
3d scan of 5% silver TiO2 results in a spectrum similar to 3%
silver TiO2. The fact that increasing amounts of silver does not
affect the Ti 2p spectra indicates that central titanium atom has
not been reduced. In Figure 11a, a Ti 2p peak at 459.1 eV is
representative of Ti in its tetravalent state73 in an octahedral
environment.74 The absence of a Ti3+ peak at 457.4 eV leads
to the following observations.

(1) Ti has not been reduced to Ti3+ which may indicate an
absence of surface oxygen vacancies.75 However, if TiOn (n <
2) is formed it may not be present in detectable amounts.76

(2) Ag2O or Ag0 incorporation into the TiO2 lattice may give
rise to a signal at 457.4 eV representative of Ti3+.36 From the

Figure 10. XPS spectra of C 1s (a) and O 1s (b) of TiO2 with and without silver before calcination.

Figure 11. XPS spectra of Ti 2p (a) and Ag 3d (b) of 3% Ag TiO2 before calcination.

Anatase to Rutile Transformation of TiO2 J. Phys. Chem. C, Vol. xxx, No. xx, XXXX E

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

F10

F11

ohio2/yjy-yjy/yjy-yjy/yjy99907/yjy2502d07z xppws 23:ver.3 7/5/10 23:56 Msc: jp-2010-016054 TEID: dmadmin BATID: 00000



XPS there was no evidence of Ag TiO2 bond formation, which
can be expected due to the differences in atomic radius.

The Ag 3d scan (Figure 11b) shows two large peaks. A
Gaussian fit of the main peak (∼368 eV) showed that it was
made up of two signals at 367.9 and 368.2 eV, representing
the chemical bonding states of Ag2O and Ag0, respectively.36

Therefore, it has been shown that Ag0 and Ag2O have formed
on the surface of the titania formate complex, before heat
treatment above 100 °C. Spectroscopic (FTIR, Raman, and XPS)
studies of the carbonyl species have shown a reduction in the
titanium formate bridging complex with increased amounts of
silver. The Ag 3d scan of a sample (before calcination)
containing silver (Figure 11b) shows the presence of Ag2O
(Ag2+, 367.8 eV) and Ag0 (368.2 eV).36 Therefore, the presence
of Ag2O and Ag0 in the powders before calcination may be
responsible for the reduction of the titanium formate bridge as
shown by IR, Raman, and XPS. The presence of Ag2O and Ag0

may then restrict the formation of a titanium formate bridging
complex which leads to an altered condensation pathway and
therefore low temperature formation of rutile.

Figure 12 shows the narrow scan XPS spectra for O 1s of
TiO2 only calcined at 900 °C and 3% Ag TiO2 calcined at 700
°C. Gaussian fits of both spectra give rise to two peaks at 530.1
and 531.1 eV for crystal lattice oxygen and hydroxy oxygen,
respectively.74,77 The silver doped sample contains a greater
amount of hydroxy oxygen. Chemisorbed surface hydroxyl
groups can enhance photocatalysis by trapping photoinduced
holes resulting in an increase in the formation of the highly
oxidizing OH• radicals.77,78 It is well reported that silver retards
the recombination of photogenerated electron hole pairs;36,37,79

this may not only be due to the attraction of excited electrons

to silver but also due to the presence of extra hydroxyl species
to delay recombination through hole trapping.

There is an apparent difference between the Ti 2p spectra
shown in Figure 13. Unmodified TiO2 gives a signal at 458.9
eV in the Ti 2p narrow scan. However, 3% silver TiO2 results
in the presence of an additional signal at 459.2 eV. The undoped
sample after calcination at 900 °C gives a symmetrical peak at
458.9 eV (Figure 13a) typical of tetravalent Ti-O bond.73

However, the Ti 2p narrow scan of the 3% Ag TiO2 sample
calcined at 700 °C does not give a symmetrical peak. A Gaussian
fit of the spectrum gives two signals at 458.9 and 459.2 eV
both representing Ti-O,73 but the shift in the binding energy
to 459.2 eV indicates that there may be an interaction between
TiO2 and silver.80

Through XPS, IR, and Raman it was shown that the addition
of silver restricts the formation of a titanium formate bridging
complex. XPS also shows that silver exists as both Ag0 and
Ag2O. Finally, XPS has shown that the presence of silver results
in a peak being present at 459.2 eV in the Ti 2p scan (Figure
13b), which is indicative of an interaction between TiO2 and
silver.80 The combination of these results leads to the proposal
of Scheme 1. In Scheme 1 it is proposed that Ag0 and Ag2O
block the formation of the titanium formate bridge. The resulting
titanium complex can then collapse readily upon calcination to
form rutile.

Gaussian fits of the narrow scan Ti 2p XPS spectra (Sup-
porting Information) of all samples before calcination reveals
two signals. The intensity of the signals accordingly varies with
the increasing presence of silver, further indicating that Ag0/
AgO is interacting with titanium,81 thus facilitating the removal
of formate species and allowing for the collapse of the Ti-O

Figure 12. O 1s XPS spectra of TiO2 without silver calcined at 900 °C (a) and with 3% silver calcined at 700 °C (b).

Figure 13. Ti 2p XPS spectra of TiO2 without silver calcined at 900 °C (a) and with 3% silver calcined at 700 °C (b).
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gel framework upon calcination to form rutile at lower
temperatures.

Diffuse Reflectance Spectroscopy. To estimate the band gap
distance, UV-vis spectroscopy was employed. The results show
that silver does improve visible light absorbance of TiO2 due
to silver plasmon absorption; moreover, a blue shift was
observed for the band gap separation of the TiO2 materials upon
increased silver addition.

Figure 14 shows the diffuse reflectance spectra for 0, 1, 3,
and 5 mol % Ag TiO2. It can be seen that unmodified TiO2 has
a smaller band gap than the silver modified TiO2. The blue shift
of the silver modified materials can be attributed to the presence
of additional silver.82

Figure 15 shows a diffuse reflectance spectrum of Ag
nanoparticles where a strong absorbance is observed at ∼335
nm. The band gap of the TiO2 nanomaterials can therefore not
be accurately determined because of the strong silver absorp-
tion.83 It is also clear that the presence of increased amounts of
silver (3 and 5 mol %) facilitates visible light absorbance. This
can also be seen from Figure 15 through strong visible light
absorption of the silver nanoparticles. The proposed mechanism
for the visible light absorbance of Ag TiO2 is shown in Figure
16.80

It can also be seen in both Figures 14 and 17 that 3 mol %
silver TiO2 has greater absorption than 5 mol % Ag in the visible
region. This is because increased levels of silver act as a physical
block against TiO2 light absorption. This causes an increase in
the diffuse light reflectance of the material.37

In Figure 18 it is observed that the band gap of the modified
TiO2 is reduced, as seen by the red shift in the spectra of the 3
and 5 mol % Ag TiO2 in comparison with Figures 14 and 17.
This is attributed to the formation of rutile. Rutile has a smaller
band gap than anatase;13 XRD results confirm that silver doped
samples calcined at 800 °C have rutile structure (Figure 3). By

comparison of Figure 18 with Figures 14 and 17, silver does
not have the same influence in causing the blue shift. The
mechanism of anatase to rutile transformation is one of
nucleation and growth;46,47 therefore, rutile particles are sig-
nificantly larger than those of anatase. The larger particles may
result in a significant reduction in the influence of silver on the
band gap of the materials.

Conclusions

A systematic study of the effect of silver on the anatase to
rutile transformation temperature of TiO2 has been carried out.
By use of XRD, FTIR, Raman, DSC, and XPS it was proposed
that the addition of silver blocks the formation of a titanium -

SCHEME 1: Illustration of Blocking Mechanism of
Silver on the Titanium Formate Bridge

Figure 14. Diffuse reflectance spectra of 0, 1, 3, and 5% Ag TiO2

calcined at 500 °C.

Figure 15. Diffuse reflectance spectrum of silver nanoparticles.

Figure 16. Mechanism for light absorption of silver.

Figure 17. Diffuse reflectance spectra of 0, 1, 3, and 5% Ag TiO2

calcined at 700 °C.
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carboxylate bridging ligand. This was clearly shown through
the carboxylate stretches in FTIR, Raman and XPS. Without
the formation of this bridging ligand the condensation pathway
is altered, and the resulting titania polymer network is weakened.
When calcined, this weakened structure can readily transform
from anatase to rutile due to a greater atomic mobility. The
sample with no silver present maintained anatase at greater
temperatures than those that contained silver. This was due to
the formation of a strong carboxylate bridge that promoted a
more organized structure throughout the condensation process.
The more ordered oligomer network of the sample without silver
consisted of anatase at greater temperatures than those where
silver was present. This was clearly seen from the XRD
diffractograms. Previous reports have indicated that oxygen
vacancies contribute to the early formation of rutile, but through
XPS and PL, it was concluded that the presence of additional
silver did not form extra oxygen vacancies. XPS also showed
that Ag2O and Ag0 was present in the samples before high
temperature calcination. It was also showed through XPS that
there may be an interaction between Ag and Ti, which agrees
with the proposed mechanism outlined in Scheme 1.

PL studies showed that the addition of silver reduced
recombination of electron, hole pairs, and PL spectra did not
provide any evidence for the presence of additional oxygen
vacancies with increased amounts of silver. Diffuse reflectance
showed greater visible light absorbance through silver plasmon
resonance.

An alternative mechanism has been proposed on how silver
effects the anatase to rutile transition of TiO2. In the proposed
mechanism, silver blocks the formation of a bridging ligand
with the titanium alkoxide precursor. This is clearly shown in
FTIR, Raman, and XPS spectra, and the resulting lower
formation of rutile is clear from XRD and DSC.
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