Modification of titania nanoparticles for photocatalytic antibacterial
activity via a colloidal route with glycine and subsequent annealing
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Changes in the colloid-chemical and photocatalytic properties of titania nanoparticles by attrition
milling in the presence of glycine (Gly) and subsequent heat treatment were examined. By milling
at 1500 rpm for 6 h, the average particle size was decreased from 123 to 85 nm, with
simultaneous decrease in the specific surface area from 35.1 to 23.5 m*/g. Interfacial reactions
between titania and Gly were confirmed by Fourier transform infrared spectroscopy, from the blue
shift of the COO™ related vibrational bands by 25 cmfl, relative to the same band from the pristine
Gly. The bimodal N1s x-ray photoelectron spectroscopy peak similar to that from the reported
titania—amino acid complex is another indication of the complex formation with the participation
of nitrogen. When the dispersion was dried and calcined at 500 °C in air, the powder exhibited pale
yellow color. Diffuse reflectance spectroscopy showed significant visible light absorption,
suggesting nitrogen incorporation into titania. The fired product showed high photocatalytic
antibacterial activity by irradiation of blue light centered at around 440 nm, using Escherichia coli
as a specimen of bacterial species. Thus, the present Gly-modified titania nanoparticles could be
used for eliminating indoor bacteria under soft blue illumination. The series of interfacial chemical
processes involved are also discussed.

. INTRODUCTION

Most of the functional oxide nanoparticles used to
fabricate final products in the forms of sintered bodies,
thick or thin films, are processed via a colloidal state, where
a good dispersion is of primary importance.' ™ It is widely
accepted that appropriate anion exchange of the oxide
nanoparticles brings about increased functionality, by
changing the electronic states of the oxides.””’ Numerous
attempts were made, for instance, to incorporate nitrogen,
sulfur, and/or fluorine into titania nanoparticles, for mak-
ing them responsive to visible light. 8-14 Out of a number of
such functionalization techniques, dry processing such as
comilling oxide particles with appropriate anion sources in

a solid state is recognized to be beneficial,'">™"” while a

number of colloid-chemical processing of titania fine
particles for the similar purposes are documented as
well.'820

Comilling of titania nanoparticles with polytetrafluoro-
ethylene (PTFE) in air, for instance, brings about fluorine-
doped TiO, nanoparticles, as we reported recently.21 The
associated reaction processes, i.e., oxidative decomposi-
tion of PTFE, extraction of oxygen ion from the substrate
titania, and transfer of fluorine from the partially decom-
posed PTFE, are the consequences of serial mechano-
chemical reactions. While these dry comilling processes
look promising, they are often accompanied by severe
agglomeration of the particles.

A wet milling process, on the other hand, is almost
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always performed for the purpose of better dispersion.
It is generally believed, however, that mechanochemical
effects may be lower in extent, due to the presence of
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a liquid phase. With an appropriate liquid phase, however,
we could induce a dissolution—reprecipitation phenom-
enon, which is entirely missing in the dry processing route.
Indium—tin oxide (ITO) is a source of transparent con-
ducting thin films, whose demands are ever increasing for
displays, photovoltaics and touch pamels.zz’23 For obtain-
ing a well-sintered material, serving as a target of sub-
sequent sputtering, we need highly sinterable ITO sources.
Wet milling of indium oxide powders in an aqueous
solution of stannic chloride (SnCly) results in the partial
dissolution of indium oxide (In,Os3), formation of the
complex hydrated ionic species in an aqueous phase and
their deposition onto the surface of In,Oj5 particles.**

By the same token, wet milling of titania in a reactive
medium containing appropriate anion source may enable
surface modification of titania, while avoiding serious
agglomeration. The purpose of the present study is to
prepare photocatalytically active titania nanoparticles, by
dispersing them in a slightly acidic aqueous solution of
glycine, serving as a nitrogen source, attrition milling and
subsequent drying and annealing. Photocatalytic proper-
ties were examined in terms of antibacterial activity using
Escherichia coli as a specimen of bacterial species.

Il. EXPERIMENTAL
A. Samples

As a source of TiO, nanoparticles, we chose P-25 (Evonik
Degussa, Essen, Germany, average primary particle size
40 nm), as purchased. Glycine (henceforth Gly, Sigma-
Aldrich, St. Louis, MO) was used without any further puri-
fication. A 16.7 wt% aqueous solution of Gly was prepared
by dissolving 20 g Gly in 100 mL 0.1N nitric acid (HNOs3).
The solution pH was 3.4. Attrition milling was performed
on the suspension comprising 20 g of P-25 and 30 g of the
above-mentioned Gly solution using Netzsch PE0Q75 mill
(Netzsch, Selb, Germany), with yttrium-stabilized zirconia
beads (2.5 mm) 180 g, at 1500 rpm for 6 h (henceforth, sam-
ple AT4). The attrition-milled sample was dried at 76 °C
for 24 h and heated in air at 10 °C/min up to 500 °C, held
for 1 h, and furnace-cooled (samples AT4Cl (1) and
AT4C1 (2), with the same P-25 from different lots).

B. Characterization

Granulometrical analyses were performed for the parti-
cle size distribution with CPS Disk Centrifuge, DC24000
(CPS Instruments, Oosterhout, Netherlands), and for the
nitrogen-specific surface area using the method of Bru-
nauer, Emmett and Teller (BET model) with a Gemini
2375 (Micromeritics Instrument, Norcross, GA). We also
evaluated colloid-chemical properties, i.e., zeta potential
for the as-prepared suspension by Zetapals, BISOOOAT
(Brookhaven Instruments, Holtsville, NY), and viscom-
etry by Haake Rheostress, RS 100 with a cone-cylinder

set up at 25 °C. Solid state properties were determined
by x-ray diffractometry (XRD; Philips X Pert, Eind-
hoven, Netherlands), thermogravimetric analysis (TGA;
TGA/SDTAS851e, Mettler Toledo, Columbus, OH), dif-
fuse reflectance spectroscopy (DRS) [Lambda 900, Perkin
Elmer, Waltham, MA, ultraviolet, visible, near-infrared
(UV-VIS-NIR) spectrometer], x-ray photoelectron spec-
troscopy (XPS; Axis Ultra, Kratos Analytical, Manchester,
UK), and Fourier transform infrared spectroscopy (FTIR;
Nicolet 5 ZDX, Thermo Fisher Scientific, Waltham, MA).

Photocatalytic antibacterial activity was evaluated using
Escherichia coli (E. coli K12) as a specimen of bacterial
species. This was obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (DSMZ)
ATCC23716, Braunschweig, Germany. The bacteria was
inoculated in 5 mL of Luria Bertani solution and grown
for 8 h at 37 °C under constant agitation to maintain aero-
bic conditions. Aliquots of the culture were inoculated
into a fresh medium and incubated aerobically at 37 °C
for 15 h.

Bacterial growth was monitored by optical density at
600 nm. At the stationary growth phase, bacteria cells
were collected by centrifugation at 5000 rpm for 15 min
at 4 °C. The bacterial pellets were washed three times and
resuspended in a saline solution comprising 0.75% sodium
chloride (NaCl) and 0.08% potassium chloride (KCl).
Finally, cell suspensions were diluted with the saline
solution to allow the storage of the bacteria without
osmotic stress,”> and to the required cell density [corre-
sponding to 1.0 x 10° to 3.0 x 10° colony forming units
per milliliter, (CFU/mL)]. Samples were taken each 30 min
until 4.5 h of illumination. Serial dilutions were made in
the saline solution. A 100 pL of each dilution was spread
on the nutrient agar plates, which were incubated for
37 °C for 24 h before counting the CFU.

A Pyrex glass bottle of 50 mL was used as a batch
reactor. The catalysts concentration was kept constant at
1 g/L. The volume of the bacteria solution was 40 mL.
The irradiation experiments were performed at room
temperature, 25 °C, which increased up to 31 °C during
irradiation. All experiments were repeated three times.

lll. EXPERIMENTAL RESULTS
A. Granulometry of powders

Particle size distribution of the original P-25, gave a
single mode at 123 nm, which shifted toward smaller size,
85 nm, after attrition milling, as shown in Fig. 1. The par-
ticle size reduction was also recognized by the scanning
electron micrographs shown in Fig. 2, where the AT4
powder suggests a slightly lower degree of agglomeration.
In contrast to the expectation from the geometry, the BET-
specific surface area, the weight-based value, S, also
decreased after attrition milling, as shown in Table I.
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FIG. 1. Particle size distribution profiles. (a) cumulative, (b) histogram.

FIG. 2. Scanning electron micrographs. (a) Starting mixture before attrition milling, (b) after attrition milling (AT4).

TABLE I. Summary of granulometrical results.

TABLE II. Summary of colloidal properties.

Sample Dy,s50 (nm) Sw (mz/g) Relative dispersion
P-25 123 35.1 1
AT4 85 235 0.46

The relative dispersion of AT4 was estimated by dividing
the weight-based average particle size, Dysg, by the re-
ciprocal of S, and normalized by the corresponding value
of the pristine P-25. The value became 0.46, after attri-
tion milling. This is an indication of agglomeration after
attrition milling. However, the agglomeration was weak
enough to be destroyed and redispersed by ultrasonication,
demonstrated by the particle size distribution. The Gly
absorption on the attrition milled powder also explains the
decrease in the S,,. Gly could block access of nitrogen to
pores within the agglomerates as the powder was only
treated at 200 °C before measurement of the nitrogen
isotherm, below the temperatures for full decomposition
of the adsorbed Gly.

B. Colloid-chemical and rheological properties

Table II summarizes the colloid-chemical properties
before and after attrition milling. Decrease in the zeta

Apparent
viscosity (mPa s)
Zeta

Disperse system pH potential (mV) At300s™' At600s '

P-25 before attrition 3.4 33.6 32 24
milling

P-25 after attrition 3.4 28.8 3 4
milling

P-25 + Gly before 35 26 42 27
attrition milling

P-25 + Gly before 35 12 7 6

attrition milling (AT4)

potential was observed after attrition milling and addition
of Gly. When attrition milling was performed in the pre-
sence of Gly, the reduction of the zeta potential was most
appreciable, again indicating surface modification in the
presence of Gly.

Apparent viscosity was decreased with increasing shear
rate, indicating the shear thinning behavior for the non-
milled suspensions. Significant decrease in the apparent
viscosity by attrition milling was also observed. These are
typical rheological behaviors of the disperse systems con-
taining agglomerates.26 Irreversible and significant decrease
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in the apparent viscosity by attrition milling indicates that
the strong aggregates were present in the initial titania par-
ticles, which are significantly destroyed by attrition milling.
A slight increase in the apparent viscosity in the presence
of Gly, both before and after attrition milling, is an
indication of chemical interaction of Gly with titania
particles, reducing the degree of dispersion.

C. Change in the chemical properties by
attrition milling

FTIR spectra shown in Fig. 3(a) exhibit primarily the
disappearance of the absorption peaks of pristine Gly
below 800 cm ™' for AT4, due to attrition milling. A closer
observation reveals a significant blue shift by up to 25
wave number for the absorption bands between 1300 and
1500 cm™*, ascribed to the COO™ stretching,27’28 as shown
in Fig. 3(b).

When we observe Nls XPS peaks for the same
samples, shifts toward lower binding energy was recog-
nized as shown in Fig. 4(a). A closer look at the N1s signal
for the composite (AT4), we notice that the peak could be
separated into two components, i.e., with peaks at 399.8
and 401.5 eV, as shown in Fig. 4(b). This will be further
discussed in Sec. IV. We note that the same tendency was
observed for the system TiO,—L-serine.’

D. Changes upon heating

Upon heating, the decomposition behaviors were also
significantly different between the pristine Gly and G
attrition milled with titania, as shown by the differential
thermogravimetrical (DTG) profiles shown in Fig. 5. Both
the initiation and termination temperatures of the weight
loss, i.e., the thermal decomposition, were shifted toward
lower temperatures for the organic part of the attrition-
milled composite. In the latter case, the fractional decom-
position steps were more widely spread. This is another
indication of significant chemical interaction of Gly with
titania, i.e., beyond the state of simple adsorption.

Figure 6 shows the diffuse reflectance spectra of the
parent P-25 powder and two powders after comilling and
thermal treatment at 500 °C for 1 h in air. There is significant

enhancement in the light absorption in the visible region
between 300 and 400 nm for the comilled and heated powders
compared with the parent P25. Two samples, AT4C1 (1) and
AT4CI1 (2), are those of the same treatment from the different
starting batches (lots) of P25. They behaved quite similarly,
showing good reproducibility of the phenomenon.

E. Photocatalytic activities

Figure 7(a) shows the activity under green light irradia-
tion. There is small, almost negligible activity for the parent
P25 and AT4C1 and C2 samples. This is not unexpected
from the absorption data in Fig. 6, where none of the powder
absorbs the photon energy in this energy region.
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FIG. 4. Nl1s XPS profiles. (a) Gly and AT4, (b) AT4 with peak
deconvolution.

0.5
El S04
8 s
2 o
o 03
3 3
5 5 02
g o
=
0.1
0 | 1 1 1 | 1 | 0 | 1 1 1 | 1 |
4000 3500 3000 2500 2000 1500 1000 500 1800 1700 1600 1500 1400 1300 1200 1100 1000
(a) Wavenumber {cm ™) (b) Wavenumber (cm ™)

FIG. 3. FTIR spectra of Gly and AT4. (a) Wide range (400—4000 cm_l), (b) narrow range (1000-1800 cm_l).
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In contrast, Fig. 7(b) shows significant photocatalytic
activity for the AT4C samples under blue light irradiation,
which would correspond to an indoor-type illumination.
The parent P-25 powder shows no activity while the two

-0.05
-0.1

—~-0.15
% 0.2 attrition-milled powders show significant activity with all
K -0 bacteria being destroyed after exposure for 2 h. This cor-
-0.3 responds well to the improved absorption spectra of the
-0.35 attrition-milled powders in the blue regime, shown in Fig. 6.
04 oo w0 a0 @0 S0 @0 700 800
Temperature (degC) IV. DlSCUSS|ON
FIG. 5. Differential thermogravimetric (DTG) profiles of Gly and A. Surface chemical interactions by attrition
AT4. milling and subsequent annealing
Vargova et al. studied glycine—metal complex forma-
20 : tion in detail by means of infrared spectroscopy.?’” The
disappearance of the absorption bands below 800 cm ™',
15 AT4C1(2) ] i.e., those due to PVdF, e.g., of COO™ scissoring,27
’f implies partial decomposition of PVdF during attrition
€ 10 milling. We also observed the blue shift of the absorption
'EL peaks for the absorption bands between 1300 and 1500 cm ™",
2 o0s as shown in Fig. 3(b). Valgova et al. attributed the blue shift of
the COO™ stretching IR absorption band to the connection of
i | the carboxylate anion to the coordination surroundings of the
iy ¥ = s g G metallic ion, i.e., entrance into the ligand field of the central
Wave length (nm) metallic ion.?” Although the metallic species they studied was
FIG. 6. Diffuse reflectance spectra of P-25 and AT4 after annealing at Zn, similarity to the present study in this respect is clear.
500 °C in air AT4C1(1) and (2) are the samples from different P-25 lots. Based on the detailed XPS studies, Wilson et al. con-
firmed the most probable conformation of Gly that
7 7
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FIG. 7. Antibacterial photocatalytic activity under green and blue lights of P-25 and AT4 after annealing at 500 °C in air.
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adsorbed onto TiO, (011) to be a bidentate bridging.30
They concluded that the oxygen atoms in the carboxylate
are entering into the ligand field of Ti*". As shown in
Fig. 4(b), the N1s peak of the complex, AT4C1, could be
separated into two, i.e., those that peaked at 399.8 eV and
the others that peaked at 401.5 eV. This strongly supports
the complex formation between Gly and titania, as Polleux
et al. also observed very similar N1s peaks from a titania-
based complex, prepared via a solution route with 2-amino-
2-hydroxymethyl-1,3-propanediol (trizma), as an organic
counterpart.*!

We also checked that N1s XPS signal was negligible
in the pristine P-25, before and after heating to 500 °C,
so that it seems safe to conclude the second N1s peak at
399.8 eV in AT4C1 or AT4C2 is ascribed so the nitrogen
introduced from Gly via complex species mentioned above.
As we observed the XPS spectra on sample AT4 after
heating at 500 °C, we did not recognize significant N1s
signal. However, we clearly observed the visible light ab-
sorption in Fig. 6. These observations are compatibly
explained by assuming the disproportionation of nitrogen
species during heating. A fraction of nitrogen was depleted
by the decomposition of the complex species formed on the
surface of P25 nanoparticles, which was clearly picked up
by XPS as N1s signal, due to the preferential capture of the
near surface information by XPS. The other fraction, on the
other hand, went into the lattice of titania. Only the latter
fraction was able to contribute to the change in the elec-
tronic state enabling the catalytic activity. The latter fraction,
however, is less sensitive to XPS. Since the amount of
nitrogen play an important role on the catalytic activity,**>>
variation of nitrogen concentration by the present method
should be examined in near future.

Detailed studies using thermogravimetric analyzer cou-
pled with Fourier transform infrared (TG-FTIR) spec-
troscopy by Li et al. showed the decomposition product
sequence of commercially available Gly as H,O and
NH3, CO,, CO, and isocyanic acid (HNCO).** Although
one-to-one correspondence of the observed differential
thermogravimetric (DTG) peaks in the present study to
these sequence is not possible at present, the DTG peak
shift to the lower temperature side and increased separation
of the peaks observed might imply the decomposition
promotion due to the thermocatalytic action of the titania
substrate and the complex formation. This is attributed to
the specific binding of the molecular fractions, due to the
specific adsorption configuration.>® From all these results,
we suggest the scheme illustrated in Fig. 8 as a simplified
process of formation of the complex between titania and
Gly, and incorporation of nitrogen into titania.

B. Photocatalytic activity

The strong photocatalytic activity shown in Fig. 7(b)
means that the present Gly-modified titania nanoparticles

Hydrated surface complex

just after atlritimling

Shear stressing by attrition milling

FIG. 8. A scheme of the reaction processes.

could be used for attack against bacteria within enclosed
space under soft blue illumination. By referring the
literature,*™*° these results suggest that the >N-doping
has created intermediate energy levels in the band gap,
which allow the production of some type of oxidizing
species. Because of the relatively low energy of these
wave lengths, species such as oxygen singlet 0,' are
expected rather than the hydroxyl radical, *OH.""*' For a
better understanding of the detailed mechanisms with
respect to the active species in the present antibacterial
photocatalytic activity, we need further work.

V. CONCLUSIONS

Surface functionalization and modification of rheo-
logical properties of titania nanoparticles were achieved
simultaneously when they were dispersed in a slightly
acidic aqueous solution of Gly. Reduction of particle size
with accompanying slight flocculation took place by
attrition milling. The observed granulometrical, colloidal
and chemical changes by attrition milling consistently
indicate the formation of the Gly-derived complexes on
the surface of titania. When the dispersion was dried and
further calcined at 500 °C in air, nitrogen was incorpo-
rated into titania, judging from the color change to pale
yellow, and the DRS in the visible region. The fired pro-
duct, i.e., titania nanoparticles with partial anion exchange
of oxygen with nitrogen, exhibited a high photocatalytic
antibacterial activity by irradiation of blue light centered at
around 440 nm, as demonstrated using Escherichia coli
(E-Coli) as a specimen of bacterial species. The present
Gly-modified titania nanoparticles could, therefore, be used
for the purpose of attack against bacteria within enclosed
space attacking material under soft blue illumination.
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