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This work presents an experimental study on the specific quantitative contributions of

antireflective and effective surface areas on the photocatalytic and antibacterial properties of

rutile TiO2 nanospikes. They are studied when continuously distributed over the whole surface

and when integrated into well-defined microstructures. The nanospikes were produced following

MeV ion beam irradiation of bulk rutile TiO2 single crystals and subsequent chemical etching.

The ion beam irradiation generated embedded isolated crystalline nanoparticles inside an etch-

able amorphous TiO2 layer, and nanospikes fixed to the not etchable TiO2 bulk substrate. The

produced nanospikes are shown to resist towards aggressive chemical environments and act as

an efficient UV antireflective surface. The photocatalytic activity experiments were performed

under the ISO 10678:2010 protocol. The photonic and quantum efficiency are reported for the

studied samples. The combined micro- and nanostructured surface triples the photonic efficiency

compared to the initial flat surface. Results also revealed that the antireflective effect, due to the

nanostructuring, is the dominating factor compared to the increase of surface area, for the

observed photocatalytic response. The obtained results may be taken as a general strategy to

design and precisely evaluate photoactive nanostructures. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913222]

I. INTRODUCTION

The optimization of the photocatalytic properties of

TiO2 based materials has been a focus of interest for the

last 40 years,1 due to their importance in clean energy and

water remediation2 systems. Several routes have been fol-

lowed to increase the TiO2 photoactivity, either by increas-

ing the active surface area, e.g., through the creation of

nanostructures, or modifying the band-gap in order to

effectively use the visible part of the solar spectrum.3 It is

generally accepted that amorphous TiO2 does not present

any photocatalytic properties and that the anatase TiO2

phase presents higher photo-catalysis yield than the more

thermodynamic stable rutile TiO2 phase.4,5 However, three

fundamental points are often neglected when discussing

these materials: First, the long term stability or degradation

under extensive cycles of use and/or application in aggres-

sive environments; second, the efficiency in converting the

incident light; and third, the effective or accessible surface

area. Anatase dissolves in acid solutions at a faster rate6

than the rutile phase and it suffers degradation under accel-

erated photocatalytic cycles,7 and therefore its durability is

compromised. The efficiency of collecting the incident

light must be as high as possible, implying a low reflec-

tance of the material. Although this issue is capital in other

fields, e.g., in photovoltaic, where each reflected photon

counts, only a few works have included or taken the effects

of antireflective surfaces into account when studying

photocatalytic applications of TiO2.8–12 Obviously, the

variation of the reflectance modifies notably the overall

photocatalytic yield of the materials, and should therefore

be accounted for when comparisons between different

materials are made. Differences in intrinsic properties of

the material, i.e., band-gap modification, or extrinsic

effects, such as surface topography, should also be pointed

out.13

Sub-wavelength nanostructures, such as nanopores,8

nanowires,9 and hierarchical structures12 offer advantages in

terms of antireflective effects and are ideal to enhance the

surface area for catalytic reaction. Although it is commonly

assumed that the entire nanostructured surface is accessible

to the used reactants, this point is not so obvious. Different

molecules interact, and are adsorbed by the nanostructured

surfaces, in distinct ways. As a result, a nanostructured sur-

face may present different apparent photocatalytic yields

depending on the type of photoreaction application studied,

e.g., hydrogen generation or decomposition of organic pollu-

tants in water. In a similar way, a major aspect for the practi-

cal application of TiO2 for water remediation is the

bactericide level of TiO2 nanostructures, which is mainly

governed by the photocatalytic generation of reactive oxygen

species (ROS)14 and the inflection of deformational

stresses.15 These effects are considered independent, but

influencing the bio-fouling response. Finally, the selection
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and design of a surface for being used as a photocatalytic

material will often be a trade-off between durability, reactiv-

ity, and antibacterial capabilities.

This work reports a study concerning the contributions

affecting the photocatalytic and antibacterial properties of

ion-beam synthesized rutile TiO2 nanostructures. The rutile

TiO2 phase was chosen in this work because of its long term

chemical stability compared to the anatase phase.

II. EXPERIMENTAL

The employed process in this study for creating

nanostructured surfaces is based on material modification by

so-called ion track formation using swift heavy ion (SHI)

irradiation and the subsequent chemical etching of the

damaged material.15,16 SHI irradiation may be used as a litho-

graphic technique when applied together with suitable masks.

In this way, the patterning of rutile TiO2 single crystals has

been successful in replicating micro-17 and high aspect ratio

nanostructures over cm2 areas by using self-ordered porous

alumina,18–20 and colloidal microspheres as masks.21,22

The studied substrates were rutile TiO2 h001i single crystals,

�0.5 � 0.5 cm2, 0.5 mm thick, cut from the same 1 � 1 cm2

substrates, two side optical polished, with nominal RMS

roughness of 0.2 nm, q¼ 4.26 g cm�3 (MTI corporation). In

addition to inducing a needle-like (nanospikes) nanostructured

surface on the initial flat rutile TiO2, we also created nano-

spikes within a well-defined microscopic pattern using the lith-

ographic capacities of the SHI process. The expected role of

the microscopic pattern is to further increase the surface area,

but at a different length scale than the over-laying nanostruc-

ture. For this, we employed colloidal silica microspheres

0.49 6 0.03 lm in diameter (Duke Scientific Corporation) as a

mask. This diameter of the colloids offered a microstructure

with increased length scale compared to nanospikes. The col-

loidal masks were created by a self-organizing process.21,22 In

order to obtain a single layer of self-ordered silica micro-

spheres, the TiO2 substrates where exposed to UV light for 1

h. After this period, the exposed TiO2 surfaces thereby become

hydrophilic.23,24 A colloidal microspheres solution was

directly deposited onto the substrates and left dry under stand-

ard laboratory conditions until complete evaporation of water.

This resulted in TiO2 substrates covered with a mask consist-

ing of a hexagonal closed packed (HCP) layer of colloidal

micro-spheres, as shown in Fig. 1.

The two types of samples, bare rutile single crystals and

covered by 0.5 lm in diameter colloids masks, were ion

beam irradiated under the same conditions using 25 MeV

Brþ7 ions and a fluence of 1� 1014 cm�2 (I> 50 nA), at the

Centro de Microan�alisis de Materiales de Madrid. The

expected projected ion range of Br ions under these condi-

tions is 4.5 6 0.3 lm (SRIM2013 code25), so that the atomic

composition of the near-surface layer is not modified, and

doping effects are consequently of minor importance. In

addition, compared to conventional keV ion implantation

energy, where collisional sputtering may induce changes in

the surface stoichiometry of TiO2,26,27 compositional modifi-

cations are very small when using MeV ion energies. In

order to complete the patterning process, all the irradiated

TiO2 samples were chemically etched in a 30% HF solution

for 25 min to dissolve the ion beam created top layer of

amorphous TiO2.17–22

The surfaces of the irradiated and etched samples were

characterized by FE-SEM (Carl Zeiss SUPRA 25) in plane

and 45�-tilted view. TEM analysis of the samples was

performed by using a JEOL ARM200CF with a cold FEG

electron gun at a primary beam energy of 200 keV, operating

in Conventional TEM (CTEM) and diffraction mode.

Total reflectance characterization (UV-vis) of the

samples was measured by employing a spectrophotometer

(Lamda45, Perking-Elmer) implemented with an integrating

sphere (RSA-PE-20, Perking-Elmer).

The employed UV source (TL 8W BLB 1FM, Philips), for

antibacterial and photocatalysis experiments, had an emission

centered at a wavelength of 368 nm. The optical irradiance of

the UV light at the given position on the surfaces of the sam-

ples was 1.1 6 0.1 mW cm�2 in both type of experiments.

The antibacterial activity of our samples was tested on

Escherichia coli (E. coli) ATCC 25922. E. coli is a well-

known Gram-negative bacteria representative of coliforms,

and considered as an indicator of faecal contamination.

Hence, E. coli has been chosen as a model organism to eval-

uate the bactericidal activity of the samples by the colony-

forming unit (CFU) method. A single colony was inoculated

in 50 ml of Luria-Bertani (LB) broth and grown overnight at

37 �C by constant agitation at 180 rpm under aerobic condi-

tions. The following day, the bacterial growth was measured

by optical density at 600 nm. Bacteria were diluted up to 105

CFU/ml in phosphate buffer saline (PBS) and 100 ll were

added onto the samples and subsequently exposed to UV.

The untreated bacteria and bacteria exposed only to UV (not

in contact with the TiO2 samples) were investigated in paral-

lel as controls. Experiments were made in triplicates.

Aliquots were collected at 15, 30, and 60 minutes, respec-

tively, conveniently diluted by serial dilutions 1:10 and

plated in LB Agar Petri dishes. Plates were incubated over-

night at 37 �C. CFU were counted the following day.

In order to evaluate the photocatalytic properties of the

rutile TiO2 surfaces, we followed the method given by the

international standard ISO 10678:2010.28,29 Other methods

can effectively be applied, will however yield different

results depending on the employed reactant.30 The standard

method used here is accepted by industry and assures a reli-

able measurement and identification of the various processes,

i.e., adsorption, photo-bleaching, and photocatalysis,

involved when a reactant, in this case the methylene blue
FIG. 1. SEM image of the silica colloid mask on the TiO2 substrate before

the ion beam irradiation process.
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(MB), interacts with a photocatalytic surface under UV illu-

mination. Preconditioning processes were applied, which

included an initial UV illumination, using the same UV lamp

and intensity mentioned above, for two hours to remove pos-

sible adsorbed organic pollutants on the surfaces,24,29 allow-

ing clean surfaces to absorb the MB molecules. Although

this step is critical importance, several results in the literature

omit this step with the risk of biasing the results. The cleaned

samples were immersed in MB solutions and kept in dark for

12 h in order to evaluate the adsorption of MB on the differ-

ent surfaces without involving photocatalytic reaction. After

the MB adsorption step, the samples immersed in MB were

exposed to UV to induce the photocatalytic reaction. The

concentration of MB were monitored at several time inter-

vals for both adsorption and photocatalytic process. The con-

centrations of the reactant during the measurement were

extracted from the optical absorption spectra (664 nm)28,29

employing the same spectrophotometer mentioned above.

After completed experiment, the samples were going

through a cleaning process before being reused. They were

exposed to UV light for 2 h in a de-ionized water bath and

keep stored under standard atmospheric conditions. Three

successive experiments of bactericidal and photo-catalytic

activity were carried out by employing the same samples and

experimental conditions with one week of spacing between

experiments yielding similar results.

In addition, three supplementary experiments on the

chemical resistance were performed by exposing the sam-

ples to H2SO4 (98 wt. %), HF (49 wt. %), and H2O2:H2S04

(20:80) for 30 min, respectively. We did not detect any deg-

radation in morphology or photocatalytic yield within the

experimental error for all the structured TiO2 samples

after and before the etching baths. The chemical stability

against aggressive etchants reinforces the confidence on

the repeatability of the experimental results, endorsing the

election of the created nanostructures as models for this

study.

III. RESULTS AND DISCUSSION

A. Structure characterization

TEM analysis revealed the existence of a 1.4 lm thick

amorphous layer of TiO2 after the ion irradiation of the non-

covered sample. Bright field (BF) TEM image in Fig. 2(a)

shows isolated crystalline particles at the bottom of the

amorphous layer, having a maximum diameter and length of

15 and 25 nm, respectively. They are close to a continuous

acicular or nanospiked layer of damaged crystalline rutile.

Selected area electron diffraction (SAED), Fig. 2(b), from

isolated nanoparticles and acicular layer showed the same

crystallographic orientation than the original substrate with-

out the detection of grain rotation effects,31 which has been

reported at higher ion irradiation fluences. Nonetheless, both

the isolated particles and the acicular layer present a dam-

aged crystal lattice. The total damaged rutile layer, including

the amorphous and acicular zone, extends down to 2150 nm

from the original surface, as depicted Fig. 2(c). These differ-

entiated structures originate in the mechanisms of energy

transfer by the swift heavy ions to the crystal lattice in their

path through the target. The 25 MeV Br ions transfer initially

main part of their energy via inelastic interactions with the

electronic cloud. Although this transfer of energy is below

the reported threshold to generate isolated ion tracks in TiO2

rutile single crystals,32 the applied ion fluence allows the

overlapping of defects created by individual ions along their

trajectory in the sample. This damage formation by a collec-

tive effect results in a full amorphization of the single crys-

talline lattice, as given by, e.g., the exciton model.33 Since

the Br ions slow down along their path through the TiO2,

they eventually reach an energy close to the threshold to

induce amorphization collectively, which corresponds to an

electronic stopping power between 6.2 and 5.1 keV

nm�117,19 depending on the irradiation parameters. We will

refer this region in the material as a transition region at the

bottom of the amorphous zone. In this transition region, the

stochastic fluctuations of energy and in the overlapping of

ion trajectories determine the generation of a non-continuous

amorphous volumes. As a result, different nanostructures

form at the transition region: crystalline nanoparticles within

the complete amorphous layer, where the fluctuations are

able to inhibit the amorphization only in isolated volumes,

and crystalline nanospikes where the fluctuations completely

inhibit the continuum amorphization along the ion paths. It

is clear that the mechanisms responsible for the observed

nanostructures deserve a more detailed study, however, this

is out of the scope of the present work.

After the HF chemical etching process, TEM analysis of

the samples was performed again (Fig. 3). HF dissolved the

FIG. 2. (a) BF TEM image of crystal-

line TiO2 nanoparticles and nanospikes

surrounded by amorphous TiO2 after

SHI irradiation of rutile TiO2 crystal.

(b) SAED pattern of the nanospikes

and damaged area. (c) Diagram of the

different structures and composition of

the sample after SHI irradiation.
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amorphous layer and the embedded nanoparticles disap-

peared. No detection of nanoparticles is justified by the fact

that they were not retained after the dissolution of the

surrounding amorphous layer matrix. The resulting surface

appears only to be composed by TiO2 nanospikes. These

nanospikes have a maximum diameter of 30 nm and an aver-

age height of 200 6 20 nm as measured by BF TEM imaging

(Fig. 3(a)), in agreement with previous results.34 Fig. 3(b)

represents a schematic of the created structures. SAED from

the nanospikes revealed that the nanospikes presented the

same crystal orientation as the original single crystal. TEM

image in two beam condition (Fig. 3(c)) shows, however, a

damaged crystalline lattice. The total average thickness of

the damaged rutile layer, including the nanospikes, is

750 6 30 nm.

The surfaces of the irradiated and subsequent etched

samples were examined by FE-SEM, and images are

reported in Fig. 4. The samples irradiated without the colloi-

dal mask presented a continuum of nanostructured surface of

nanospikes (Fig. 4(a)). The samples irradiated through the

colloid mask and etched represent a projection of the colloid

microspheres onto the surface21,22 (Fig. 4(c)). The resulting

0.5 lm TiO2 hemispheres are arranged in HCP order overlaid

by the nanostructure. The surfaces of the obtained hemi-

spheres and the areas between them exhibit a similar nano-

spike structure (Fig. 4(d)) as seen on the samples irradiated

without mask. Thus, we assume that the nanospiked surface

having a HCP microstructure order should present the same

characteristics as the continuum nanostructured surface

under the current patterning conditions.

Regarding the expected increase of the surface area by

the HCP microstructure, it is important to note that the ratio

between the surface areas of an perfect HCP array of hemi-

spheres and a flat surface is (p/2þ �3)/�3 (� 1.91), this ratio

being independent of the diameter of the considered hemi-

spheres. A perfect homogeneous long-range HCP arrange-

ment was unfortunately not obtained (Fig. 4(c)). Different

forces between particles and the pilling-up of two or more

layers of silica microspheres caused the distortions in the

HCP ordering (Fig. 1).21,22 Although some distortions

decrease the resulting surface area, other may increase it,

i.e., those obtained by pilling-up of colloids in different

layers. Therefore, the exposed surface areas for these sam-

ples may slightly differ from the theoretical value.

FIG. 3. TEM images of the irradiated and HF etched TiO2 samples. (a) BF TEM image of the nanospikes. (b) Diagram of the different structures of the sample

after the etching. (c) TEM image in two beam condition of the irradiated and etched samples showing the extension of the damaged area.

FIG. 4. SEM images from TiO2 sur-

face after SHI irradiation and HF etch-

ing. (a) The obtained nanospikes on

the bare substrate. (b) Detailed tilted

image from a). (c) HCP hemispheres

replica images (top-view). (d) Detailed

tilted image from c).
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B. Optical characterization

The total reflectance of the nanostructured samples

exhibits an almost completely suppression, <2%, of the

reflectance in the range from 300 to 410 nm and a 50%

decrease in the range from 410 to 700 nm compared to the

original rutile single crystal (Fig. 5). Murphy13 previously

reported this decrease in the reflectance for 1 lm thick TiO2

layers, with a RMS roughness of 10 nm, exclusively due to a

topography related phenomena and not due to a band-gap

modification. Similar nanospike structure is also present on

so-called black silicon,14 and in TiO2 nanowires composed

of mesocrystals,12 where the antireflection effect can be

explained in terms of an effective refraction index.35 By

analogy, in the present case, we can talk about UV-black

TiO2. It is also noticeable that recent work26 reports anoma-

lous optical adsorption phenomena, up to 60%, on oxygen

defective nanostructured (15 nm diameter, 0.5 nm height)

surfaces created using low energy 60 keV Arþ bombarded

rutile TiO2. In addition to the observed suppressed reflec-

tance on our samples, three details stand out. First, all SHI

irradiated samples present the same characteristic band-gap

edge of rutile TiO2 (410 nm), in spite of the damaged crystal-

line structures that might shift the band-gap edge. Second,

when the reflectance of both types of structured samples is

compared, there is no difference in the 300–410 nm region,

pointing to the predominance of the antireflective effect of

the nanostructure versus the HCP microstructure. And third,

the reflectance of the HCP replica is slightly higher than the

continuum surface of nanospikes for wavelengths larger than

410 nm. It is worth to note that the emission spectra of the

employed UV light for the photocatalytic and antibacterial

studies, also represented in Fig. 5, fall into the maximum

suppressed range of wavelengths.

C. Antibacterial activity

Results of antibacterial activity are presented in Fig. 6.

After one hour of exposure to UV, the E. coli survival per-

centage had reduced to �65% on the flat rutile single crystal

whereas in same period, the survival percentage of E. coli in

contact with the nanospikes and the HCP pattern samples is

reduced to 41% and 47%, respectively. Hence, the nano-

spikes and HCP patterns show similar antibacterial activity,

which is higher if compared to the efficiency showed by a

flat single crystalline samples. Exposure of E. coli to UV

light in the absence of TiO2 reduced the bacteria survival

percentage only to 85%, thus damage due to UV light only is

modest. Therefore, the major reason for the antibacterial

effect is due to the additional presence of TiO2 nanostruc-

tures. As shown in Fig. 5, both samples with a nanostruc-

tured surface display an enhanced antibacterial activity

compared to the flat surface, indicating that elongated nano-

structured materials effectively result in an improvement.

This therefore suggests that, with regard to antibacterial

activity, the two surface model structures may be equally

implemented.

It is generally accepted that TiO2 based nanomaterials

show an antibacterial effect through a mechanism of oxida-

tive stress due to ROS that are generated in the UV/TiO2 pro-

cess in an aqueous environment, where the hydroxyl radical

being mainly responsible for E. coli inactivation.14 The

inflection of deformational stresses is believed to be

the main expected antibacterial effect of elongated nano-

structured surfaces.15 This shape-related effect appears inde-

pendent of the biochemical functionality, which is mainly

governed by the photo-generated ROS. Leaving beside the

possible interactions of bacteria with the surfaces, the defor-

mational stresses are likely to be of similar magnitude for

both type of nanostructured samples and it is therefore rea-

sonable that a higher generation of ROS on nanostructured

surfaces is responsible for the observed stronger antibacterial

effect. However, from the results in this biological experi-

ment is not possible to assess the quantitative photocatalytic

yield of the nanostructured surface.

D. Photocatalytic activity

No degradation of MB control solutions (photo-bleach-

ing without contact to the TiO2 samples), under same UV

exposure conditions, was detected in parallel experiments.

Furthermore, the photoactivity of the as-irradiated samples,

but not chemically etched, was also evaluated by following

the same method. Here, no photocatalytic yield was
FIG. 5. Reflectance spectra from TiO2 with different surface morphology

and the UV intensity spectra of the employed light source.

FIG. 6. Bacteria survival percentage on the studied TiO2 surfaces after one

hour to UV exposure.
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observed, which suggest that the amorphous layer induced

by the SHI does not present any photoactivity, which has

been observed before,4,5 or that the yield is below the detec-

tion threshold under the employed measurement conditions.

Therefore, the results from this type of sample will not be

presented here.

Results from the measurements of the photocatalytic

activity of the structured are presented in Fig. 7. The optical

absorbance of the MB solution, and thus its concentra-

tion,28,29 is presented in Fig. 7(a), where error bars include

instrumental and statistical errors. The “dark” denoted time

range refers to the variation of concentration of MB in dark

conditions. Therefore, the subsequent measured variations in

concentration were only due to different amount of initial

adsorbed MB on the surfaces of the samples. The results

show that the main amount of MB adsorbed on the sample

surfaces takes place within the first 40 min. The adsorbed

amount of MB after 12 h is similar (<1%) to that at 40 min,

and thus we can assume that the surfaces have reached a

steady-state of adsorption after 12 h. The adsorbed amounts

of MB were calculated by normalizing to the samples’ mac-

roscopic areas as reported in Table I. The adsorbed amount

of MB per macroscopic area of all the patterned samples was

30% higher than that of the flat rutile. The differences

between patterned samples are within the experimental error.

The “UV” denoted plotted area in Fig. 7(a) refers to the

variation of the MB concentration in UV illumination condi-

tions. Since the surfaces were previously saturated with MB

molecules, and no photo-bleaching of the molecules on the

control solution was detected, we assume that the decay in

MB concentration is only related to degradation of the reac-

tant through a photocatalytic reaction with the surface. A

pseudo-first order photocatalytic rate constant, K (Table I),

was extracted from steady state photocatalytic regimes, and

normalized to macroscopic surface area (lines in Fig. 7(b)

represent fitting). The mean photonic efficiencies of MB deg-

radation, fMB (Table I), were calculated following the

method described in Ref. 29. Both the photocatalytic rate

constants and fMB, with respect to the flat single crystal,

increased by a factor of two and three for the nanostructured

and HCP patterned samples, respectively (Table I). The

quantum efficiencies,36 U (Table I) were calculated consider-

ing the integration of the total reflectance spectra of the sam-

ples within the range of the employed UV light source

spectra (Fig. 5). These values allow to calculate the effi-

ciency of the incident or adsorbed photons employed in the

degradation of MB. Please note that to ease comparison we

express both efficiencies in %, fMB refers to the total incident

light and, U only refers the adsorbed photons (in this case,

not reflected). It is also worth to note that reported fMB of a

commercial self-cleaning and photocatalytic glass is in the

order of 0.025%.37

In order to analyze the obtained apparent photocatalytic

yield of the samples, it is necessary to take into account dif-

ferent factors that influence the reaction. The active surface

areas for the photocatalytic reaction are different for each

type of sample. The reaction rate enhancement of the HCP

replica surface with respect to the simple nanostructured sur-

face is scaling in accordance with the predicted increase in

surface area. In fact, the theoretical increase in surface area

for HCP is 1.91 times compared to that without HCP pattern-

ing and the photocatalytic yield of HCP replica is 1.6 higher

than for the simple nanostructured surface. This reduction of

16% with respect to the ideally expected value is probably

due to the distortion in the ordering of the micro-pattern.

However, this approach is not verified when comparing the

nanostructured surface with that of flat rutile surface. The

nanostructured surface with respect to the untreated rutile

sample can be roughly morphologically modelled as a close

packet array of nanocylinders with the size measured by

TEM. This gives an ideal increase in the surface area of the

nanostructure with respect to the flat sample of a factor 24

(Table I). Nonetheless, the photocatalytic rates do not reflect

this increase of one order of magnitude predicted for the

nanostructures. Although, the dynamic mechanisms of liquid

circulation around38 and inside nanostructures are not

obvious,39,40 and considering the experimental data, it is

plausible that the liquid circulation, or the access to the

surfaces, are not affected at the microscale, but are hampered

at the nanoscale.

Thus, we should first analyze the initial interaction of

MB with the nanostructure. The applied method to measure

the photocatalytic yield gives an approximate evaluation of

the adsorbed amount of reactant on the clean surfaces after

FIG. 7. (a) Absolute optical absorbance (concentration) of methylene blue

solutions at 664 nm measured during the photocatalysis experiments on the

studied TiO2 surfaces (lines are only for eye guide). (b) Time dependence in

the steady-state photocatalytic regime of the logarithmic normalized concen-

tration. Note that the values have been normalized to the macroscopic area

of each sample.
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the previous irradiation with UV light. Increments in the

adsorbed amount of reactants during the initial dark range

should be directly related to the increased available or active

surface areas for molecules. These active surface areas may

not correspond to those obtained by standard BET measure-

ments of specific surface area35 since the adsorbed species

are different. Although a slight increased amount of adsorbed

MB in nanostructured samples was detected, this was far

from the increase of one order of magnitude seen for the

surface area. Nonetheless, another not evident possibility

may determine the access of MB to the nanostructures. A

TiO2 surface exposed to standard atmosphere adsorbs spon-

taneously hydrocarbon species. The illumination with UV

eliminates these species from the surface, and as a result a

hydrophilic and clean TiO2 surface is obtained36 However,

the antireflective effect of the nanospikes could indicate a

complete adsorption of photons in the first nm of the nano-

structured layer. Therefore, the removal of the previously

adsorbed hydrocarbon species in the deeper surface zones of

the nanospikes would not take place, and thus hinder the

absorption of MB.

In spite of the limited information regarding the adsorp-

tion process that can be extracted with the employed method,

and therefore about the active surface areas, the reported

increases in photocatalytic activity are quantitatively below

the increase of one order of magnitude that was expected if

the whole area of the nanostructured surface was accessible

to the reactant (MB). Therefore, no clear evidences support

that the whole surface area of the nanostructure offers an

increased active surface for the present photocatalytic degra-

dation of an organic molecule.

We should also note that besides the differences in

available effective surface area for the reaction, the samples

also exhibit different efficiencies collecting photons.

The enhancement in the light trapping efficiency will provide

additional photo-generated carriers, and evidently an

increased photocatalytic activity. However, intrinsic varia-

tion in the reactivity of the nanospikes due to crystalline

damage, different crystalline surfaces,41 and local variations

of stoichiometry42,43 should also be taken into account. If an

increase in the number of harvesting photons is responsible

for the observed enhanced photoactivity of nanospikes, then

correcting the obtained U value from the flat sample, with

the observed effect of the increased surface area from the

nanospikes, measured by the MB adsorption, should give a

corrected U value for the flat sample similar to that for nano-

structured. Applying this correction to the U for the flat

sample, a value of 0.0186 is obtained, which is close to the

U value of 0.020 obtained from the nanospike samples. The

same conclusion can be drawn for the HCP replica patterned

sample within the experimental error. Although these cor-

rected values of U can be affected by an intrinsic variation in

the reactivity of the nanospikes, such effects seem to be min-

imum in the present case.

Nonetheless, recent results show that only carriers gen-

erated in the first nanometers surface layers of bulk rutile

TiO2 contribute to the photoreaction.5 If similar lifetimes for

the photo-generated electron-hole pairs43 are considered for

bulk and nanostructured rutile, then the reduced size of the

nanospikes should increase the probability of carriers to

avoid recombination and reach the surface. This could

explain net positive effect in the observed U from the nano-

structures, which is compatible with the obtained photocata-

lytic yields, the optical properties and the limited active

surface area.

IV. CONCLUSIONS

The ion irradiation of rutile single crystal TiO2 sub-

strates with 25 MeV Br ions at a high fluence generates an

amorphous TiO2 layer with embedded crystalline nanopar-

ticles and nanospikes. Removing the amorphous material by

subsequent HF etching results in a surface consisting of TiO2

nanospikes standing on the rutile substrate. Although the

nanospikes present crystalline defects due to the irradiation

process, they did not degrade their qualities after exposure to

extreme solutions. They exhibit an enhanced antibacterial

and photocatalytical activity compared to flat rutile TiO2

surfaces and commercial available photoactive glasses. The

presented results reveal that the most important effect of the

generated nanospikes on a rutile TiO2 surface is the suppres-

sion of reflectance, particularly in the UV range of the spec-

tra. By comparing with black silicon, we can here talk of

UV-black TiO2. When integrating the nanospikes into a HCP

microstructure, the surface area increases and also the

observed photocatalytic yield without varying the antireflec-

tive efficiency in the UV range. We did not detect any evi-

dence of an effective full penetration of the reactant (MB)

between the nanostructures.

The present work highlights the complex characteriza-

tion of the photocatalytic and antibacterial activity of nano-

structures, where many factors—optics, reactivity, and

effective exposed surface—have to be taken into account

when nanostructures are coming into play with respect to flat

surfaces. It may serve as an example of how a nanostructured

TABLE I. Photocatalytic and surface area results for the three studied surface structures.

Single crystal Nanospike HCP

Adsorbed MB (lmol cm�2) 3 �10�3 6 2�10�3 4 �10�3 6 2�10�3 4 �10�3 6 2�10�3

K (cm�2 min�1) �1.01�10�3 6 2�10�5 �2.01�10�3 6 3�10�5 �3.21�10�3 6 4�10�5

fMB (%) 0.010 6 0.002 0.019 6 0.002 0.031 6 0.004

U (%) 0.014 6 0.003 0.020 6 0.002 0.031 6 0.004

Theoretical estimation of normalized surface area 1 24a 46b

aCalculated assuming hexagonal close packet nanocylinders.
bIncludes the HCP hemispheres ratio.
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surface may enhance the reaction efficiency without decisive

variation of its chemical composition, merely by enhancing

the efficiency of its optical properties and integrating them

into a proper microstructure. The importance to obtain high

aspect-ratio nanostructures for photocatalytic processes

should therefore be carefully evaluated and balanced accord-

ingly in future material designs.
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