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A spatially confined photocatalytic oxidation of a thin film of

synthetic textile azo dye (Procion Red MX-5B) using TiO2-

functionalized AFM probes is described.

The ability to conduct controlled photochemical reactions in a

highly localized region is critical to the field of semiconductor

technology. Scanning probe microscopy (SPM) techniques,

especially atomic force microscopy (AFM), offer a good prospect

towards fulfilment of this goal. Many photochemical reactions

utilize titania (TiO2), which has been considered as components of

batteries, photovoltaic cells, pigments, photonics, optoelectronic

devices, and gas sensors, partly due to their low cost, chemical

stability, and robustness under UV illumination.1–3

AFM has been used to monitor the photocatalytic decomposi-

tion of octadecyltrichlorosilane based self assembled monolayers4

on a TiO2 substrate as well as to investigate the possible

bactericidal activity of TiO2 thin films.5 In both cases, AFM was

primarily a characterization tool, probing topographical changes

of the relevant surfaces on the TiO2 after irradiation with UV.

Recently, Kobayashi et al. have applied voltage through a

conductive AFM tip to decompose stearic acid films as well as

adsorbed oxygen molecules deposited on TiO2 surfaces upon

scanning at 10 V under ultraviolet irradiation.6,7

In the present study, we have used a chemically-modified AFM

probe to actively carry forth a highly localized photochemical

reaction of a synthetic dye. In particular, by placing the TiO2

powder catalyst onto the end of an AFM tip, we have been able to

initiate a localized photochemical reaction of a synthetic textile dye

within the spatially confined region where the tip traverses, leaving

the rest of the sample surface unreacted. In other words, this

procedure transforms an important, generalizable, and bulk

photocatalytic reaction in solution into a highly localized, site-

selective surface chemical modification.

As such, this experiment is a natural and logical extension of

analogous efforts by a number of laboratories8–15 in carrying out

in situ surface reactions using SPM. Specifically, we investigate

the UV-mediated photocatalytic oxidation of a common textile

monoazo dye, Procion Red MX-5B (Aldrich), a reaction catalyzed

by TiO2 semiconductor particles.16,17 Hence, Procion Red dye

molecules undergo a series of oxidation processes, which lead

to decolorization and formation of a number of aromatic and

aliphatic intermediates that are produced as a result of the initial

cleavage in the vicinity of the azo bond.18,19 These photocatalytic

oxidation processes are accelerated by the presence of hydrogen

peroxide, which yield reactive hydroxyl radicals.

To evaluate the efficacy of the photooxidation process, we

performed two sets of bulk experiments. First, we prepared a 10 ml

aliquot of a 40 mg L21 aqueous dye solution containing

100 mg L21 TiO2 and 1 mM H2O2. The absorbance of the dye

was recorded at various time intervals from 1 to 8 h. Secondly, we

coated glass wafers in air with an identical solution mixture to

prove that the reaction could occur on surfaces containing the

necessary reactive constituents. In each case, we subsequently

irradiated both the solution samples and wafers with UV

irradiation at 254 nm. We confirmed from optical microscopy

images as well as from UV-visible spectroscopy results that

Procion Red MX-5B in the presence of aqueous dispersions of

TiO2 did indeed experience photodegradation.

Fig. 1 depicts the experimental protocol that was subsequently

used to transform the reaction performed on the wafer in bulk into

a localized site-selective surface reaction initiated by the AFM tip

in ambient air. To immobilize the catalyst particles on the tip to

create a functionalized probe, we attached 120 nm-sized chunks
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Fig. 1 Schematic of experimental protocol used for AFM tip initiation

of a highly localized surface photocatalytic reaction in air. TiO2 nano-

particles attached to an AFM probe were used to degrade Procion Red

MX-5B dye in the presence of UV radiation, within a spatially defined

region.
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(based on scanning electron microscopy measurements) of the

anatase TiO2 powder (Aldrich) to conventional silicon pyramids

(force modulation etched silicon probes, Nanoworld, k 5 3–

6 N m21) using a thin film of UV-curable glue (Norland Products).

This task was facilitated by using an inverted optical microscope

(Nikon Epiphot 200) with an in-house micromanipulation setup.

Full experimental details concerning the sample preparation and

reaction conditions are given in the ESI{. The photochemical

oxidation reaction was performed under ambient conditions using

a Multimode Nanoscope IIIa AFM (Veeco Inc., Santa Barbara,

CA) operated in TappingMode2. As a control experiment, an

uncoated conventional silicon tip was scanned over a dye surface

in the presence of UV radiation and in addition, a TiO2-coated tip

in the absence of UV radiation was scanned over a separate dye

surface. All other experimental conditions were maintained.

The optical micrograph taken after AFM scanning and tip-

catalyzed reactivity (Fig. 2) reveals a well-defined, tip-reacted area,

measuring 30 6 30 mm. The degraded region, outlined by the

dotted rectangle, is clearly evident due to surface modification

and decolorization. The slight asymmetry of the feature can be

attributed to scanner drift over the 8 h period of raster scanning.

Conversely, optical images taken upon completion of the two

control experiments exhibited no visible topographical or color

change and yielded an unpatterned, homogeneous result.

AFM height images taken before and after scanning with a

TiO2-coated AFM tip under UV radiation provide further

evidence of dye degradation (Fig. 3). Fig. 3a is a typical AFM

height image of the deposited Procion Red MX-5B dye, exhibiting

crystal-like features ranging in length from 0.2 to 1.0 m m with an

average length of 0.5 ¡ 0.1 mm and varying in height from 56.2 to

114.4 nm with an average height of 79.6 ¡ 14.1 nm. Features of

these length and height dimensions as well as general shape and

morphology are no longer present in the AFM height images of

the identical region after tip-catalyzed reactivity (Fig. 3b). In fact,

AFM height images of the identical reacted region show very few

features and these range in length from 0.1 to 0.6 mm with an

average length of 0.2 ¡ 0.1 mm and height from 10.8 to 47.7 nm

with an average height of 22.6 ¡ 7.6 nm.

Nanoscope offline software was utilized to perform statistical

roughness analysis on the AFM height images acquired before and

after the surface photocatalytic degradation reactions at varying

reaction times from 1 to 8 h, as well as for the two previously

described control experiments. AFM images were plane-fitted and

flattened prior to the roughness analysis. The morphology of the

surface changed dramatically after reaction under UV radiation

with a scanning TiO2-coated AFM probe. Fig. 4 shows the

percentage of decrease in average surface roughness (Ra) values

from the original, pre-reacted values as a function of irradiated,

reaction time. Average roughness is defined as the average of

surface height deviations taken from the mean data plane. It is

apparent that the average surface roughness decreases con-

tinuously with increasing reaction time. Though all data were

collected for 5 6 5 mm2 area regions, similar results were

noted, irrespective of the sample size analyzed in the roughness

calculations. For example, the Ra value was lowered by almost

50% after scanning for 4 h and by nearly 70% after scanning for

8 h with a TiO2-coated AFM probe under UV irradiation,

observations consistent with dye degradation and an accompany-

ing formation of photo-oxidation products of progressively lower

molecular weight.

By contrast, we observed no significant change in surface

roughness upon scanning with a TiO2-coated AFM probe in the

absence of UV radiation (Control 1), eliminating the possibility

Fig. 2 The outlined, dotted region in the optical micrograph depicts the

highly localized nature of the photocatalytic degradation of Procion-Red

MX-5B after controlled raster scanning with a TiO2 coated AFM probe

in the presence of UV radiation. The scale bar represents 50 mm. The

image was taken at 2006 magnification with a Nikon Epiphot 200

inverted microscope under bright-field illumination.

Fig. 3 TappingMode2 AFM height images of Procion Red MX-5B (a)

before and (b) after reaction under UV irradiation with a scanning TiO2-

coated AFM probe for 8 h. Scale bars in both images represent 1.0 mm.

The z data scale in both images is 250.0 nm.

Fig. 4 Plot of percentage decrease in the mean surface roughness value

(Ra) of 0.65 mM Procion Red dye films vs. reaction times in the presence

of a scanning TiO2-modified tip under UV irradiation (blue). Changes

in the corresponding Ra for Control 1 (red) and Control 2 (black),

respectively, are also shown for comparison.
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that large masses of TiO2 were falling off the tip and peeling

away the surface layers of dye. Likewise, the statistical roughness

characteristics of the dye surface remain relatively constant upon

scanning with an unmodified AFM tip in the presence of UV

radiation (Control 2). These results are important in demonstrat-

ing that the changes in surface roughness observed are indeed due

to reproducible, tip-induced chemical changes and not due to a

physical flattening or mechanical removal of features.

The photocatalytic oxidation reaction with Procion Red MX-5B

dye, as with other azo dyes and similar aromatic organic

compounds, follows first-order kinetics with a pseudo first-order

rate constant, k9. For the calculation of k9 in this study, we made a

reasonable assumption that the decrease in the percentage of the

Ra value was directly proportional to the percentage decrease in

the dye concentration. As such, we computed k9 for the AFM-

catalyzed surface reaction to be 0.0024 per min. This value was

compared with the rate constant computed from the bulk solution

experiment. In this case, the absorbance peak value at 539 nm,

proportional to the dye concentration, of the reaction solution

measured by spectrophotometry was used. The k9 value thereby

determined for the bulk reaction in solution using the same dye

concentration was found to be 0.0054 per min. Our non-optimized

data are in the same general range as other pseudo-first-order

rate constants previously reported.16 For example, it has been

noted that under optimal conditions, Procion Red MX-5B can be

essentially fully decolorized in 20 min.16

Surface FT-mid-IR spectroscopy (ESI) showed significant

changes in the chemical composition between the unreacted and

reacted areas portrayed in Fig. 2. While the spectral features from

2000–1000 cm21 were masked by the intense band interference of

the SiO2 glass substrate, spectral changes in the 3500–2000 cm21

region were clearly evident before and after reaction. This span of

the IR spectrum of a typical unreacted Procion Red MX-5B region

agrees with the standard reference spectrum. Specifically, this

higher wavenumber region shows (a) a weak shoulder located at

2800–2750 cm21, attributable to an asymmetrical aromatic C–H

stretching vibration of the conjugated moiety attached to the NLN

group, (b) a medium intensity band at 2460 cm21, ascribed to a

N+LC stretch, and (c) overlapping hydroxyl stretching vibration

bands from 3500–3200 cm21. The other significant band is in the

region of 3445 cm21, which is typical of an aromatic N–H stretch.

All of these spectral features representative of the pristine dye

compound significantly diminish or disappear in the spectrum

taken of the localized reacted region. Additionally, a new absorp-

tion band appeared in the 2900–2650 cm21 region, originating

from CH3 stretching vibrations or from OH stretching vibrations

of carboxylic acids, consistent with the expected formation of

aliphatic carboxylic acid degradation intermediates such as

1-propene-1,2,3-tricarboxylic acid, propanoic acid, propanedioic

acid, malic acid, butanedioic acid, oxalic acid, and acetic acid.18

These spectral changes provide chemical corroboration for

the other AFM and optical microscopy evidence, implying site-

selective photocatalytic degradation of the dye induced by a

functionalized catalytic tip. We have additionally confirmed the

feasibility of the reaction by replicating the photodegradation

experiments in bulk. UV-visible data showed a pronounced

decrease in the dye peak absorption as a function of irradiation

time, while solution mid-infrared results yielded specifically the

appearance of an exceedingly broad O–H stretch in the 2900 to

3300 cm21 range, consistent with the postulated formation of

carboxylic acids as byproducts (see ESI{).

This study demonstrates the principle that AFM probes,

coated with photocatalyst nanoparticles, can be used to carry

out controllable, in situ oxidation reactions. The experimental

process used was designed to mimic an important photochemical

reaction on a small, yet discernable scale. Work is currently

underway to improve the spatial resolution and patterning ability

of the procedure. Efforts involve decreasing the particle size of

the semiconductor catalyst used as well as covalent attachment of

the catalyst to the ends of sharper probes, such as single-walled

carbon nanotube (SWNT) tips.20,21
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