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Abstract

Carbon-coated anatase catalysts were prepared from poly(vinyl alcohol) (PVA) apdfTéDatase structure. Powders of PVA and
commercial TiQ (ST-01) were mixed with different mass ratios and were heated at 700 an@€20@er nitrogen. Such prepared catalysts
were tested for adsorption and decomposition of two different dyes: methylene blue (MB) and Reactive Black 5 (RB5). Photoactivities
of carbon-coated anatase catalysts were compared with ST-01. Carbon coating anatase suppressed anatase transformation to rutile at hic
temperatures. It was experimentally proved that this suppression appeared in samples with carbon content above 5 mass%. The crystalline
structure of anatase was improved in catalysts heated &@@0though the sintering of anatase crystals was depressed by the carbon layer,
the BET surface area of catalysts decreased, but not so much as it was observed in ST-01 heat€ adgoéption of both dyes, MB
and RB5 on carbon-coated samples was much more higher than on the original ST-01 and that heaté&tl MB @botodecomposition
was much more higher on carbon-coated Jatalysts than on ST-01. But Reactive Black 5 was decomposed faster on ST-01 than on
carbon-coated Ti@ It can be explained by different mechanism of photodecomposition. Surface diffusion of adsorbed species through the
carbon layer slowed down the rate of decomposition. High crystalline structure of anatase seems to be important in the photodecomposition
process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mixing of powder TiQ with a raw carbon precursor, such as
poly(vinyl chloride) (PVC), poly(vinyl alcohol) (PVA), etc.,
Anatase-type Ti@has been interesting semiconductor be- and heating at high temperatures such as 700 ané@@6r
cause of its high photocatalytic activiti—8]. Anatase trans- 1 h under nitrogen.
forms to rutile at high temperatures of heat treatment, which ~ This procedure of carbon coating was applied on some
is not convenient, because of poor activity of rutile phase in ceramics, such as different aluminum oxides, magnesium
most applications. This transformation temperature was re-oxide, titanium oxide, different iron oxides, nickel oxide,
ported to depend strongly on the preparation conditions of natural graphite, ceramic til§$4—20} and aluminum plate
TiO, crystalg[9]. It was already reported in our previous pa- [18,19] Oxides particles were covered by the thin layer of
pers[10-13] that carbon coating TiPparticles can stabilize ~ carbon. Their color turned to black for the proper mixing
anatase structure and can increase adsorption of methylengatio of carbon precursor to metal oxide udéd]. In the
blue on the catalyst surface without reduction of photocat- cases of transition metals such as Fe and Ni, their oxides
alytic activity. Even higher photoactivity for methylene blue were reduced to metals through the interaction with carbon,
decomposition was observed on some carbon-coated TiO resulting in carbon-coated metal particles. By this catalytic
catalysts. The procedure of carbon coating was very simple,formation of metals at temperatures of 900-110@raphite
crystals were formed15-17] Carbon coating of natural
"+ Corresponding author. Tek:81-565-48-0076; fax+81-565-48-0076. graphite flakes was found to improve the anodic performance
E-mail addressiryba@ac.aitech.ac.jp (B. Tryba). in lithium ion rechargeable batterig0]. Carbon coating
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of anatase-type Ti®has many advantages for the photocat-  The preparation conditions and characteristics of prepared
alytic process, as mentioned abq¥8-13] High resistance = samples are listed ifiable 1

for the chemical corrosion tried to be obtained by carbon

coating of ceramic tiles and aluminum plafe4,18,19] In 2.2. Adsorption and photodecomposition of

those experiments, different interactions between coated carmethylene blue

bon and substrate ceramic particles, including the penetra-

tion of carbon into pores of-Al>03 [14], were observed. A Samples of 0.021 g were dispersed into 40 mL of methy-
partial reduction of TiQ was detected from X-ray diffrac-  |ene blue solution (MB, @H1sN3S, reagent grade) with
tion (XRD) analysis, but detailed structure and its photoac- the concentration of.24 x 10~ mol/L and were stirred in
tivity could not be determined in the previous wdfk]. the dark. Blue color of the solution was fading gradually
In present paper carbon-coated anatase catalysts were pregith time due to the adsorption of MB on the catalyst sur-
pared and characterized by XRD, SEM, TEM, BET, and face. The pH value of the MB solution was kept around
optical absorption spectroscopy. Kinetic studies of adsorp- g_7.
tion and photodecomposition of methylene blue (MB) and  after saturation with adsorption, samples were taking to
Reactive Black 5 (RB5) were performed. Hybridization of i4e new MB solution (D4 x 10-5mol/L) and were stirred

photocatalytic activity of anatase with adsorptivity of carbon ;nder UV irradiation. Measured power flux of reactor was
was discussed. 1 mWwicn?.

2.3. Adsorption and photodecomposition of
2. Experimental Reactive Black 5

2.1. Carbon coating of Ti@particles Firstly adsorption capacity for RB5 was determined on
ST-01 and carbon-coated catalysts. 0.075 g of each catalyst
Carbon coating of TiQ was performed by mixing of a  was placed into 100 ml of RB5 solution with concentration
commercially available Ti@ of anatase structure (ST-01, of 0.05g/L (532x 10~*mol/L). Adsorption was carried out
Ishihara-Sangyo Co. Ltd) with poly(vinyl alcohol) (Nippon in a dark, under magnetic stirring for 3 h, until saturation.
Synthetic Chem. Ind. Co. Ltd.), in different mass ratios: After estimation of adsorption capacity of catalysts, com-
50/50, 70/30, 80/20, 90/10, and 95/5, respectively. After bined process of adsorption and photodecomposition was
mixing the powders were heated at 700 and 90@or 1 h performed. Different initial concentrations for each cata-
in nitrogen gas. The samples were heated witiQ/nin lyst were used, process of adsorption was carried out again
heating rate and 100 mindin flow of nitrogen gas. Deter-  for 3 h. After adsorption the concentration of RB solution
mined average size of ST-01 particles was 7 nm by XRD was around 0.01g/L (06 x 10~*mol/L). Then UV lamp
and 60 nm by SEM (aggregated particles). Average polymer- was switched on and the process of photodecomposition
ization degree of PVA carbon precursor used was 2000 andwas measured. Photodecomposition was conducted in the
particle size below 85am. The amount of carbon coated reactor equipped with 3 black-light blue fluorescent lamp
was determined from the weight loss of carbon-coateTiO GE/HITACHI FL20S BL B of 20 W power each one. This
catalysts during heating at 1000 in air, due to the burning  lamp emits the light in the wavelength range of 300-415 nm
off the carbon. The original ST-01 was also heated at 700 with a maximum at 352 nm. Measured irradiation power flux

and 900°C. of UV rays inside reactor was 1.8 mW/ém

Table 1

Carbon-coated anatase prepared

Sample HTT TiOy Carbon coated Phase’ Specific surface Rate constank of MB Rate constank of RB5
code (°C) (mass%)  (mass%) (XRD) area (nt/g) decomposition (h?) decomposition (h?)
ST-01 100 0 A (broad) 300 0.38 9.2

ST-01-700 700 100 0 A-R 30 0.38 -

ST-01-900 900 100 0 R 2 — -

SP50-700 700 50 14.6 A (broad) 130 0.15 0.11

SP70-700 700 70 9 A (broad) 120 0.26 0.09

SP90-700 700 90 5 A (broad) 60 0.55 -

SP95-700 700 95 2 A-R 40 11 0.23

SP50-900 900 50 10 A 170 0.49 0.28

SP70-900 900 70 8 A 130 1.3 0.57

SP80-900 900 80 5 A-N 100 11 0.41

SP90-900 900 90 2 A-N 50 0.59 0.11

2A: anatase, R: rutile and N: JO; phase.
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2.4. Analytical methods aggregated particles with the size of around 60 nm are ob-
served Fig. 139. After heating at 700C most of the ST-01
The measurements of MB and RB5 concentrations re- particles were sintered with each other and became larger
mained in the solution was followed by sampling of 3mL than 1000 nm, though a small amount of fine particles still
solution at an appropriate time interval and measuring the remained. In SP50-700 and SP95-700 samples, the parti-
optical absorbance at a wavelength of 664 and 597 nm whichcles size observed under SEM was almost the same as the
have been attributed to absorption maximum of MB and original ST-01, around 60 nm, even though they have been
RB5, respectively. Calculation of dyes concentration was heated at 700C, as shown irFig. 1c and d respectively.
followed by the measurement of absorbance, with using cal- In samples heated at 90Q the sintering of the particles
ibration curve. was also retarded, but only in the samples with high content
X-ray diffraction patterns were measured with Ni-filtered of carbon, for sample with the low content of carbon, i.e.
Cu Ka radiation and scanning speed df/r@in. BET sur- SP90-900, big sintered particles are observed together with
face area was measured from adsorption isotherm of ni-small ones, as presentedfiy. le
trogen at 77 K. Optical absorption spectra of samples were In Fig. 2 TEM photos of SP50-900 sample are shown.
measured in UV-Vis spectrophotometer at the wavelength The particles size is about 20 nm in a diameter, higher than
of 220-850 nm by using diffuse scattering method. the original ST-01, because of the crystal growth during heat
treatment at high temperature. PreparedsTj@rticles are
covered by the carbon layer, however, it is pretty difficult to

3. Results and discussion observe it on these photos, because this layer should be very
thin according to the low content of carbon in carbon-coated
3.1. Characteristics of carbon-coated anatase TiO» catalyst.

Carbon content in carbon-coated pi€amples decreases
Carbon-coated Ti@catalysts looked black, due to the car- with decreasing of PVA/Ti@mixing ratio and with increas-
bonization of PVA. The original ST-01 was kept white after ing the temperature of heat treatment.
heating at the same temperature. SEM micrographs of sam- In Fig. 3aXRD patterns of samples heated at 7Qare
ples, ST-01, ST-01-700, SP50-700, SP95-700, SP50-900,shown. Anatase structure is kept almost in all carbon-coated
and SP90-900 are shown Fig. 1 In the original ST-01  TiO,. Only in the sample with the smallest content of

Fig. 1. SEM images of samples: (a) ST-01, (b) ST-01-700, (c) SP50-700, (d) SP95-700, (¢) SP50-900, and (f) SP90-900.
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2 Ty ST-01, but at the same time40; phase appeared, as it was
shown inFig. 3h

It can be observed, that with decreasing of carbon con-
tent in the obtained samples, the crystalline structure of
anatase has been improved. The samples coated by less than
5mass% of carbon (SP90-700, SP95-700, SP90-900, and
SP80-900) contained additional phases, rutile, and4iTi
and at the same time sharp peak of anatase. In the samples
coated by more than 5 mass% of carbon, the principal phase
was anatase. These studies are in a good correlation with our
previous results for that the minimal content of carbon in
TiO,-coated carbon samples for suppression of phase trans-
formation from anatase to rutile was around 5 ma$2%.

Carbon peaks could not be observed from XRD diffraction
patterns because of the low content of carbon in the catalysts
and also its low crystallinity.

Values of BET surface area of samples are shown in
Table 1 The original ST-01 has rather high surface area of
about 300 /g, but after heating up to 70C BET sur-
face area of ST-01 decreased to 3gnand after 900C,
to 2n/g. It was caused by the sintering of Ti@articles
and transformation of anatase to rutile. The surface area of
carbon-coated Ti@decreased also after heating at 700
and was below 130 ffg. In Fig. 4 BET surface area is plot-
ted against carbon content of samples. On carbon-coated
TiO, samples, carbon layer on anatase particles reasonably
contributes in BET surface area, even though its content is
not so high. Sintering of Ti@particles was avoided by car-
bon coating and also anatase transformation to rutile was
suppressed, so the original surface area of ST-01 was not
reduced significantly in carbon-coated pi€amples than it
was in ST-01 without carbon coating. Reduction of BET sur-
carbon, SP95-700, anatase transformed partly to rutile,face area of carbon-coated Ti@atalysts was also caused
as it happened in the original ST-01 without carbon by the growth of crystals. However, it is not possible to mea-
coating. sure the surface area of carbon and Ji® carbon-coated

In Fig. 3b XRD patterns of samples heated at 9Q0are TiO, samples separately.
presented. Anatase peak became sharper in those samples,
but for TiO,/PVA mixing ratio above 80/20, a new ;7 3.2. Optical absorption spectra
phase appeared, and was clearly observed in SP90-900 sam-
ple. From these studies it was proved that carbon coated of In Fig. 5the optical absorption spectra of carbon-coated
TiO, particles in the amount above 5mass% can suppressanatase samples are compared with the original ST-01.
the transformation of anatase to rutile phase at high temper-ST-01 of a single anatase phase shows a clear absorption
atures, and also at 90C anatase phase can be reduced to edge at around 320nm, as reported in many papers on
Ti4O7 by interaction with carbon in nitrogen atmosphere. anatase samples, and no absorption in visible light region

The crystalline structure of ST-01 has been improved by above 380 nm is observed. In carbon-coated,T$@mples
heating at 900C, what has been indicated by the sharpening absorption of visible light is observed, such as the pure
of all diffraction lines on XRD patternFig. 3b), especially carbon shows absorption in the whole range of wavelength.
through the separation of 103, 004, and 112 diffraction Absorption spectra of carbon-coated samples may be un-
peaks at around 38n 26 scale. Improvement in the crys- derstood to comprise of overlapping absorption spectrum
tallinity was not so pronounced in the carbon-coated,TiO of carbon and anatase. For SP95-700 sample absorption
heated at 700C, broad diffraction lines and no separation of light in the whole range of wavelength is rather small
among three diffraction peaks mentioned above occurred(because of a small amount of carbon), and the absorption
(Fig. 39. This XRD measurement is in good agreement with edge due to anatase is obviously detected, though the ac-
SEM observations that showed sintering of Fi@articles curate calculation of the band gap energy is pretty difficult.
by heating at high temperatures. Samples heated &t®00 With increasing of carbon content in samples, absorption
had better crystalline structure of anatase than the originalof a visible light due to carbon becomes more pronounced

Fig. 2. TEM images of SP50-900 sample.
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12 1 ples show marked adsorption of MB. Samples SP50-700
r SP50-700 and SP70-700, which have high carbon contents, adsorb
SP70-700 whole MB in the solution within 10 min. The changes
SP90-700 of relative concentration of MB solution during adsorp-

tion on SP90-700 and SP95-700 seem to occur in two
steps, very quick adsorption at the beginning and then
slow one. In the first step MB concentration decreases to
about 3 and 26% for SP90-700 and SP95-700, respectively,
and then complete adsorption takes about 15 and 25h,
respectively.

These results clearly show two types of MB adsorption
i on carbon-coated Ti©particles: rapid and slow one. The
0o 3£0 ‘ 4‘20 ‘ 5‘20 ‘ 620 ‘ 7‘20 ‘ ézo former is supposed to be due to the adsorption of MB into

micropores of coated carbon layer with a high BET surface

area {able 1), similar to that on activated carbon. The lat-
ter is observed for ST-01 and ST-01-700 samples. MB ad-
sorbed slowly onto aggregated particles of Zi@hich was

. probably caused through the MB condensation on the parti-
and also the absorption edge due to anatase becomes morgeg surface, because TiQarticles looked blue at the end

ambiguous, but still the absorption edge can be seen from¢ adsorption. From the results shownFig. 6, decreasing
the enlarged spectra. rate of the relative MB concentration is much faster for the

It is worthwhile to point out that a trace of absorption  carhon-coated Ti@samples than for ST-01, because of the
edge due to anatase is detected even in the SP50-700 sanjredominant adsorption, not condensation.

ple of high content of carbon (about 15mass%). These re- Reactive Black 5 also adsorbed quickly in high quantity
sults proved that UV rays coming through the carbon layer op the carbon-coated catalysts, whereas ST-01 showed very
could irradiate_anatasg surface and excite the semiconducymg| adsorption. In general, adsorption capacity of Reac-
tor, though their intensity might be weakened. tive Black 5 on carbon-coated catalysts was proportional to
their BET surface area, but higher adsorption was observed
3.3. Adsorption of methylene blue and Reactive Black 5 on catalysts heated at 900. In Fig. 7 measured adsorption
capacity of MB and RB5 on carbon-coated catalysts is pre-
In Fig. 6 the relative concentration of MB remained in sented versus BET surface area of catalysts. MB adsorbed
the solution in the dark (the adsorption of MB) was shown in higher quantity on the catalysts heated at 70@han that
for the samples of different carbon content heated aP@)0  heated at 900C in the range of the same BET surface area
together with the original ST-01. The original ST-01 and of catalysts, but the highest MB adsorption was observed
ST-01-700 adsorb MB very slowly, and about 39% of on the sample heated at 90D, having the highest value of
MB is absorbed after 15h. However, carbon-coated sam-BET.

SP95-700

Absorbance / a. u.

ST-01

Wavelength / nm

Fig. 5. Optical absorption spectra of samples.
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Fig. 6. Changes in relative concentration of methylene blue in the dark with time due to absorption by samples.
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Original ST-01 showed almost no adsorption of RB5.

Generally adsorption of MB molecules on the catalysts was

higher than RB5 what can be explained by the difference in
the molecules size of MB and RB5. The molar weight of
MB is 392 g/mol, whereas Reactive Black 5 is more than
two times larger, having molar weight of 992 g/mol.

3.4. Photodecomposition of methylene blue and
Reactive Black 5

Changes of MB concentration with time of UV irradiation
on ST-01-700 and carbon-coated %}i®@amples are shown
in Fig. 8 where relative concentration of MB is plotted in
the logarithmic scale. Photodecomposition of MB on ST-01
was the same as on ST-01-700.
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Fig. 9. Changes in relative concentration of RB5 in the solution with UV
irradiation time.

In Fig. 9 the changes of relative concentration of RB5
solution are plotted versus the time of UV irradiation. It's
worth to note, that ST-01 decolorized RB5 solution com-
pletely within 1 h.

Rate constank of photodecomposition of both, MB and
RB5 can be calculated from the linear slope of the relation
between In¢/cp) andkt, wherecg andc are the concentration
of starting solution and that after UV irradiation in tinhe
(h), respectively. The values of rate constlrdaf MB and
RB5 photodecomposition are presentedable 1

In comparison with the original ST-01, most of
carbon-coated Ti@samples can decompose MB with much
higher rate. Slow decomposition of MB on SP50-700 and
SP70-700 is reasonably supposed to be due to the thick
layer of coated carbon. IRig. 10 rate constank for MB
and RB5 decomposition under UV irradiation is plotted
against carbon content in carbon-coated jTéatalysts.

Fig. 10 shows that there is not unique relation be-
tween rate constark and the content of carbon, however
both, MB and RB5 showed the same dependence. Most
of carbon-coated samples have much higkesmlue than
original ST-01 for MB decomposition, but for RB5 decom-
position it's opposite. It means, that mechanism of MB and
RB5 decompositions is quite different. MB decomposes on
TiO» through the adsorption on the catalyst surface. For
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Fig. 10. The rate constant changes for methylene blue photodecomposition in relation to the content of carbon in carbon-coated anatase samples.

this reason almost all carbon-coated Ti€atalysts showed FromFig. 11it is observed, that there is no clear relation
higher rate of MB decomposition than ST-01. RB5 is poorly between half width of anatase 101 peak and rate constant
adsorbed on the surface of TiOso RB5 decomposition k, the higher constant rate was noted for the carbon-coated
does not depend on the adsorption on the catalyst sur-sample consisted with a single anatase phase and the sharpest
face. ST-01 showed higher decomposition rate in this caseanatase peak in comparison with the other samples of a sin-
than carbon-coated TiOcatalysts. The fact, that the same gle anatase phase. Although the anatase 101 peak became
carbon-coated Ti@catalysts had the highest rate constants sharper in the other carbon-coated samples, anatase coex-
for both, MB and RB5 means that the same parametersisted with the rutile or reduced J©; phase of lower pho-
of catalyst, such as crystalline structure, phase composi-tocatalytic activity.
tion, and thickness of carbon layer govern the process of
photodecomposition.

In our previous paper on anatase without any carbon coat- 4 Concluding remarks
ing [23], crystallinity of anatase was pointed out to be im-
portant factor influenced on the rate of photodecomposition,
where half width of 101 X-ray diffraction line of anatase
phase was used as a measure of crystallinity. Therefore, o
the present carbon-coated samples, rate conktarghown
as a function of a half width of 101 lind-{g. 11).

ST-01 heated at 70@C showed sintering of Ti@parti-
cles. At the same time the growth of crystals occurred and
Mnatase transformed to rutile what finally resulted in high
reduction of BET surface area of ST-01. In carbon-coated
TiO2 samples heated at 790G, not only sintering of aggre-
gated particles but also crystal growth in each particles were
depressed, what influenced on the suppression of the phase

1.4 transformation from anatase to rutile at high temperatures
b of heat treatment.

- It was experimentally shown that high crystallinity of

Zouf anatase phase in carbon-coated sT&amples was impor-

§ osh tant factor accelerating the photodecomposition of [28].

g Partial transformation of anatase to rutile in %iCatalysts

e 06} reduced their photocatalytic activity.

& Presented results showed that color fading of MB solution
04f was due to the adsorption and decomposition of MB, and
02} adsorbed MB into carbon layer was decomposed by UV

. irradiation on TiQ particles. The suppression of the phase

0 01 02 03 04 05 06 07 08 transformation from anatase to rutlle_ by carbon gives gerta|n
advantages for the carbon-coated Jitatalysts, conducting
finally to increase the catalysts activity. But at the same
Fig. 11. Dependence of rate constant k for MB and RB5 photodecompo- time: this effect of improvement catalyst activity was not
sition on the half width of 101 diffraction line of anatase phase. observed for RB5 decomposition. It means, that prepared

FWHM of 101 anatase line / degree
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carbon-coated catalysts have selective application. It can be [7] I.K. Konstantinou, T.A. Albanis, Appl. Catal. B: Environ. 42 (2003)

interested to develop their application for the other organic

compounds.
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