JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Communication

Effective Visible Light-Activated B-Doped
and B,N-Codoped TiO Photocatalysts

Suil In, Alexander Orlov, Regina Berg, Felipe Garca, Sergio Pedrosa-Jimenez,
Mintcho S. Tikhov, Dominic S. Wright, and Richard M. Lambert

J. Am. Chem. Soc., 2007, 129 (45), 13790-13791- DOI: 10.1021/ja0749237 « Publication Date (Web): 23 October 2007
Downloaded from http://pubs.acs.org on February 14, 2009

CO,

(CH5);COCH,

TiOx(B)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 15 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0749237

JIAIC[S

COMMUNICATIONS

Published on Web 10/23/2007

Effective Visible Light-Activated B-Doped and B,N-Codoped TiO 2
Photocatalysts

Suil In, Alexander Orlov, Regina Berg, Felipe Garcia, Sergio Pedrosa-Jimenez, Mintcho S. Tikhov,
Dominic S. Wright, and Richard M. Lambert*

Department of Chemistry, Usérsity of Cambridge, Cambridge CB2 1EW, United Kingdom

Received July 20, 2007; E-mail: rml1@cam.ac.uk

Photocatalytic degradation of organic compounds on semicon-
ductor surfaces under UV irradiation offers a viable approach to
the solution of a variety of environmental probléifswith TiO,
being the most widely used material because of its stability and
low cost. However, a major disadvantage is its ineffectiveness under
visible light: the band gap of anatase is 3.3 eV which requires
excitation wavelengths df < 376 nm. Given that less than 5% of
the solar flux incident at the earth’s surface lies in this spectral
regime, harvesting sunlightfor photocatalytic or photoelectrochetical
purposes would be enormously enhanced by extending the photo-
response of Ti@into the visible region.

A promising strategy involves low-level doping of TiQvith
nonmetals such as N, C, and S [hereafter{l£), where E is the
corresponding dopant], a process that red-shifts its absorption

spectrumiy’ © though merely inducing visible light absorption does Figure 1. UV —vis absorbance spectra of pure anatase and B-doped TiO
not guaraqtee photocatalytic activity. Compared to other nonmetals,fof’ different dopant levels: (a) Tiﬁ%(b) 3(123 atom %)-Ti@, (c) B(3‘.)23
doping with boron has been much less studfed,and the atom %)-TiQ; (d) B(5.82 atom %)-Ti@ and (e) B(11.9 atom %)-TiD
corresponding literature is controversial. Recently Chen &% al. Inset shows comparison between B-doped (3.23 atom %), N-doped (3.23
reported that TigB) had alarger band gap than Tig) whereas, atom %), and B, N codoped (1.5 atom % of both N and B)zlé&@alysts.
in contradiction to this, Zhao et &.found that their samples of
TiO2(B) showed a red-shifted absorption spectruaithough this
did not result in significant photocatalytic visible light activity.
Here we demonstrate that an optimal level of boron doping,
correctly introduced, results in significant absorption of visible light
andsubstantial photocatalytic activity, comparable to that of FiO
(N).2 A low-cost, reproducible method for the synthesis of FiO
(B) which permits good control of the level of B-doping has been
developed. These three attributes are essential if practical applica- . 4
tions are to be achieved. A series of F{B) catalyst precursors o, oment
with nominal doping levels in the range 1:281.9 atom % were
prepared by a simple procedure involving the sequential reaction
of BH3 in THF with a calculated small excess of TiGlnder a 0 2 H 6 8 10 12
dry, O,-free nitrogen atmosphere, (described in the Supporting Boron (at. %)
Information) followed by stoichiometric reaction of the remaining  Figure 2. Dependence of B 1s XPS integrated intensities on nominal boron
TiCl, with an excess of water, then calcination (further details in content showing total boron and separate contributions fre@ Bnd active
Supporting Information). The resulting materials were evaluated Poron component. Inset shows typical raw data.
for visible light activity in the photocatalytic decomposition of increases with boron content. The insert indicates that spectra for
methyl tertiary butyl ether (MTBE), a gasoline additive and potential B—TiO, (3.23 atom %), N-TiO, (3.23 atom %¥ and B, N-TiO,
carcinogen that is of increasing concern in regard to public health. (1.5 atom % of each of N and B) were quite similar.
By adaptation of our previously published method for the synthesis ~ XP spectra of the calcined catalysts showed that within the
of TiOx(N)3 we also prepared B, N codoped Ei(3.0 and 1.5 atom spectroscopic sampling depth-§ nm, i.e., of the order of the
% each of both N and B). The codoped materials were synthesizedcrystallite size-Supporting Information) thotal observable boron
in three ways: addition of B first, then N; N first, then B; contentincreased monotonically, but not linearly, with the expected
simultaneous introduction of N and B. boron content (Figure 2, top curve). This is at least consistent with
The BET surface areas, crystalline phase, and mean crystallitethe known very limited solubility of B in Ti@?2The B 1s emission
sizes of these catalysts are given in the Supporting Information, is very broad (fwhm~ 6.3 eV) implying the presence of more
along with reference data for pure anatase, similarly prepared by than one form of boron. Inspection of the data indicates the presence
hydrolysis of TiCl. of low and high binding energy (BE) components (Figure 2, inset);
Figure 1 shows the corresponding BVis diffuse reflectance spectral fitting procedures are described in the Supporting Informa-
spectra from which it is apparent that absorption in the visible region tion. The high BE component (193.3 eV) is characteristic gD
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Figure 3. Photocatalytic activity normalized for specific surface area as a
function of nominal B content. Inset shows corresponding behavior of ratio
of 190.6 eV intensity (“active B”) to a total B 1s signal intensity.

(193.04 0.4)%2bGiven the large band gap o£8s (~6.3 eV)cit
therefore seems plausible that this high BE component correspond
to inclusions of boric oxide-like material that do not contribute to
the observed visible light activity of our T(®B). The inference is
that the lower BE component at 190.6 eV corresponds to boron
actually incorporated within the TiQattice thereby inducing the
unprecedented visible light photocatalytic activity of 1{B) that

we detail below. The B 1s BEs of elemental boron and,TaBe
both 187.5 e¥d implying that the extent of B~ Ti charge transfer

in the latter is small. Accordingly, the higher value of 190.6 eV
associated with the active B incorporated with the Ji€at least
consistent with substitutional B occupying O sites where, compared

to TiB,, B — Ti charge transfer should be enhanced by the presence

of the five remaining oxygen atoms adjacent to the Ti site. This

S

their effect on electron/hole creation and recombination rates. The
latter effect® may account for the eventual decrease in activity that

accompanies increasing visible light absorption (Figure 1). What
seems clear is that the 190.6 eV boron component, likely present
substitutionally, is responsible for the red-shifted optical absorption

and the visible light photoactivity.

We explored the possibility of synergistic effects by testing B,
N codoped TiQ, prepared as described above, and found that within
the experimental error, nominal precursor compositions of 1.5 atom
% N + 1.5 atom % B and 3.0 atom % M 3.0 atom % B gave
normalized visible light photocatalytic activites comparable to those
of the best N-only and B-only catalysts (see Supporting Informa-
tion).

Finally, we may ask why our Tig)B) is an effective visible light
photocatalyst whereas ostensibly similar material prepared by
othergcd is not. A clue is provided by a very recent theoretical
study’ on TiOx(N) in which it was found, perhaps unsurprisingly,
that the mode of N incorporation depends on the prevailing oxygen
activity. A similar effect may operate in the case of boron doping
it's not just what you do but how you do it.

In summary, effectivevisible light-actve photocatalysts have
been prepared by a low-cost synthetic method that allows controlled
and reproducible doping of TiQwith boron, thus opening the door
to large scale preparation. Maximum activity occurs at 1.13 atom
% B associated with an “active” boron component probably present
substitutionally at oxygen sites. Inactive boron is also present as
boric oxide-like material. The visible light photoactivities of B, N
codoped materials were similar to those with the same level of
B-only doping: the absence of synergy is itself an interesting
phenomenon that awaits further investigation.

reasoning does of course neglect possible final state relaxation Acknowledgment. We acknowledge financial support by the
effects that inevitably accompany the process of photoemission; Korea Science and Engineering Foundation (Grant No. M06-2004-
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rationalizing chemical shifts.

The dependence of the amounts of “active” and inactive or oxidic
boron on the nominal composition of the precursor materials is
also shown in Figure 2, to be discussed below.
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Supporting Information Available: Experimental procedures for
boron doping and catalyst testing; supplementary catalytic data. This

Photocatalytic measurements were carried out in a single-passmate”al is available free of charge via the Internet at http://pubs.acs.org.

reactor at ambient temperature under visible light irradiation from
an appropriately filtered source. MTBE destruction and,CO
production were monitored by gas chromatography and nondis-
persive infrared spectrometry, respectivély.

Figure 3 shows visible light photocatalytic activity as a function

of nominal boron content. The results are presented as % conversion

of MTBE normalized with respect to catalyst specific surface area.
Undoped TiQ anatase showed negligible activity, as expected,
whereas boron doping resulted in very significant activity that
maximized at 1.13 atom % boron (nominal). This set of results

was reproduced using repeated de novo preparations starting with
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