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Correlation between structural and physical properties and
photocatalytic activities for five kinds of reactions of 35 titania
samples was obtained through multivariable analyses: photocata-
lytic activities were empirically reproduced by a linear combina-
tion of six properties with fair reliability. While a portion of results
could be interpreted using a conventional mechanism, significant
activity dependence on properties, not disclosed yet, was sug-
gested.

Photocatalytic reaction is induced by photoexcited electrons
(e�) and positive holes (hþ) generated in a solid photocatalyst
followed by redox reaction with surface-adsorbed substrates.
Titanium(IV) oxide (titania) is one of the most promising photo-
catalysts because of its high chemical stability, sufficient energy
of its e� and hþ to drive various photocatalytic reactions, negli-
gible toxicity, inexpensiveness, and ease of preparation. Only
one plausible weakness of the titania photocatalyst is that it ab-
sorbs only ultraviolet light, though such transparency is prefera-
ble when titania is coated on colored materials. It is known that
the photocatalytic activity, i.e., rate of photocatalytic reaction,
depends on the structural and physical properties of titania. It
is believed that there is a relationship between properties and ac-
tivities, i.e., a structure–activity correlation. It has often been
claimed that the smaller the particle size, i.e., the larger the spe-
cific surface area, the higher the photocatalytic activity or that
anatase is better than rutile.1 However, such discussion on the
correlations has been limited to a certain series of samples pre-
pared in a similar way or small number of commercial samples,2

and there seem no comprehensive correlations.
The present study aims at obtaining the structure–activity

correlations for a large number of titania photocatalysts covering
commercially available titania samples in Japan (see Table S1)14

by statistical multivariable analysis. Five representative reac-
tions were chosen, and their relative rates were analyzed using
six properties,3 specific surface area (BET), density of lattice
defects (DEF), primary (PPS) and secondary (SPS) particle size,
and existence of anatase (ANA) and rutile (RUT) phases, to ob-
tain intrinsic dependence of photocatalytic activities on the prop-
erties.

Five test photocatalytic reactions were as follows: a, Oxy-
gen (O2) liberation and silver deposition from a deaerated aque-
ous silver sulfate solution; b, Dehydrogenation of methanol in a
deaerated aqueous solution; c, Oxidative decomposition of ace-
tic acid to liberate carbon dioxide (CO2) from an aerated aque-
ous solution; d, Decomposition of acetaldehyde into CO2 in
air; and e, Synthesis of pipecolinic acid from L-lysine in a dea-
erated aqueous solution (see SI).

First, the rates of reactions were compared with each struc-
tural property. In general, there were no significant relations
between them, while, in some cases, dependence of the rate on

a parameter was observed (see SI, Tables S2 and S4). This seems
reasonable since the titania samples used in this study were of a
wide range and synthesized or treated in different ways. Then,
the data were analyzed statistically by solving the following
matrix equation, ½rate�35�1 ¼ ½property�35�6 � ½coefficient�6�1,
for each reaction. The experimental results, rates and properties,
were standardized using mean of data and standard deviation in
order to make the calculated coefficients have the same weight
being independent of properties, i.e., enabling direct comparison
of partial regression coefficients (k).

Table 1 shows the summary of results of analyses. Squared
multiple correlation coefficient, R2, was also listed. It was found
that the best R2 values were obtained when ANA and RUT were
defined to be 1 or 0 (dummy variables) when the most intensive
peak of anatase and rutile was detected in the XRD patterns and
otherwise, respectively. Although it is known that increase in the
number of variables improves the fitting, i.e., makes R2 to be
close to unity, no other appropriate properties have been found
to be added to the list. As a general trend, a and e gave relatively
larger R2s, i.e., higher reproducibility of the results fitting to a
linear combination of properties, while those for the others were
also fairly high.4 Figure 1 shows this linearity for a as an exam-
ple; the calculated (predicted) relative activities of each sample
using obtained coefficients (k) were plotted against the observed
activity. Another significant feature is that coefficient of kANA
has large positive value in all the cases except for a. This is
the first example, within the authors’ knowledge, of support
for a general understanding in this field that anatase is more
active than rutile, since previously reported data were of only
a limited number of samples and neglected the influence of the
other properties. On the other hand, kRUT was relatively small
and it was negative in d suggesting that rutile phase in the photo-
catalysts is rather inert compared with anatase. Although large
positive and negative kBET and kDEF, respectively, are expected
since large surface area is advantageous to adsorb reaction sub-
strate(s) and defective sites accelerate recombination of e� and
hþ, large positive kBET was observed only for b and even large
positive kDEF was obtained for c, d, and e as discussed later.
kPPS and kSPS depended on the type of reactions.

Table 1. Squared multiple correlation coefficient (R2) and partial regres-
sion coefficients (k)

Coefficient a b c d e

R2 0.86 0.52 0.58 0.60 0.85

kBET �0:01 0.43 �0:09 0.13 0.19

kDEF �0:15 �0:25 0.19 0.43 0.32

kPPS 0.12 �0:20 �0:18 �0:20 �0:52

kSPS 0.57 0.08 �0:20 �0:04 �0:07
kRUT 0.14 0.28 0.11 �0:06 0.02

kANA 0.04 0.40 0.57 0.55 0.63
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For a, kANA was small but positive, which means that ana-
tase does not prohibit the reaction, while kRUT was not so large,
suggesting that it is not indispensable to be rutile for higher ac-
tivity. It seems that large secondary particles (large positive kSPS)
composed of large primary particles of less crystalline defects
(negative kDEF) are preferable, which agrees with the general
recognition reported so far.5 A significant point, which has been
revealed in this study first, is that the reported higher activity of
rutile powders6 for a is mainly attributable to their secondary
particle size7 but not to rutile crystal, and it is expected that ana-
tase would be active when its secondary particle size is large.

Reaction b was performed using in situ platinized titania
particles, since bare samples show negligible activities.4 The
positive kRUT and kANA coefficients seem reasonable, since the
bottom of the conduction band (CB) of anatase (�0:20V vs.
NHE) and rutile (+0.04V) crystals is reported8 to be almost
the same or a little negative compared with the standard elec-
trode potential of hydrogen evolution (Hþ/H2; 0 V). kANA, a lit-
tle larger than kRUT, might be related to a slightly more negative
CB level of anatase. Comparable activity of rutile phase has been
shown previously through action spectrum analyses.9 It has been
shown for hydrogenation of 2-propanol that the rate depends on
the amount of surface-adsorbed alcohol.10 Large positive kBET,
as well as negative kPPS, and large negative kDEF suggested that
this reaction requires both a large amount of adsorbed methanol
and less probability of e�–hþ recombination.

Reactions c and d, exhibiting a similar trend of coefficients,
were conducted under aerated conditions, and their mechanism
must contain O2 reduction by e�. Preference of anatase crystal-
lites (large positive kANA) may be caused by the above-men-
tioned CB position. The potential of one-electron reduction of
O2, O2

��/O2 (�0:05V) or HO2/O2 (�0:28V) is a little more
negative than that for H2 evolution, and thereby small difference
(ca. 0.16V) in CB position may be decisive. Another feature of
these oxidative decompositions was a relatively large positive
kDEF, which must accelerate the e�–hþ recombination. A possi-
ble interpretation for this inconsistency is that the defective sites
act as an adsorption site for organic compounds and/or O2 and
the influence of enhanced e�–hþ recombination on the rate was
small, presumably owing to efficient radical chain reaction.11

Taking into account negative kDEF for b, in which organic com-
pound, methanol, is also oxidized, enhanced adsorption of O2 at
the defective sites might occur, though at present we have no
evidence supporting this hypothesis. Positive kBET for d, in con-

trast to the negative value for c, suggests that this gas–solid
phase reaction requires diffusion of substrates, acetaldehyde
and O2, and, therefore, the larger the surface area, the faster
the diffusion for d.

Reaction e has been known to proceed through redox-com-
bined mechanisms; Lys is oxidized by hþ and hydrolyzed and
cyclized to a Schiff base intermediate which undergoes reduc-
tion, at surface-loaded Pt deposits, by e� to yield PCA.12 Simi-
larity of the trend with b suggests that the reaction rate is also
governed by the first oxidation step. The positive kDEF is attrib-
utable to the preferable adsorption of Lys at the defective sites.
The larger and smaller kANA and kRUT, respectively, compared
with b might reflect a difference in reduction process between
b and e; reduction of the Schiff base intermediate13 is thought
to require a little more negative potential of e� than that for
H2 liberation.

In conclusion, statistical multivariable analyses of photoca-
talytic activities depending on the properties of titania powders
supported the conventional wisdom, e.g., anatase is more active
than rutile especially for photocatalytic oxidative decomposition
of organic compounds, and lattice defects reduce activity in
reactions conducted under deaerated conditions. On the other
hand, unexpected results were also observed; e.g., lattice defects
are beneficial especially for reactions under aerated conditions,
and the activity for O2 liberation is governed by secondary
particle size rather than crystal form. Since each property
changes depending on each other to some extent (see Tables S2
and S3), e.g., rutile crystallites are often large compared with
anatase, intrinsic dependence of activity on each property has
been ambiguous. The intrinsic dependence of activity as shown
in this study could be demonstrated, for the first time, by statis-
tical multivariable analyses.
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Figure 1. Relation between standardized photocatalytic activities for re-
action a observed and calculated using obtained partial regression coeffi-
cients in Table 1. This linearity indicates that the activity of samples can
be estimated from their physical properties.
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