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Abstract

The inter-relationship between Pt oxidation state dynamics and the TiO2 photocatalysis of three groups of organic compounds (carboxylic
acid, alcohol and phenolics) was investigated. Repetitive photocatalytic mineralisation of formic acid over the as-prepared Pt(II)/TiO2 produced
free formate radicals which partially reduced Pt(II) to Pt(0, II)/TiO2. Further repetitive dark mineralisation of formic acid over this pretreated
catalyst was as effective as the as-prepared sample under UV-A illumination. As for the photocatalytic mineralisation of methanol, the usually
reported current doubling effect which would result in the reduction of Pt was not observed under the studied air-equilibrated condition and low
organic concentration. However, the photocatalytic mineralisation of methanol was enhanced over formic acid-pretreated catalyst compared to
the as-prepared and phenol-pretreated samples, highlighting the beneficial and detrimental effects of Pt(0) and Pt(IV), respectively. The enhance-
ment was partially attributed to the favourable intimate dark catalytic interaction between Pt(0) and methanol. The photocatalytic mineralisation
rates of phenol over as-prepared and formic acid-pretreated catalysts were found to be limited by the benzoquinone/hydroquinone short-circuit
equilibrium. The photocatalytic mineralisation of trihydroxybenzene, the immediate product after the short-circuit equilibrium, over as-prepared
Pt/TiO2 was faster relative to phenol and more so over the formic acid-pretreated sample. This corroborates the rate-limiting equilibrium while
also demonstrates the beneficial effect of Pt(0). The enhancement effects on these phenolic compounds were in qualitative agreement with the
observed dark catalytic mineralisation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Deposition of Pt is one of the most commonly applied tech-
niques to improve the overall photocatalytic performance of
TiO2. Its presence is encountered in a wide range of photo-
catalytic reactions such as water splitting [1–5], environmental
remediation [6–9] and organic syntheses [10–13], among many
others. Compared to other noble metals such as Ag [14–16],
Pd [17] and Au [18,19], Pt [7,20–24] is an excellent metal can-
didate for these reactions because of its large work function.
This results in a large Schottky barrier, the electronic potential
barrier at the metal–semiconductor heterojunction, at the Pt–
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TiO2 contact region and hence allows for efficient photogener-
ated electrons trapping. At the same time, Pt/TiO2 is also known
for its dark catalytic properties even under ambient aqueous
conditions. For instance, Pt deposits are commonly added as
co-catalyst for photocatalytic water splitting due to its low hy-
drogen evolution overpotential. We have recently observed dark
mineralisation of aqueous organic compounds such as formic
acid, oxalic acid and 1,2,3-trihydroxybenzene over Pt/TiO2 [9].

In photocatalysis, the role of the oxidation state of Pt de-
posits is often neglected, with assumption that it mostly exists
as Pt metal. Depending on the preparation procedure, Pt may
exist as Pt(0), Pt(II) and/or Pt(IV). In fact, the Pt oxidation
states may also be subjected to dynamic changes under differ-
ent reaction conditions as will be shown in this work. Studies
on the effect of metal oxidation states on photocatalytic oxida-
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tion of organic compounds are rare. It was not until recently
that Lee and Choi [25] reported the enhanced photocatalytic
degradation of dichloroacetate, 4-chlorophenol and chloroform
in the order of Pt(0)/TiO2 > Ptox(II, IV)/TiO2 > bare TiO2 for
Pt photodeposited on Degussa P25 TiO2. However, the degra-
dation of trichloroethylene (TCE) and perchloroethylene (PCE)
over Ptox/TiO2 was found to be worse than that of bare TiO2. It
was suggested that both chlorinated ethylenes interacted detri-
mentally with Ptox to form recombination redox cycles.

Prior to the work, only some scattered information regard-
ing the effect of Pt oxidation states on the photocatalytic ef-
fect of TiO2 could be found. Pichat et al. [20] reported a
lower photocatalytic activity of H2 evolution from the aliphatic
alcohols over impregnated Pt(0)/P25 compared to Ptox/P25.
The Pt–O bond was suggested to be beneficial to the hydro-
genation and dehydrogenation reaction [20]. In terms of gas-
phase photocatalytic degradation of acetaldehyde, Pt(0)/P25
was found to be only slightly (15%) more active than Ptox/P25
[26]. The photocatalysts were prepared in the same way as by
Lee and Choi [25]. In the studies by Pichat et al. [20] and
Sano et al. [26], neither the Pt oxidation state dynamics af-
ter reaction nor the activity of the used photocatalysts were
re-evaluated, which would have otherwise provided insightful
information regarding the inter-relationship between Pt oxi-
dation states and photocatalytic degradation of organic com-
pounds.

Perhaps some useful hints could also be gained by inspecting
the role of sacrificial holes scavenger on the photoreduction of
PtCl2−

6 on TiO2 in a typical preparation of Pt/TiO2 by photode-
position. In one of the earliest works, Kraeutler and Bard [10]
reported formation of Pt(0) during photoreduction of PtCl2−

6
in the presence of acetic acid under anoxic condition. How-
ever, under a similar condition, Koudelka et al. [27] reported
formation of a mixture of Ptox. Nevertheless, the presence of
dissolved O2 and duration of illumination was not clearly in-
dicated in the study. Under an air-equilibrated condition, Lee
and Choi [25] were able to synthesise Pt(0) and Ptox under
methanol-rich (1 M) and methanol-deficient (0.1 M) conditions,
respectively. Similar results were obtained by Sano et al. [26]
under anoxic condition. Propanol was found to be efficient in
reducing PtCl2−

6 to Pt(0) under anoxic condition [28].
The present study investigates the effect of repeated photo-

catalytic mineralisation of non-chlorinated organic substrates at
low concentration (10 ppm C), a highly relevant figure in re-
moval of organics where real application of TiO2 photocatalysis
is concerned, on the evolution of Pt oxidation states. Formic
acid, methanol and phenol, each representing a different or-
ganic group, are used as the model organic compounds. The
intermediates of phenol, namely benzoquinone (BQ), hydro-
quinone (HQ) and trihydroxybenzene (THB) are also examined
as complementary to the phenol studies. The Pt oxidation states
at different stages of reaction are analysed by X-ray photo-
electron spectroscopy (XPS) and related to the photocatalytic
degradation mechanism of each organic substrate. At the same
time, the influence of different Pt oxidation states in the pho-
tocatalytic reactivity of the different organic compounds is also
investigated.
Although the significance of Pt oxidation states demon-
strated in the present work is only limited to the photocatalytic
mineralisation of aqueous phase organic matters, the outcome
of this study is in principle directly or indirectly relevant also
to other catalysis-related applications such as water splitting
[1–5], gas-phase photocatalysis [8,29,30], fuel cell methanol
oxidation [31] and hydrogenation reactions [32,33], where in-
teractions of Pt and organic matters are crucial. For instance, in
this work we report the different dark catalytic effect of various
organic compounds as a function of Pt oxidation states. This in
turn interacted favourably with the overall photocatalytic reac-
tions.

2. Experimental

A detailed procedure for the synthesis of Pt/TiO2 by flame
spray pyrolysis (FSP) has been described elsewhere [34]. The
flame-made 0.5 at% Pt/TiO2 which was found to be the op-
timal photocatalyst [34] is used here as the model photocat-
alyst. In brief, the liquid precursor was prepared by adding
a predetermined amount of platinum acetylacetonate (Aldrich,
97%) to a mixture of titanium isopropoxide (TTIP, Aldrich, pu-
rity > 97%)/xylene (Riedel–de Haen, 96%)/acetonitrile (Fluka,
99.5%) in the volume ratio of 20/55/25. The mixture was de-
livered to the nozzle tip (1.5 bar) at 5 mL/min where it was
dispersed by 5 L/min of O2. The dispersed droplets were ig-
nited by a surrounding O2/CH4 (3.2/1.5 L/min) flame forming
a main core flame spray. Additional 5 L/min of sheath O2 was
issued through the outer most ring of the spray burner.

The photocatalytic studies were conducted in a 200 mL
closed-system slurry-type spiral reactor as described by Abdul-
lah et al. [35] and also in our earlier work [34,36]. A photo-
catalyst suspension of 1 g/L adjusted to pH 3.5 ± 0.25 using
perchloric acid (Unilab, 99%) was used in all experiments. An
impurity carbon burn-off step was carried out by illuminating
the slurry with a UV-A lamp (NEC T10 blacklight blue, 20 W)
at ambient condition until no further CO2 could be detected.
The slurry was then air-equilibrated before the injection of or-
ganic compounds. We will refer the catalyst to “as-prepared”
after this treatment. Formic acid (Aldrich, 99%), methanol
(Mallinckrodt Chemicals, LC grade), phenol (BDH, 99%), ben-
zoquinone (BQ, Aldrich, 98%), hydroquinone (HQ, Aldrich,
�99%), 1,2,3-trihydroxybenzene (THB, Riedel–de Haen, ex-
tra pure) and sucrose (Fisons, analytical grade) were used as
the model organic compounds. Except for formic acid and THB
which undergo rapid dark catalytic mineralisation in the pres-
ence of Pt/TiO2, all other organic compounds were allowed
20 min of dark adsorption. Photocatalytic reaction was initi-
ated by illuminating the suspension with the UV-A lamp. Evo-
lution of CO2 during the catalytic mineralisation of organic
compounds was monitored online based on conductivity mea-
surements (Jenway 4330). For the zeta-potential dynamic stud-
ies, similar photocatalytic reaction procedure was carried out in
a 0.1 g/L Pt/TiO2 suspension. A small amount of suspension
was withdrawn from the reactor during the reaction at differ-
ent time. Zeta potential of the particles was measured directly
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Fig. 1. XPS spectra of freshly prepared FSP Pt/TiO2, after carbon burn-off and
after 10 repeated photocatalytic mineralisation runs of formic acid, methanol
and phenol.

by means of electrophoretic mobility on a Brookhaven ZetaPals
system.

The Pt oxidation states of fresh and used photocatalysts
were analysed using X-ray photoelectron spectroscopy (XPS)
on ESCALab220i-XL (VG Scientific). After complete reaction,
the photocatalyst was recovered by vacuum filtration (Sarto-
rius) followed by air drying in an oven at 60 ◦C. Monochro-
mated AlKα was used as the radiation source. Analysis was
carried out in a vacuum chamber (<2 × 10−9 mbar). The
binding energies of all peaks were referenced to the C 1s
line (285.0 eV) originating from surface organic impurities
and checked against the binding energy of Ti 2p (458.8 eV)
from TiO2. Peak fittings and deconvolution were performed
using the Eclipse (VG Scientific software). Other physicochem-
ical characterisations such as transmission electron microscopy,
specific surface area, X-ray diffraction (anatase–rutile compo-
sition and crystallite sizes) and CO-pulse chemisorption (Pt
dispersion and size) of the as-prepared Pt/TiO2 have been de-
scribed in our earlier publication [34].

3. Results and discussion

3.1. Impurity carbon burn-off

All Pt/TiO2 suspensions were subjected to impurity carbon
burn-off by UV-A illumination prior further evaluations. Dur-
ing the burn-off, adsorbed organic impurities on the photocata-
lyst surface were oxidised to CO2. This procedure ensures that
the origin of CO2 evolution during mineralisation studies of
selected organic compounds at subsequent stages did not origi-
nate from pre-adsorbed impurities.

Surface XPS analysis of the fresh FSP-made Pt/TiO2 re-
vealed pre-dominant amount of Pt(II) (97%) and small quan-
tities of Pt(0) (3%) (Figs. 1 and 2). This is in agreement
with similarly prepared Pt/SnO2 by FSP [37]. However af-
ter the carbon burn-off stage, a slight increase in Pt(0) (8%)
Fig. 2. The Pt oxidation state dynamics during impurity carbon burn-off (grey
box) and repetitive photocatalytic mineralisation of 10 ppm C as (a) formic
acid, (b) methanol and (c) phenol. The open symbols and broken lines in (a)
represent the dark mineralisation of formic acid. Pt(x) is the Pt oxidation state,
where x = 0, II and IV. Lines drawn are only to illustrate connecting of data
points for reference purposes.

content at the expense of the dominant Pt(II) is evident from
Figs. 1 and 2. No detectable amount of Pt(IV) was mea-
sured from these samples. For convenience, the Pt/TiO2 pho-
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Fig. 3. Repetitive mineralisation of formic acid over as-prepared Pt/TiO2 under UV illuminations and under dark conditions as well as for formic acid-pretreated
Pt/TiO2 under dark conditions. The data is presented in (a) half-life mineralisation rates (R50) and (b) the corresponding kinetics of mineralisation.
tocatalyst after carbon burn-off is referred to as “as-prepared”
Pt/TiO2.

3.2. Formic acid mineralisation

Figs. 3a and 3b show that dark mineralisation of formic acid
(10 ppm C) took place over as-prepared Pt/TiO2 (open trian-
gles). The mineralisation rates were however much slower than
that carried out under UV-A illumination (black circles). In ad-
dition, a gradual deactivation was observed over as-prepared
catalysts with repetitive dark mineralisation (Figs. 3a and 3b).
After 10 repeated dark mineralisation runs, the XPS analysis
on the Pt oxidation states showed about 15% of the total Pt be-
ing converted to Pt(IV) at the expense of the initially dominant
Pt(II) and minor Pt(0) (Fig. 2a, dashed line).

In a separate work, He et al. [38] reported dark oxidation
of formic acid over photodeposited Pt on pre-calcined (400 ◦C,
2 h) TiO2 (P25)/ITO (indium-tin-oxide) films under aerated
condition, also at a much slower rate than under UV illumina-
tion. Notably, the procedure of coating photodeposited Pt/TiO2
(P25) particles onto ITO substrate followed by calcination at
the same condition did not yield any formic acid dark oxida-
tion. Although no explanation was given by the authors, it was
presumed that the post-calcination of Pt deposits in the latter
procedure converted a significant amount of Pt(0) to Pt(IV),
a process which could take place even by heating at 150 ◦C for
15 min in air [39]. The observation by He et al. [38] is consistent
with our results that Pt(IV) is detrimental towards formic acid
dark mineralisation. The group also reported enhanced formic
acid oxidation on continuous O2 sparging. It is noteworthy in
the present work that the deficiency of dissolved O2 leading
to gradual deactivation is ruled out since the Pt/TiO2 suspen-
sion is air-equilibrated equally in each reaction run. The total
organic carbon (TOC) analysis of the filtrate at the end of 10
repeated dark mineralisation runs did not detect any significant
amount of accumulated, dissolved and non-adsorbed organic
matters. Similarly, no presence of adsorbed organic compounds
was detected by zeta-potential measurements after each run (not
shown). Hence, it can be confirmed that the catalyst deacti-
vation was not due to poisoning by recalcitrant intermediate
compounds. Although the exact reaction mechanism remains
unclear at this point, it can be readily deduced that formic acid
dark mineralisation is a function of Pt oxidation states, with
Pt(IV) presenting a detrimental effect.

To further investigate the role of Pt oxidation states, the as-
prepared Pt/TiO2 was subjected to 10-run repetitive photocat-
alytic mineralisation of formic acid prior to dark mineralisation.
Such repetitive mineralisation of formic acid under UV-A illu-
mination increased the Pt(0) content, yielding approximately
equal amount of Pt(0) (51%) and Pt(II) (49%) after 10 repeti-
tions (Fig. 2a, solid line). The exact reaction mechanism will be
discussed in detail in the subsequent paragraphs. The increase
in Pt(0) content and the absence of Pt(IV) did not only prevent
the deactivation of Pt catalyst that was observed earlier, but was
found to dark mineralise formic acid as efficiently as that un-
der UV-A illumination (Figs. 3a and 3b, grey circles). This is in
agreement with our recent studies [9], where photodeposited Pt
on Degussa P25 (yielding mainly Pt(0)) at the same metal load-
ing could dark mineralise formic acid as fast as under UV-A
illumination. Interestingly, despite the co-existence of Pt(0) and
Pt(II) in this work, similar dark and photocatalytic mineralisa-
tion rates were observed. Hence it can be concluded from the
findings that the dark catalytic mineralisation of formic acid
over Pt/TiO2 increases in the order of Pt(0) > Pt(II) > Pt(IV).

Fig. 3a (black circles) shows constant photocatalytic miner-
alisation rates (R50 = ∼360 µg C/min) of formic acid (10 ppm
C) over as-prepared Pt/TiO2 throughout 10 repeated runs under
UV-A illumination. This holds despite the evolving Pt oxidation
states (Fig. 2a) at every repetition, indicating an independent re-
lationship between the photocatalytic mineralisation rates and
Pt oxidation states at the studied conditions. Furthermore, the
catalysts pretreated with formic acid under UV-A illumination
over 2 repeated runs (10 ppm C each) (defined as “prematurely
treated”) showed a significant lower dark mineralisation rate
(R50 = 222 µg C/min, Fig. 3b, open circles) compared to that
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Scheme 1. Proposed mechanism of photocatalytic degradation of formic acid
over Pt/TiO2 in the presence of dissolved O2. (1) Photogeneration of charge
carriers (e−, h+) under UV illumination, (2) trapping of h+ at photocatalyst
surface, (3) trapping of e− at Pt deposits, (4) oxidation of formic acid to for-
mate radical, (5) reduction of Pt deposits by formate radical, (6) mineralisation
of formate radical, (7) scavenging of e− by dissolved O2. For simplicity, the
formation of OH· through photocatalytic oxidation of water or surface titanol
species is not shown but is represented by step (2).

carried out under UV-A illumination. This confirms the domi-
nant photocatalytic effect and rules out the possibility of high
reaction rates during repeated formic acid photocatalytic min-
eralisation originating solely from the catalytic effect (at least
during the first few repetitions). As expected, only minor dark
mineralisation rate enhancement was observed for the prema-
turely formic acid-treated Pt/TiO2 compared to the as-prepared
sample (R50 = 211 µg C/min).

The origin of Pt(0) as a result of formic acid mineralisation
under UV-A illumination could be traced to the (1) Schottky-
type trapping of conduction band electrons and (2) reduction by
formate radical anion intermediate, CO−

2 · (E◦(CO−
2 ·/CO2) =

−1.9 VSHE) [41,42]. In the latter case, the photocatalytic
oxidation of formate ions by photogenerated holes (or hy-
droxyl radicals, OH·) is known to generate the highly reduc-
tive formate free radicals (Scheme 1). In fact the reductive
power of such radical has been demonstrated by Rajeshwar
and co-workers [43] to reduce highly electropositive metal
ions (Zn2+/Zn0 (−0.762 VSHE); Cd2+/Cd0 (−0.403 VSHE);
Mn2+/Mn0 (−1.185 VSHE)) in TiO2 suspensions. It is note-
worthy that the reduction potentials of these metal ions with
respect to their respective zero-valent states all lie in between
that of TiO2 conduction band electrons (E◦ = −0.4 VSHE) [44]
and formate radicals. In this work, the effective in situ reduc-
tion of Pt deposits through the formation of formate radicals
has conveniently allowed the studies of Pt oxidation state ef-
fects on photocatalytic oxidation of other organic compounds
as described in the following sections. Moreover the complete
photocatalytic mineralisation of formic acid and the absence of
inorganic elements (such as Cl−) as side products circumvent
investigations of foreign ions interactions during subsequent re-
action studies.

3.3. Methanol mineralisation

Repeated photocatalytic mineralisation of methanol at low
concentration (10 ppm carbon) resulted in the enhanced forma-
tion of Pt(IV) rather than Pt(0) (Fig. 2b). This contradicts to
what would be expected from the Schottky-type electrons trap-
ping mechanism and may even appear contradicting the current
Scheme 2. Proposed mechanism of photocatalytic degradation of methanol over
Pt/TiO2 in the presence of dissolved O2. (1) Photogeneration of charge carriers
(e−, h+) under UV illumination, (2) trapping of h+ at photocatalyst surface,
(3) trapping of e− at Pt deposits, (4) oxidation of methanol to α-hydroxy-
methyl radicals, (5) oxidation of α-hydroxymethyl radicals to formate radical
by dissolved O2, (6 and 7) the inhibited path of e− injection of methyl radicals
to TiO2 conduction band to form formaldehyde (current doubling), (8) scav-
enging of e− by dissolved O2. For simplicity, the formation of OH· through
photocatalytic oxidation of water or surface titanol species is not shown but is
represented by step (2).

doubling effect that was postulated by others [45–48]. It is well
established that oxidation of methanol by photogenerated holes
or OH· in anoxic aqueous forms reducing α-hydroxymethyl
radicals, CH2OH· (E◦(CH2OH·/CH2O) = −0.95 VSHE) [49].
Under anoxic condition, these radicals could contribute addi-
tional electrons to the TiO2 conduction band (current doubling
effect) to form formaldehyde, CH2O [50]. Although CH2OH·
has a lower reduction potential than CO−

2 ·, it is energetically
possible to reduce Pt(II) to Pt(0) (E◦(Pt2+/Pt0) = 1.18 VSHE).
Ohtani et al. [51], for instance, reported reduction of Pt(IV) to
Pt(0) during the degradation of ethanol and 2-propanol under
argon-saturated condition. However, under the present ambient
air-equilibrated conditions, dissolved O2 molecules could ox-
idise CH2OH· directly to formaldehyde and therefore prevent
the current doubling effect [52,53] (Scheme 2).

The present experiment was not carried out under anoxic
condition as complete mineralisation may not be achieved
under such condition [51]. Interestingly, Lee and Choi [25]
managed to photodeposit Pt(0) onto P25 TiO2 from H2PtCl6
(E◦(PtCl2−

6 /Pt0) = 0.68 VSHE) under air-equilibrated but high
methanol concentration (1 M). However, in the same publica-
tion, only Ptox was formed in the low methanol concentration
(0.1 M) system even after 120 min of UV illumination. Al-
though no explanation was provided by the authors, it is en-
visaged that the resultant small amount of generated electrons
from current doubling effect (as a result of low methanol con-
centration) was insufficient to fully reduce PtCl2−

6 to Pt(0).
The competition between dissolved O2 and the relatively small
amount of CH2OH· further decreases the net amount electrons
available for Pt reduction. The same analogy could be applied
to explain the absence of Pt(0) observed in the present work
despite repetitive photocatalytic mineralisation of methanol at
low concentration (Fig. 2b). The formation of Pt(IV) could be
explained by the lack of adsorption of methanol and its in-
termediates on the photocatalyst surface, as evident from the
adsorption dynamic studies (Fig. 4) [36,40], resulting in hole
scavenging by the Pt(II) species.
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Formic acid-pretreated Pt/TiO2 (Fig. 5a, black diamonds)
exhibited significantly higher rates of methanol mineralisa-
tion compared to the as-prepared photocatalyst (open squares).
The catalyst was treated in a similar way to that of repetitive
photocatalytic mineralisation of formic acid as discussed ear-
lier and therefore has a higher Pt(0) content than that of the
as-prepared sample (Fig. 2a). The much faster mineralisation
observed for the pretreated photocatalyst indicates strong de-
pendencies of methanol mineralisation on Pt oxidation states,
with Pt(0) favouring faster mineralisation. To probe the ori-
gin of enhanced methanol mineralisation rates, dark catalytic
mineralisation was carried out over the Pt/TiO2 samples. It is
evident from Fig. 5b that significant methanol dark minerali-
sation rates took place over formic acid-pretreated Pt/TiO2 in
the dark compared to the as-prepared sample. Even though the
dark catalytic reaction was slow compared to UV-A illumina-

Fig. 4. Zeta-potential dynamics of as-prepared (open symbols) and formic
acid-pretreated (solid symbols) Pt/TiO2 during photocatalytic mineralisation of
methanol, phenol, benzoquinone (BQ), hydroquinone (HQ) and trihydroxyben-
zene (THB).
tion, the more pronounced catalytic effect of pretreated Pt/TiO2

arising from enhanced Pt(0) content is believed to have re-
sulted in favourable interactions during photocatalytic reaction.
This is in agreement with the beneficial effect of Pt(0) in cat-
alytic alcohol oxidation, where Ptox catalyst was known to be
detrimental [54]. In a separate study, photodeposited Pt on sim-
ilarly made bare TiO2 (as that of FSP-made Pt/TiO2 in present
work) which consisted of mainly Pt(0) also found comparable
dark catalytic activity as that of formic acid-pretreated Pt/TiO2.
In both cases, the accuracy of CO2 evolution detected was in
excellent agreement with our total organic carbon (TOC) fil-
trate analyses. This again provides evidence that the formic
acid-pretreated Pt/TiO2 is sufficient to impose similar dark cat-
alytic activity as the photodeposited samples despite only being
partially reduced. The dark methanol mineralisation reported
here has also been recently observed by Hu et al. [55] who re-
ported spontaneous gas-phase combustion of methanol/air and
ethanol/air gas mixtures over Pt (50–700 nm) immobilised on
quartz wool.

Fig. 6 shows minimal change in Pt oxidation states of the
formic acid-treated photocatalyst after repetitive methanol min-
eralisation. The result is rather unexpected considering the ab-
sence of Pt(IV) increase at the expense of Pt(II) as would be
expected from the photocatalytic mineralisation of methanol
over as-prepared Pt/TiO2 (Fig. 2b). As shown in Fig. 4, the
adsorption dynamics studies of methanol and its intermediates
during photocatalytic reaction as measured by zeta-potential
measurements [40,56] did not show significant changes on both
as-prepared and formic acid-treated catalysts, thus pointing to
the insignificant organic adsorption over a period of 50 min.
Hence the adsorption properties of methanol and its interme-
diate are not a contributing factor to explain the Pt oxidation
state dynamics on both as-prepared and formic acid-pretreated
catalysts. Although the exact mechanism could not be eluci-
dated at this point, the minimal change in Pt oxidation states on
formic acid-pretreated catalysts does however explain the con-
Fig. 5. (a) Repetitive half-life photocatalytic mineralisation rates (R50) of methanol over as-prepared, formic acid- and phenol-pretreated Pt/TiO2 under UV illumi-
nations and (b) the corresponding dark catalytic mineralisation of methanol as a function of time.
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Fig. 6. The Pt oxidation state dynamics during impurity carbon burn-off (grey box) and photocatalytic pre-treatment with formic acid followed by repetitive
photocatalytic mineralisation of methanol (black symbols, —), phenol (grey symbols, – –) and sucrose (open symbols, - - -). Lines drawn are only to illustrate
connecting of data points for reference purposes.
stant photocatalytic mineralisation rates throughout the course
of repetitions (Fig. 5a).

In a further study, the as-prepared Pt/TiO2 was subjected
to pretreatment with phenol instead of formic acid. This in-
creased both Pt(0) content and Pt(IV) content at the expense
of Pt(II) (Fig. 2c), as will be discussed in the next section. As
evident from Fig. 5a (grey diamonds), similar photocatalytic
mineralisation rates as that of as-prepared Pt/TiO2 were mea-
sured. Hence, it can be deduced from such comparisons that the
detrimental effect of Pt(IV) overwhelms the effect of Pt(0) for
photocatalytic mineralisation of methanol, consistent with our
earlier explanation on the role of Pt(IV) during dark catalytic
reaction of formic acid.

3.4. Phenol mineralisation

The photocatalytic degradation mechanism of phenol, like
formic acid and methanol, is well established and has been
extensively studied [57–60]. In most cases, catechol, hy-
droquinone (HQ), benzoquinone (BQ) and trihydoxybenzene
(THB) were identified as intermediate compounds. Fig. 2c
shows that repetitive photocatalytic mineralisation of phenol
resulted in the co-formation of Pt(0) (19%) and Pt(IV) (30%)
species at the expense of Pt(II) (51%). Unlike formic acid, no
reductive radical is known to be formed from the photocatalytic
degradation of phenol over Pt/TiO2 [60]. Therefore, Pt(0) can
be reasonably ascribed to the Schottky-type accumulation of
photogenerated electrons on Pt deposits while Pt(IV) is most
likely a result of high extent of organic compound-driven re-
ductive pathway. Photodegradation of phenol has been shown
to go through the so-called electron shuttle mechanism in which
HQ and BQ exist in a “short-circuiting” equilibrium [57,58,61].
Under UV illumination, HQ can be oxidised by photogenerated
holes, OH· or dissolved O2 to form BQ. BQ in turn can be
reduced back to HQ (E◦(C6H4O2/C6H6O2) = 0.6992 VSHE)
Scheme 3. Proposed mechanism of photocatalytic degradation of phenol over
Pt/TiO2 in the presence of dissolved O2. (1) Photogeneration of charge car-
riers (e−, h+) under UV illumination, (2) trapping of h+ at photocatalyst
surface, (3) trapping of e− at Pt deposits, (4) oxidation of phenol (PhOH)
to hydroquinone (HQ), (5) oxidation of hydroquinone to benzoquinone (BQ)
by h+, OH· or O2, (6) reduction of BQ to HQ by e− (steps 5 and 6 form
short-circuiting equilibrium), (7) formation of trihydroxybenzene (THB), the
immediate species after the short-circuiting equilibrium species, (8) scavenging
of e− by dissolved O2. For simplicity, the formation of OH· through pho-
tocatalytic oxidation of water or surface titanol species is not shown but is
represented by step (2).

through electron scavenging (Scheme 3). In the presence of Pt
species, the electrons for the reduction reaction would most
likely originate from the accumulated electrons on the Pt de-
posits, thereby oxidising Pt(0)/Pt(II) to Pt(IV). More impor-
tantly, BQ was found to be a very efficient electron scavenger,
even outperforming dissolved O2 for photogenerated electrons
on illuminated TiO2 and ZnO surfaces [62]. It can be seen from
this work (Fig. 7a) that, despite the varying Pt oxidation states
during repetitive mineralisation of phenol (open triangles), no
significant difference with respect to mineralisation rates was
observed over the 10 repetitions (Fig. 7a, open triangles).

Unlike formic acid and methanol, pretreatment with formic
acid did not have any influence on the overall photocatalytic
mineralisation rates (black triangles). No difference in minerali-
sation rates was observed for the pretreated catalysts throughout
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Fig. 7. (a) Repetitive half-life photocatalytic mineralisation rates (R50) of phenol, benzoquinone (BQ), hydroquinone (HQ) and trihydroxybenzene (THB) over
as-prepared (open symbols) and formic acid-pretreated (solid symbols) Pt/TiO2 under UV illuminations and (b) the corresponding dark catalytic mineralisation of
phenol, BQ and THB as a function of time.

Fig. 8. The Pt oxidation state dynamics during impurity carbon burn-off (grey box) and photocatalytic pre-treatment with formic acid followed by repetitive
photocatalytic mineralisation of phenol (black symbols, —), BQ (benzoquinone, light grey symbols, - - -), HQ (hydroquinone, open symbols, – –) and THB
(trihydroxybenzene, dark grey symbols, - – -). Lines drawn are only to illustrate connecting of data points for reference purposes.
the 10 repetitions. In both the cases of as-prepared and formic
acid-pretreated Pt/TiO2, little and almost insignificant dark CO2
evolution was detected (Fig. 7b, triangles), as was also verified
by our TOC filtrate analysis. XPS analysis on the formic acid-
treated photocatalyst after subsequent repeated mineralisation
of phenol showed a decreased Pt(0) and increased Pt(IV) con-
tent (Fig. 8), again supporting the postulation of electron shuttle
mechanism where conversion of BQ to HQ resulted in the loss
of electrons accumulation on Pt deposits.

In order to closely probe the photocatalytic mineralisation of
phenol, analogous sets of experiments were carried out on BQ
and HQ, the two short-circuiting equilibrium species, and also
THB, the immediate species after the equilibrium. Catechol was
not chosen as the studied compound since it presents only in a
small quantity during photocatalytic degradation of phenol over
platinised TiO2 [60], inferring a less influential species com-
pared to BQ and HQ. Fig. 7a shows comparable photocatalytic
mineralisation rates of phenol, BQ and HQ over as-prepared
Pt/TiO2, while a slightly faster mineralisation was observed
for THB. The observation confirms the rate-limiting step of
BQ/HQ short-circuit equilibrium. To assist the electron shuttle
mechanism, it is required the organic substrate to be in inti-
mate contact with the photocatalyst surface through adsorption.
Phenol tends to adsorb sparingly on the photocatalyst surface.
However upon attacks by OH· and holes, its generated interme-
diates could adsorb strongly as indicated by the sharp decrease
in zeta-potential value as the reaction proceeds (Fig. 4). The
significantly lower initial zeta-potential values of Pt/TiO2 in the
presence of BQ (30.06±0.61 mV), HQ (24.64±1.07 mV) and
THB (9.79 ± 0.67 mV) compared to phenol (38.26 ± 0.65 mV)
further support this observation (Fig. 4). As photocatalytic re-
action proceeds, further decrease in zeta potential was observed
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due to the strong adsorption of negatively charged carboxylic
acid intermediates [36,40,56]. As a result of the low concen-
tration of organic compounds, the change in suspension pH
(±0.05) throughout the course of photocatalytic reaction was
too minimal to have significant influence on the zeta-potential
values. While phenol and all the intermediates studied (BQ, HQ
and THB) have similar zeta-potential dynamic profile, the zeta-
potential magnitude of THB during photocatalytic reaction is
inherently more negative. This is likely to be a result of rapid
decomposition of THB giving rise to an instantaneous large
quantity of carboxylic acids. Phenol, BQ and HQ had to go
through the rate-limiting short-circuit equilibrium step during
their photocatalytic mineralisation, which in turn limited the
instantaneous amount of THB and hence carboxylic acids pro-
duced. The particle zeta potential at the end of mineralisation
for all compounds tested converges to approximately +38 mV,
corresponding to clean surface free of adsorbed organic impu-
rities.

Like phenol, catalyst pretreatment with formic acid had lit-
tle effect on the overall photocatalytic mineralisation of HQ
(Fig. 7a). However, the mineralisation rates of BQ over pre-
treated Pt/TiO2 were significantly higher and more so for THB
(Fig. 7a). The fast dark mineralisation rates of BQ and THB
over the pretreated Pt/TiO2 (Fig. 7b) implied an intimate cat-
alytic interaction between the organic compounds and reduced
Pt. This in turn contributed to the enhanced photocatalytic min-
eralisation of BQ and THB. Relating these results to the phenol
mineralisation, even though mineralisation of BQ was enhanced
over pretreated catalysts, the rate-limiting step and co-existent
nature of BQ/HQ prevented a similar degree of improvement.
In fact, the rate-limiting short-circuit equilibrium could also
explain the mild 24% enhancement in phenol mineralisation
observed over Pt/TiO2 in this work, compared to the similarly
made bare TiO2 [36]. Other reported work on the photocatalytic
oxidation of phenol over Pt/TiO2 prepared by various methods,
also found minimal enhancement in terms of overall minerali-
sation [9,59,60].

As a result of the dominant electron shuttle mechanism,
a comparable trend of decreasing Pt(0) and increasing Pt(IV)
contents was observed over formic acid-pretreated Pt/TiO2 af-
ter repetitive mineralisation of phenol, BQ and HQ (Fig. 8).
Almost no change in Pt(0) content and a smaller increase in
Pt(IV) content was measured after photocatalytic mineralisa-
tion of THB (Fig. 8). This agrees well with the absence of a
reductive path after the short-circuit equilibrium. Although not
discussed in details here, we have observed a more drastic de-
crease in Pt(0) and increase in Pt(IV) contents using similar
concentration of sucrose (Fig. 6), a compound which was ear-
lier proposed to undergo a reductive pathway [15,34,36]. The
observation reiterates the significance of organic degradation
pathway in dictating the fate of Pt oxidation states.

4. Conclusions

An intimate relationship between the Pt oxidation state dy-
namics and the photocatalytic degradation mechanism of var-
ious model organic compounds was presented in this work.
During the repetitive photocatalytic mineralisation of formic
acid by FSP-made 0.5 at% Pt/TiO2 consisting of predominantly
Pt(II), formation of highly reductive formate free radicals re-
sulted in the partial reduction of Pt(II) to Pt(0). As for the pho-
tocatalytic mineralisation of methanol, no formation of Pt(0)
could be observed inferring the absence of current doubling ef-
fect under the studied condition. Instead, Pt(IV) was formed
at the expense of Pt(II) under the experimental air-equilibrated
conditions possibly due to lack of methanol (electron donor)
on the photocatalyst surface. Pretreatment with formic acid in-
creased the subsequent photocatalytic mineralisation rates of
methanol, thereby demonstrating the beneficial effect of Pt(0)
which was partially attributed to the dark catalytic interaction.

The photocatalytic mineralisation rates of phenol over as-
prepared and pretreated Pt/TiO2 were found to be limited by
the BQ/HQ short-circuit equilibrium. As a result of the com-
bined oxidative–reductive pathway, an increase in both Pt(0)
and Pt(IV) contents was detected. Similar photocatalytic min-
eralisation rates of phenol, BQ and HQ were measured over
as-prepared Pt/TiO2. The co-existence of BQ/HQ had limited
the overall enhancement effect. Mineralisation rates over THB,
the immediate species after the BQ/HQ equilibrium, were sig-
nificantly enhanced over as-prepared sample and even more so
for the pretreated sample, affirming the rate-limiting step of
BQ/HQ. The enhanced photocatalytic mineralisation rates over
pretreated Pt/TiO2 reported in this work could all be related
qualitatively to the intimate dark catalytic interaction between
the organic matters and Pt(0). Comparable trends of decreasing
Pt(0) and increasing Pt(IV) contents could be observed in the
case of repetitive mineralisation of phenol, BQ and HQ over
the pretreated photocatalyst, corroborating the dominant elec-
tron shuttle effect, while less change in Pt oxidation states was
observed after repeated photocatalytic mineralisation of THB.

The study signifies the fundamental importance of Pt oxida-
tion state in the photocatalytic mineralisation of organic com-
pounds. The interdependencies cannot be generalised but they
are governed by the degradation pathway of the specific organic
compound and its interaction with Pt. Although the present
study is only limited to Pt/TiO2, the intricate inter-relationship
between deposit oxidation states and the photocatalytic miner-
alisation mechanism of organic compounds should be applica-
ble to other noble metal systems.
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