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bstract

Zn-doped and La/Zn co-doped TiO2 nanoparticles were prepared by sol–gel method and utilized as the photocatalysts for the isomerization of
orbornadiene to quadricyclane that has significant potential for solar energy storage and high-energy fuel synthesis. For Zn-doped samples, Zn
ons do not enter the TiO2 lattice, but distribute on the particle surface in the form of ZnO crystallites. These crystallites inhibit the agglomeration,
rowth and anatase-to-rutile phase transformation of TiO2. The prepared particles contain considerable amount of surface-bound OHs, especially for
%Zn/TiO2. A red shift in the optical absorption is observed due to the electron transfer between TiO2 and ZnO. In the photocatalytic isomerization
eaction, Zn-doped TiO2 exhibits higher activity than homogenous sensitizer like Ethyl Michler’s Keton, and 1%Zn/TiO2 produces the highest
ield of quadricyclane. To further enhance the activity, 1%Zn/TiO2 was co-doped with La. La2O3 crystallites also distribute on the surface of TiO2,
imilar to the case of ZnO. The particle size is reduced to <7 nm but the surface-bound OHs are decreased to some degree. There is a significant
lue shift in the optical absorption with a sharply increased absorbance in the UV region due to the quantum-size effect. 5%La–1%Zn/TiO2
nd 3%La–1%Zn/TiO2 exhibit higher activity compared with 1%Zn/TiO2, but higher or lower content of La is detrimental to the reaction. It
s concluded that doping Zn can significantly increase the surface-bound OHs, whereas doping La reduces the particle to quantum-size at the
xpense of surface-bound OHs. A good compromise between the two factors eventually provides a high activity. The isomerization reaction over
emiconductors is proposed to proceed through an exciplex (charge-transfer) intermediate.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic isomerization of norbornadiene(NBD) to
uadricyclane (QC) has attracted much attention due to its
romising potential in solar energy storage and conversion.
hen NBD is transformed to QC under irradiation, energy

f about 89 kJ/mol is stored in the highly strained molecules,
hich can be released thermally through the reversed trans-

ormation of QC to NBD [1–4]. Recently, QC has also been
dentified as a potential high-energy replacement for, or addi-

ive to, current hydrocarbon-based rocket propellants, because
he extraordinary high strain energy offers a very high specific
mpulse. It has been reported that QC-based fuels provide more
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ropulsion than the widely used kerosene fuels such as RP-1
5–7]. As a non-toxic high-energy fuel, QC is also designed
or satellite propulsion system to replace highly toxic fuels like
ydrazine and nitrogen tetroxide [8]. Moreover, QC is thermally
nd chemically stable, which means that it can be easily stored
nd transported like other hydrocarbon fuels.

The isomerization of NBD to QC shows extremely low effi-
iency in the absence of sensitizers due to the poor optical
bsorbance of NBD molecules. With the presence of sensitiz-
rs, the reaction occurs through the triplet state of NBD. The
ensitizers are excited to the triplet state (3S) under irradiation,
hich subsequently transfer the energy to NBD molecules to

orm the triplet state (3NBD). Then the 3NBD undergoes adia-
atic isomerization to form the triplet state of Q (3QC) which

ery rapidly decays to the ground state to produce QC. It has
een reported that sensitizers including benzophenone, unsub-
tituted and substituted Michler’s Ketones, and various transient
etal complexes such as Cu salts and Rh compounds are very
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should induce increase in lattice parameters and shift in diffrac-
tion patterns. Meanwhile, no separate ZnO phases are observed
even though the molar percentage of Zn reaches 5%. Therefore,
ZnO should be highly dispersed on the surface of TiO2 nanopar-
4 J.-J. Zou et al. / Journal of Molecular

ffective [9–14]. However, these sensitizers suffer from some
rawbacks. First, the homogenous sensitizers are soluble in the
eaction system, which causes difficulties in product purifica-
ion and sensitizers recycling. Second, the sensitizers are prone
o decomposition under irradiation. With these regards, hetero-
eneous photocatalysts, instead of homogenous sensitizers, are
ore favorable. To the authors’ knowledge, however, there is

nly one attempt to use ZnO as the photocatalyst for this reaction
15].

Heterogeneous semiconductors have been extensively used
or many photocatalytic reactions such as organics degrada-
ion and hydrogen production, among which TiO2 is widely
sed owing to its low-cost, non-toxicity, chemical and biological
nertness, and photostability [16–18]. However, the activity of
iO2 needs to be improved due to the low optical absorbance
nd high charge–hole recombination rate. To overcome these
roblems, doping and surface deposition have been widely
tudied. Specifically, doping of Zn and La has been reported
o enhance the photocatalytic performance of TiO2 [19–26],
ut co-doping of Zn and La is not found in literature. In this
ork, Zn-doped TiO2 nanoparticles were prepared using sol–gel
ethod. The crystal structure, surface chemical state, and opti-

al absorption of the materials were characterized. The optimal
n content was determined for the photocatalytic isomerization
f NBD to QC. Then co-doping of La and Zn were con-
ucted to further improve the activity. The factors influencing
he photocatalytic performance and possible mechanism were
iscussed.

. Experimental

.1. Preparations

All the chemicals used in the experiments were reagent grade
nd used as received without further purification. Ti(SO4)2,
nSO4 and La(NO3)3 were used as the sources of Ti, Zn and La,

espectively. Types of nanoparticles including Zn-doped TiO2
hereafter denoted as Zn/TiO2), Zn and La co-doped TiO2 (here-
fter denoted as La–Zn/TiO2), and naked TiO2 and ZnO were
repared. To prepare these materials, one or more salts with
efined proportion (in mole) were dissolved in deionized water.
hen NH3·H2O was added dropwise (1–2 mL/min) under vigor-
us stirring until the pH of the solution reached 7. The resulting
ol was aged at room temperature for 4 h. The obtained gel
as dried at 100 ◦C for 8 h and ultimately calcined at 500 ◦C
r 700 ◦C in air for 3 h.

.2. Characterizations

XRD characterizations were conducted at room temperature
sing a D/MAX-2500 X-ray diffractometer equipped with Cu
� radiation at 40 kV and 140 mA. TEM observations were

arried out with a Tecnai G2 F-20 transmission electron micro-

cope. N2 physical adsorptions were performed with a Gemini

instrument, and the specific surface area was calculated using
he multi-plot method. XPS characterizations were conducted
ith a PerkinElmer PHI-1600 X-ray photoelectron spectroscope
lysis A: Chemical 286 (2008) 63–69

quipped with Al K� radiation (1486.6 eV). The binding energy
as calibrated using the C1s peak (284.6 eV) of contaminant

arbon. UV–vis diffuse reflectance spectra were recorded with
JASCO V-570 spectrometer using BaSO4 plate as the refer-

nce.

.3. Photocatalytic reactions

The photocatalytic isomerization of NBD to QC was car-
ied out in an inner irradiation quartz reactor with a volume of
50 mL. A 400 W high-pressure Hg lamp with outside water-
ooling was used as the irradiation source. The reactant mixture
ontained 10 mL of NBD and 0.3 g of photocatalyst powders
uspended in 220 mL of dimethyl benzene by a magnetic stirrer.
he reaction was conducted for 5 h and a sample was withdrawn
ach hour for analysis. The samples were analyzed using a HP
890 chromatograph equipped with a BP-1 capillary column
25 m × 0.33 mm × 0.05 �m) with N2 as the carrier gas and FID
s the detector.

. Results and discussion

.1. Zn-doped TiO2 nanoparticles

.1.1. Crystal structures
Fig. 1 shows the XRD patterns of Zn/TiO2 calcined at 500 ◦C.

ll the samples exhibit six diffraction peaks at 25.3◦, 7.8◦, 47.9◦,
3.8◦, 55.0◦, and 62.7◦, which are assigned to the (1 0 1), (0 0 4),
2 0 0), (1 0 5), (2 1 1) and (2 0 4) faces of anatase TiO2, respec-
ively. Doping Zn does not produce any new diffraction peaks.
able 1 shows that the cell parameters of doped TiO2 are very
imilar to those of naked TiO2. These results suggest that Zn ions
o not enter the TiO2 lattices to substitute Ti ions, because the
ubstitution of smaller Ti ion (68 pm) by bigger Zn ion (74 pm)
Fig. 1. XRD patterns of TiO2 and Zn/TiO2 calcined at 500 ◦C.
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Table 1
Crystal structure and specific surface area of TiO2 and Zn/TiO2 derived from XRD and N2-adsorption

Samples Calcination temperature (◦C) Grain size (nm) Lattice parameters BET specific surface area (m2/g)

a (nm) c (nm)

TiO2 500 14.7 3.7852 9.5139 38.8
0.2%Zn/TiO2 500 8.2 3.7876 9.4842 106.2
0.5%Zn/TiO2 500 7.6 3.7897 9.4974 100.9
1%Zn/TiO2 500 8.1 3.7840 9.4301 84.9
3%Zn/TiO2 500 9.6 3.7873 9.4912 55.4
TiO2 700 22.0 3.7881 9.5289 25.5
0 3.7851 9.5105 41.1
1 3.7861 9.5089 30.1
3 3.7876 9.4973 34.7
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.5%Zn/TiO2 700 19.0
%Zn/TiO2 700 20.6
%Zn/TiO2 700 19.7

icles or between the interfaces of TiO2 agglomerates in form of
rystallites. The diffraction peaks of TiO2 become broader and
eaker after doping Zn, indicative of reduced grain size and low

xtent of crystallinity. This suggests that doping Zn suppresses
he growth and crystallization of TiO2 nanoparticles. Table 1 also
ummarizes the grain size calculated according to the Scherer
quation. The naked TiO2 is 14.7 nm, while the doped particles
ave much smaller size (less than 10 nm). As a result, the doped
iO2 has significantly higher specific surface area, as shown in
able 1.

Fig. 2 shows the XRD patterns of Zn/TiO2 calcined at 700 ◦C.
he intensity of the diffraction peaks goes up with increasing
alcination temperature, indicative of the enhanced crystalliza-
ion. A new peak at 27.5◦ appears in the patterns of naked TiO2,
hich is assigned to the (1 1 0) face of rutile phase. This is the

vidence of phase transformation from anatase to rutile. How-
ver, Zn-doped particles do not have such a peak, indicating that
oping Zn inhibits this phase transformation.

Fig. 3 shows the TEM images of naked and doped TiO2 cal-
ined at 500 ◦C. The size of Zn-doped TiO2 is about 10 nm, in
ood agreement with the XRD result. However, the size of naked

iO2 observed by TEM is about 20 nm, much bigger than that
erived from XRD analysis. This suggests that TiO2 particles
end to aggregate with each other to form bigger particles, and
oping Zn effectively inhibits this agglomeration.

Fig. 2. XRD patterns of TiO2 and Zn/TiO2 calcined at 700 ◦C. Fig. 3. TEM images of (a) TiO2 and (b) 1%Zn–TiO2 calcined at 500 ◦C.
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Table 2
Surface properties of TiO2 and Zn/TiO2 derived from XPS characterizations

Samples Calcination temperature (◦C) Atomic surface concentration Percentage of surface oxygen

Ti Zn Zn/Ti O1s (Ti-O) O1s (–OH)

TiO2 500 16.2 – – 63.8 36.2
0.5%Zn/TiO2 500 13.2 0.2 0.02 54.4 45.6
0.5%Zn/TiO2 700 11.3 0.7 0.06 43.8 36.2
1%Zn/TiO2 500 15.0 2.1 0.14 44.5 55.5
1%Zn/TiO2 700 12.7 1.0 0.07 57.2 42.8
3 .4
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3.1.4. Photoactivity
Fig. 6 shows the activity of NBD isomerization to QC over

TiO2, ZnO and Zn/TiO2. Since the selectivity of this reaction
is 100%, the yield of QC is used to evaluate the performance
%Zn/TiO2 500 16.4 2
%Zn/TiO2 500 15.5 2

.1.2. Surface properties
XPS characterizations show that the Ti2p spectrum of doped

iO2 (Figure not shown) exhibits two peaks at 458.4 eV and
64.0 eV assigned to the two spin-orbit components of Ti2p3/2
nd Ti2p1/2. The positions of these peaks are in accord with those
f naked TiO2, and the relative intensity ratio of them is close
o the theoretical value of 2. The Zn2p spectrum exhibits two
eaks at 1021.5 eV and 1044.7 eV, which are also consistent with
hose of typical ZnO. These results provide evidence that Zn ions
o not enter TiO2 lattice but exist in individual phases. Table 2
ummarizes the atomic concentration of Ti, O and Zn obtained
rom XPS analysis. The Zn/Ti atomic ratio is significantly higher
han the defined value, indicating concentrated Zn on the particle
urface. It confirms that most of the ZnO crystallites distribute
n the surface of TiO2 nanoparticles.

The segregation of ZnO on the surface of TiO2 nanoparti-
les is probably due to the difference in the hydrolysis rate and
iameter of Ti4+ and Zn2+ ions. It has been recently reported that
he agglomeration of TiO2 particles plays important role in the
rowth of particles, and the anatse-to-rutile phase transformation
asily occurs at the interface of agglomerates [27]. Doping Zn
n surface can avoid the direct contact of TiO2 particles, thereby
etarding the agglomeration. As a result, the particle growth and
natase-to-rutile phase transformation are inhibited, as testified
y XRD and TEM characterizations.

Fig. 4 shows the O1s XPS spectra of doped and naked
iO2. The broad and asymmetric peaks indicate that there are at

east two types of oxygen species on the surface. Fitting of the
urves gives two components centered at 529.6 eV and 531.5 eV,
hich are assigned to lattice oxygen (O–Ti) and surface-bound
ydroxyl groups (OHs), respectively [20]. Their relative con-
ent is also summarized in Table 2. It can be seen that, doping
n significantly increases the content of surface-bound OHs.
pecifically, 1%Zn/TiO2 calcined at 500 ◦C exhibits the highest
ontent of surface-bound OHs.

.1.3. Optical absorption
Fig. 5 shows the UV–vis diffuse reflectance spectra of doped

nd naked TiO2 nanoparticles. All the doped samples show
xtended red shift and enhanced absorbance in the visible range.

he maximum absorption and absorption band edge are 327 nm
nd 400 nm for naked TiO2, whereas they are 348 nm and
10 nm for 1%Zn/TiO2, respectively. The red shift in the range
f 200–420 nm can be attributed to the charge transition between

F
5

0.15 53.8 46.2
0.16 55.3 44.7

he zinc ion d electrons and the TiO2 conduction or valence band
21]. The increased absorption in the region of 420–600 nm is
ttributed to the sub-band transitions relative to surface-bound
Hs [20]. In this range, 1%Zn/TiO2 has the maximum absorp-

ion, in agreement with its highest OHs content.
ig. 4. Fitted O1s XPS spectra of (a) TiO2 and (b) 1%Zn/TiO2 calcined at
00 ◦C.
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Fig. 5. Optical absorption of TiO2 and Zn/TiO2 calcined at 500 ◦C.

f photocatalysts. The reaction does not occur in the absence of

hotocatalyst. Naked TiO2 and ZnO semiconductors can cat-
lyze the reaction but the activity is relatively low, with the
ield of QC as 54.1% and 39.1% in 5 h, respectively. Doping Zn
n TiO2 significantly improves the activity. 1%Zn/TiO2 shows

ig. 6. Photocatalytic activity of (a) TiO2, ZnO and Zn/TiO2 calcined at 500 ◦C,
nd (b) Zn/TiO2 calcined at different temperatures.
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he highest yield of 74.1%, and 0.5%Zn/TiO2 and 3%Zn/TiO2
xhibit similar activity. The improvement of activity by dop-
ng Zn may be attributed to the following factors. First, there
s a great quantity of surface-bound OHs on the surface of
n/TiO2 catalysts. Many studies have demonstrated that the
urface-bound OHs play a very important role in photocatalytic
eactions [16,17]. Second, the particle size of TiO2 is greatly
educed, which enhances the photoinduced charge transfer from
he bulk of particles to the surface-absorbed reactants. The large
urface area also provides more absorbing sites for reactant
olecules. Since 1%Zn/TiO2 has the best properties in terms

f surface-bound OHs and specific surface area, it is natural that
his photocatalyst shows the best performance. Fig. 6 also shows
hat calcination photocatalyst at higher temperature is detrimen-
al to the reaction because the above-mentioned properties are
mpaired.

It is noticed that doped TiO2 shows activity higher than
omogenous sensitizers such as Ethyl Michler’s Keton. Cahill
nd Steppel disclosed the isomerization of pure NBD using a
00 W iron halide-doped lamp as the irradiation source and
.86 wt.% of 4,4′-bis(diethylamino)benzophenone as the sen-
itizer [14]. In 5 h, the average conversion rate of NBD is
bout 1.1 g/gcatal h. During the same duration, 1%Zn–TiO2 pre-
ared in the present work shows an average conversion rate of
.3 g/gcatal h. We also evaluated the activity of this sensitizer
nder the conditions identical to TiO2-based photocatalysts, and
ot an average conversion rate of 4.2 g/gcatal h. This result clearly
hows that the TiO2-based photocatalysts are active enough to
eplace the homogenous sensitizers.

.2. La and Zn co-doped TiO2 nanoparticles

.2.1. Characterization results
Co-doping of La and Zn was conducted to further improve
he activity of 1%Zn/TiO2. As shown in Fig. 7, doping La does
ot cause any shift in diffraction angles, indicating that La ions
o not enter the TiO2 lattice and exist as small crystallites on
he particle surface, similar to the case of doping Zn. How-

ig. 7. XRD patterns of La and Zn co-doped TiO2. (Samples with asterisk were
alcined at 700 ◦C; the others were calcined at 500 ◦C.)
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Table 3
Grain size of La and Zn co-doped TiO2 calcined at 500 ◦C

Samples Grain size (nm)

1%La–1%Zn 7.6
3%La–1%Zn 6.9
5%La–1%Zn 6.5
7%La–1%Zn 6.2

Table 4
Surface properties of Zn and La co-doped TiO2 calcined at 500 ◦C

Samples Atomic surface concentration
ratio

Percentage of
OHs (%)

Zn/Ti La/Ti

1%La–1%Zn/TiO2 0.04 0.06 42.0
3%La–1%Zn/TiO2 0.03 0.11 41.3
5
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%La–1%Zn/TiO2 0.03 0.15 40.8
%La–1%Zn/TiO2 0.02 0.19 37.1

ver, the diffraction peaks are widened and weakened compared
ith 1%Zn%TiO2, suggesting that doping La further inhibits

he agglomeration, growth and crystallization of TiO2 nanopar-
icles. As shown in Table 3, these particles are smaller than 7 nm,

uch smaller than the counterparts doped with Zn only.
Table 4 shows the XPS characterization results of co-doped

iO2. The surface concentration of Zn and La are both higher
han the defined values, confirming that both of them are dis-
ersed on the surface of TiO2 nanoparticles. It also shows that
he content of surface-bound OHs gradually decreases when the
mount of La is increased. Specifically, the content of OHs of
%La–1%Zn/TiO2 is similar to that of naked TiO2. These results
uggest that doping La suppresses the formation of surface-
ound OHs.

Fig. 8 shows the UV–vis spectra of co-doped nanoparticles.
ompared with Zn-doped sample, the co-doped samples show
bvious blue shift. The maximum absorption and absorption

and edge are about 316 nm and 390 nm, respectively. At the
ame time, the absorption in <390 nm region is significantly
nhanced. This may be attributed to the quantum-size effect

ig. 8. Optical absorption of La and Zn co-doped TiO2 calcined at 500 ◦C.
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ig. 9. Photocatalytic activity of La and Zn co-doped TiO2 calcined at 500 ◦C.

f nanoparticles [28], consistent with the results in Table 3.
hen the amount of La exceeds 3%, the samples show identical

bsorption because they have very similar particle size.

.2.2. Photoactivity
Fig. 9 shows the yield of QC over co-doped TiO2 nanopar-

icles. Doping 5% and 3% La further improve the photoactivity
f Zn-doped TiO2. This is attributed to the quantum-size effect
hat induces significantly high optical absorption in UV region
nd high efficiency in charge separation and transfer.

It is noted that doping 1% and 7% La is detrimental to the pho-
ocatalytic reaction. The sample doped with 7% La has similar
article size and optical absorption compared with the counter-
arts doped with 3% and 5% La. The only difference between
hem is the content of surface-bound OHs. Therefore, the low
ctivity of 7%La–1%Zn/TiO2 is caused by the lack of OHs,
hich confirms that the surface-bound OHs are very impor-

ant for the isomerization of NBD. Although 1%La–1%Zn/TiO2
as the highest content of OHs, it shows much weaker optical
bsorption, thus exhibiting a low activity. This indicates that
ptical absorption is another important factor influencing the
ctivity. In summary, for the La and Zn co-doped nanoparti-
les, the role of Zn is to increase the content of surface-bound
Hs, whereas La is to reduce the particle to quantum-size at

he expense of surface-bound OHs. Therefore, the amounts of
n and La have to be carefully chosen to obtain a good balance
etween these two properties.

.3. Possible isomerization mechanism over
emiconductors

In a concise technical note, Lahiry and Haldar reported that
emiconductors including ZnO, ZnS and CdS could facilitate the
hotocatalytic isomerization of NB to QC [15]. It was declared
hat this reaction only occurred with the presence of O2, and no

C was produced under evacuated conditions. They presented
mechanism involving the weakly negative O2

•. However, our
ork shows that O2 has no obvious influence on this reaction,

hus the proposed mechanism seems not suitable for the present
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ase. Also, the triplet state isomerization mechanism (see Sec-
ion 1) seems not suitable because the vertical triplet energy
ransfer from semiconductor to reactant is very difficult.

The present study indicates that the isomerization reaction
ver semiconductors should be closely related to the photoin-
uced holes, especially, the holes trapped by surface-bound
Hs. The free radical ion isomerization mechanism is ruled out
ecause the energy of free NBD•+ is significantly lower than
ree QC•+. In fact, the transformation of QC to NBD is via the
C•+ → NBD•+ free radical route [29]. Therefore, the reac-

ion is very likely to occur through an exciplex (charge-transfer)
ntermediate [13]

iO2 − OH
hv−→TiO2

− − OH+ (1)

iO2
−−OH+ + NBD → TiO2

−−OH· · ·NBD+ (2)

iO2
−−OH· · ·NBD+ → TiO2

−−OH· · ·QC+ (3)

iO2
−−OH· · ·QC+ → TiO2−OH + QC (4)

The photoinduced holes in the valance band are trapped by
he surface-bound OHs (Eq. (1)). NBD molecules are absorbed
n the charged surface-bound OHs, and simultaneously the
harge is transferred to NBD molecules (Eq. (2)). Then posi-
ively charged NBD species undergoes isomerization to form
C species (Eq. (3)). Finally the charge is recombined through
ack electron transfer and QC molecules are desorbed (Eq. (4)).
n this process, the charge-transfer intermediate can stabilize the
harged NBD and QC species, and the surface-bound OHs and
harge separation efficiency (quantum-size effect) are two key
actors.

. Conclusion

Zn- and La-doped TiO2 nanoparticles have been synthesized
or the photocatalytic isomerization of norbornadiene to quadri-
yclane. Zn ions mainly distribute on the surface of doped-TiO2
n the form of ZnO crystallites, instead of substituting the lat-
ice Ti ions. These crystallites can inhibit the agglomeration and
natase-to-rutile phase transformation, resulting in smaller parti-
les with excellent thermal stability. The surface-bound OHs of
he particles are greatly increased by doping Zn. 1%Zn/TiO2
hows the best photocatalytic performance due to the high-
st content of surface-bound OHs. Doping La on 1%Zn/TiO2

urther reduces the particle to quantum-size, causing obvious
lue-shifted and sharply increased optical absorption. Never-
heless, the formation of surface-bound OHs is suppressed.
%La–1%Zn/TiO2 and 3%La–1%Zn/TiO2 shows significantly

[

[

[
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igh activity due to a good balance between the quantum-size
ffect and the content of surface-bound OHs.
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