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ABSTRACT: Photocatalytic oxidation of ethylene was conducted in a novel
two-dimensional packed bed reactor at higher temperatures (60 °C < T <
520 °C) than previously reported. Degussa P25 TiO2 was used as a
photocatalyst; samples of this TiO2 were heat treated to diﬀerent temperatures to obtain diﬀerent phase compositions, surface areas, and surface
hydroxyl concentrations. Maximum photocatalytic ethylene oxidation rates
were observed between 100 and 200 °C. Further, oxidation rates greater than
75% of the maximum oxidation rate were observed over a large temperature
range: 60 °C < T < 300 °C. At higher temperatures (T > 300 °C), decreasing
oxidation rates were attributed to the nonradiative, multiphonon recombination of photogenerated charge carriers. Regression analysis of a nonlinear,
multiphonon recombination model and a simpliﬁed chemical rate law were
used to determine apparent reaction rate law parameters for the photocatalytic
oxidation of ethylene and recombination parameters for the TiO2 photocatalyst. Insights for the development and operation of novel
high-temperature photocatalysts are also discussed.

’ INTRODUCTION
The necessity to ﬁnd a more eﬃcient TiO2 photocatalyst has
driven the investigation of the photocatalytic behavior of mixed
phase TiO2 photocatalyst, Degussa P25. This commercially
available TiO2 exhibits excellent photocatalytic activity compared to other TiO2 photocatalysts. Possible reasons for enhanced photocatalytic activity include: surface area, crystalline
phase composition, surface hydroxyl concentration, and interfacial charge transfer dynamics.17 Many of these characteristics
are confounded with each other and the photocatalyst’s heat treatment temperature. Prevailing hypotheses for enhanced photocatalytic activity of P25 surround the electronic states (location of the
conduction and valence bands) of anatase and rutile TiO2 phases
in contact with each other in the photocatalyst, and charge
transfer mechanisms that eﬀectively separate charge carriers.811
Charge carriers are produced when a photocatalyst absorbs a
photon with suﬃcient energy: a valence electron is promoted to
the conduction band, leaving a hole in the valence band. Recombination of these charge carriers is a major contributor to the
ineﬃciency of photocatalysts.1217 Finding a way to increase the
charge carrier lifetimes would be important, as it would lead to
the increased availability of reactive electrons and holes on the
surface of the catalyst, which in turn would increase photocatalytic eﬃciencies. Increasing the carrier lifetime can be achieved
very simply with the addition of metals, usually through photoreduction of metal salts over the photocatalyst, or via simple
metal impregnation methods.13,14,17,18 Other methods for increasing photocatalyst eﬃciencies rely on the optimization of
electron and hole mobility, which increases the time the charge
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carrier spends on the photocatalyst surface, rather than in the
bulk photocatalyst.8,1214,19,20
In TiO2-based photocatalytic oxidation mechanisms, such
as photocatalytic remediation of volatile organic compounds
(VOCs), the species primarily responsible for oxidation chemistry is the photogenerated hole.12,18,2123 Photogenerated electrons migrate to regions in the catalyst with Fermi energy lower
than that of the semiconductor, such as a metal (Au or Pt), while
the holes migrate to photocatalyst defects and surface vacancies.20
At the surface of the photocatalyst, the photogenerated hole is
free to oxidize an adsorbed species, such as molecular oxygen, a
surface hydroxyl, or adsorbed water molecule to produce O2superanion, or hydroxyl radical; both species are responsible for
the decomposition of adsorbed hydrocarbons into mineral acids
and CO2.6.12,13,15,21,23,22
As photocatalytic oxidation reactions are generally thought to
be nonactivated processes,12,24,25 they should be temperature
independent. However, oxidation temperature inﬂuences photocatalytic oxidation rates for several VOCs due to changes in
adsorption energy of polar and nonpolar reactants (e.g., water and
ethylene).12,15,2527 Analysis of experimental ethylene photocatalytic oxidation rates, for example, reveals an apparent activation energy of approximately 12.13 kJ/mol.25,28,29 Multiple studies
have observed maximum rates of photocatalytic ethylene oxidation
between 50 and 110 °C.25,2831 However, these investigations do
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Figure 1. Raman (A) and XRD (B) spectra of photocatalysts calcined at 200 °C (a), 400 °C (b), 600 °C (c), 700 °C (d), and 800 °C (e). Peak positions
of anatase and rutile are marked with “An” and “Ru”, respectively. Postreaction diﬀraction data are presented as dotted lines in the XRD data.

not comment on the eﬀects of further increasing the oxidation
temperature beyond 110 °C. In the limit of high temperature,
charge carrier recombination dynamics should dramatically limit
the number of charge carriers present on the photocatalyst
surface. Knowledge from the solid state physics literature can
be used in the analysis of such high-temperature recombination
processes. Nonradiative, multiphonon recombination of photogenerated charge carriers become signiﬁcant at photocatalyst
temperatures equivalent to and larger than the Debye temperature of the photocatalyst (ΘD = 327 and 247 °C, for rutile and
anatase TiO2, respectively32).33,34 Up to now, the published
research was limited to photocatalyst testing at temperatures too
low to fully observe the eﬀects of such recombination dynamics
(e.g., T < 110 °C).
The purpose of this study is to investigate the high-temperature
photocatalytic oxidation rates of ethylene over TiO2 photocatalysts. Insights on the nonradiative, multiphonon recombination rates of charge carriers in TiO2 photocatalysts can also
be inferred from the analysis of high-temperature ethylene
oxidation rate data. Ethylene was chosen as a probe VOC,
because it is a parent molecule of other, more hazardous compounds, such as trichloroethylene. A unique photocatalytic
reactor was constructed for this purpose, consisting of a very
thin, ﬂat catalyst bed (bed dimensions: 0.5 mm  30 mm 
30 mm). The large area of the catalyst bed is illuminated on one
side and heated from the opposing side. This conﬁguration
allows independent control of catalyst bed temperature and
illumination of the catalyst bed according to the experimental
conditions. Additional reactor details, such as CAD drawings and
ﬂow modeling results can be found in the Supporting Information.

’ EXPERIMENTAL SECTION
The TiO2 photocatalyst (Degussa P25) was calcined at 200,
400, 600, 700, or 800 °C for 4 h in air to produce catalysts with a
varied phase composition. These catalysts were then deposited
on Davasil Silica Gel (3560 mesh, Sigma-Aldrich #236802)
that had been calcined at 800 °C in air for 4 h. The deposition
procedure involved physical mixing of the calcined TiO2 and
SiO2 (to achieve a 5 wt %TiO2/SiO2 loaded catalyst), followed
by the submersion of the catalyst in deionized water and 20 min
of ultrasonication. The mixed catalysts were then dried overnight
in an oven at 120 °C. Characterization was conducted on the
calcined, unsupported TiO2 catalysts. Single-point BET surface
areas were measured in a Quantachrome ChemBET-3000. Phase
analysis of the anatase and rutile structures was calculated from
XRD data, according to ref 5. Diﬀerential scanning calorimetry

(DSC) was conducted on a TA Q600 TGA/DSC to determine
amorphous phase content.3537 These experiments were conducted in an air environment at a heating rate of 40 °C/min.
Diﬀuse reﬂectance UV/vis (DRUV/Vis) spectroscopy of each
TiO2 sample was acquired on a ThermoScientiﬁc Evolution 300
UVvisible spectrophotometer. The determination of surface
hydroxyl concentration was conducted in a thermogravimetric
analysis instrument (TA Q500) using ammonia desorption. A
1% NH3 in N2 gas stream was introduced to the dried catalyst for
60 min, followed by a 60 min purge with UHP N2, followed by a
temperature programmed desorption ramp from 100 to 800 °C.
The mass of desorbed ammonia was used as a measure of the
surface hydroxyl concentration, using a 1:1 ratio of hydroxyl
groups to adsorbed ammonia.
A model of the photocatalytic reactor used for oxidation
experiments was designed in SolidWorks and tested for uniform
temperature distributions and gas ﬂow distributions across the
catalyst bed using COMSOL Multiphysics simulations (Supporting
Information, Figure 1AC). The simulation demonstrated
suﬃcient uniformity in both temperature and gas velocity proﬁles across the catalyst bed. The reactor was machined out of
stainless steel and heated by 4 1/4 in. cartridge heaters, which
were controlled by LabVIEW software. The illuminated side of
the catalyst bed was sealed from the laboratory environment by a
1.0 cm thick section of GE 124 quartz (Technical Glass Products,
90% transmission at 365 nm). Quartz wool packing on the
inﬂuent and eﬄuent ends of the catalyst bed prevented channeling of the gas stream and immobilized the catalyst throughout the
duration of the experiment. Figure 1D shows the ﬂow reactor
loaded with photocatalyst. UV illumination was achieved via a
UV spot lamp (Blak-Ray B 100AP) located 10 cm from the
catalyst bed. Intensity measurements taken under the quartz
window showed that the catalyst bed received 25 mW/cm2 of
365 nm illumination.
In a typical experiment, 125 mg of catalyst was loaded into the
photocatalytic reactor, which was then sealed by the compression
of a graphite gasket between the reactor body and the quartz
window; a leak test was conducted to ensure a complete seal. The
photocatalytic reactor was then wrapped in insulating glass wool,
and the UV lamp positioned above the catalyst bed. Inlet gas
consisted of 50 sccm dry air, 3 sccm ethylene (99.9%), and 50
sccm argon diluent. Gas ﬂow rates and diluent concentrations were
set to achieve minimal thermal ethylene conversion (Xethylene < 5%)
at the highest temperatures studied. The reactant stream was
then passed through a DI water saturator at room temperature
before entering the photocatalytic reactor. External mass transfer
16538
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Table 1. Catalyst Characterization Results, Including Single-Point BET Surface Area, Surface Hydroxyl Concentrations ([OH]),
Phase Analysis (by XRD and DSC), and Indirect Band Gap Estimates from DRUV/Vis Spectroscopiesa
calcination temperature (°C)

a

surface area (m2 g1)

[OH] (μmol g1)

phase content (wt%, amorphous/anatase/rutile)

band gap energy (eV)

200

52.2 ((0.6)

9.02 ((2.8)

10.6/65.4/24.0 ((6.2/4.5/1.7)

2.96

400
600

52.2 ((0.5)
45.4 ((0.6)

6.62 ((3.0)
5.3 ((1.9)

2.5/70.2/27.4 ((2.0/1.4/0.6)
0/60.6/39.4 ((0.5/0.6/0.7)

2.96
2.94

700

27.2 ((0.5)

5.0 ((2.2)

0/22.3/77.7 ((NA/0.6/0.7)

2.91

800

11.2 ((0.2)

4.0 ((2.9)

0/1.1/98.9 ((NA/0.6/0.7)

2.88

Standard measurement errors are reported in parentheses, where applicable.

Figure 2. Determination of the indirect band transitions of calcined
photocatalysts.

eﬀects were negligible, as observed by independent rate measurements with respect to the square root of total ﬂow rate over a
range of space velocities a factor of 2 about the experimental
ﬂow rate.
A temperature program was built into the LabVIEW control
software to ensure repeatability of experiments. The catalyst
was ﬁrst heated to 200 °C for 2 h to establish an acceptable
equilibrium of gas phase components over the catalyst bed.
The catalyst was then allowed to cool to 60 °C before starting
the experiment. At each temperature step, oxidation rate data
were acquired for 45 min with the UV lamp oﬀ, followed by 45
min with the UV lamp on. These rate data represent oxidation
rates of the thermal process and the thermal plus photocatalytic
process, respectively. The temperature steps during photocatalytic
oxidation experiments were 60, 100, 170, 250, 325, 360, 400, 440,
480, and 520 °C, as measured in the center of the catalyst bed.
Experiments with smaller temperature increments were introduced
at higher temperatures to better discriminate photocatalytic
oxidation rates from thermal oxidation rates, as the thermal
oxidation rates become equivalent to or greater than the measured
photocatalytic rates.
Oxidation rates were measured by quantifying eﬄuent CO2
concentrations via a Bruker Optics FTIR equipped with a gas
ﬂow cell. CO2 concentrations were measured by the integration
of the experimental CO2 peak area (24002300 cm1) and
calibrated to the CO2 peak area of a 500 ppm CO2 standard. The
CO2 peak area calibration curve was found to be linear with
respect to CO2 concentration across the experimentally observed
range of CO2 concentrations.
A diﬀuse reﬂectance infrared spectrometer (DRIFTS) accessory was used in the Bruker Optics FTIR to assess the presence of
surface hydroxyl species before and after high temperature
photocatalytic oxidation reactions. In this experiment, a 1 wt %
TiO2/KBr sample (600 °C TiO2 calcination temperature) was
loaded into the DRIFTS cell and heated to 200 °C for 30 min in

Figure 3. Experimental photocatalytic oxidation data for all ﬁve TiO2
catalysts. The inset shows the calculation of photocatalytic oxidation
rates from raw experimental data.

dry nitrogen to remove physically adsorbed water. The sample
was then cooled to 20 °C in dry nitrogen and a DRIFTS
spectrum of the dry TiO2 catalyst was recorded at 2 cm1
resolution with 512 scans. The DRIFTS-mounted sample
was then exposed to the reactant gas stream (C2H4, O2, H2O,
and Ar), UV illumination, and 600 °C catalyst bed temperature
for 1 h. After 1 h duration, the reactant gas was replaced by
dry nitrogen, and the bed temperature was lowered to 200 °C for
30 min to remove water from the catalyst bed. A ﬁnal spectrum was
taken once the sample had cooled to 20 °C under dry nitrogen.

’ RESULTS
Single-point BET surface area measurements of each calcined
TiO2 photocatalyst (Table 1) gave values similar to those reported
in literature. Surface hydroxyl concentrations and XRD phase
analysis results are also presented in Table 1, while the Raman and
XRD spectra are shown in Figure 1. Amorphous, anatase, and
rutile phase compositions were calculated from XRD and DSC
data. Amorphous to anatase phase transitions were observed
between 388 and 400 °C for samples calcined to 200 and
400 °C, while no transition was observed for samples calcined at
higher temperatures; these results are consistent with previously
reported phase transition behavior.3537 The rutile and amorphous TiO2 phase compositions were strongly dependent on
calcination temperature. DRUV/Vis spectroscopy conﬁrmed that
the band gap energies for each sample followed the expected
trends: DRUV/Vis results are shown in Figure 2, while band gap
energies are shown in Table 1.
Experimental data for the photocatalytic oxidation of ethylene
are presented in Figure 3. The inset of Figure 3 illustrates the
calculation of the photocatalytic oxidation rate; the oxidation rate in
the absence of UV illumination was subtracted from the oxidation rate during UV illumination at each experimental oxidation
16539
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temperature. It should be noted that two of the ﬁve catalysts,
namely the 200 and 400 °C calcined catalysts, were tested for
photocatalytic oxidation at temperatures exceeding their respective calcination temperatures. In an eﬀort to extract useful
information from oxidation results of these catalysts, phase
analysis was conducted on the postreaction XRD patterns for
every catalyst. The pre- and postreaction phase composition
results are used as the bounds for error bars on the averaged
phase composition for all data discussed in the following sections.
All catalysts exhibited an exponential increase in thermally
oxidized ethylene with increased reaction temperature. The addition of UV photons contributed to ethylene conversion at low
and moderate temperatures (T < 325 °C); however, as the
temperature increased, the presence of UV photons had a
diminished eﬀect. As shown in Figure 3, the photocatalytic oxidation rates reached a maximum between 100 and 200 °C and
decreased to near-zero values at 500 °C.
The presence of surface hydroxyl groups after reaction was
conﬁrmed by the independent DRIFTS experiment. Figure 2 in
the Supporting Information shows the OH-stretching region of
the acquired spectra; the native TiO2 hydroxyl groups remained
after 1 h of photocatalytic oxidation at 600 °C.

’ DISCUSSION
Maximum photocatalytic ethylene oxidation rates were observed between 100 and 200 °C for all catalysts tested. To exactly
pinpoint the temperature for maximum oxidation rates would
require additional experiments with smaller temperature increments: however, the observations made with the current set of
temperatures are suﬃcient to conﬁrm that the maximum oxidation rate occurs above the previously reported temperature range
of 60110 °C. The observed trend of increased oxidation rates at
temperatures less than 200 °C were due to diﬀerences in ethylene
and water adsorption energies on the polar TiOH surface;29
increased oxidation temperature shifts the adsorbate concentrations closer to stoichiometric ratios, thereby increasing ethylene
oxidation rates.
The loss of photocatalytic activity at high temperatures can be
attributed to the loss of either of two photocatalytic intermediate
species: surface hydroxyl groups or photogenerated charge
carriers. Photogenerated charge carriers and surface-bound hydroxyl groups are directly involved in the oxidation mechanism.12,23,28
The results of the DRIFTS experiment show that surface hydroxyl groups persist on the TiO2 catalyst after 60 min of photocatalytic oxidation at high temperature and ethylene conversion
(Supporting Information, Figure 2). Therefore, the decreasing
photocatalytic activity above 200 °C must be due to the loss of
photogenerated charge carriers.
The loss of photogenerated charge carriers can take place
through multiple routes; the most relevant recombination pathways include radiative and nonradiative recombination. PL
emission spectroscopy, for example, measures the energy of
emitted photons from the radiative recombination of photogenerated charge carriers. In nonradiative recombination, inelastic
collisions between charge carriers and phonons result in lost
charge carrier energy. Nonradiative interactions typically involve
multiple phonon participation in large band gap materials and
occur with increasing probability as temperatures increase, due to
the increase in the population of high-energy phonons and in the
interphonon interaction rates (most notably the three-phonon
interactions). Nonradiative, multiphonon recombination pathways
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have been well-characterized for lasing materials, such as doped
Ti3+:Al2O3 and Yb3+:Y2O333 as well as in other luminescencebased chemistries.38
The temperature dependence of both recombination pathways are of particular interest to the current investigation: the
rate of radiative recombination (γrad) is independent of temperature, while the rate of nonradiative recombination (γnonrad)
is dependent on temperature39 and is shown in eq 1.34
γnonrad ¼ γradðT ¼ 0KÞ ð1  epωp =kB T ÞNp

ð1Þ

Here, the average phonon energy is represented by pωp, while
Np represents the number of phonons participating in recombination. The prefactor, γRad(T=0K), is the radiative recombination
rate at 0 K, due to the lack of phonons and nonradiative
recombination at 0 K. Equation 1 assumes the nonradiative
recombination is controlled by the equilibrium occupancy of a
phonon with this energy, and not by its rate of conversion (up or
down) toward equilibrium.40
Equation 1 can be used to derive a modiﬁed oxidation rate
equation, based on fundamental knowledge of photocatalytic
rate equations. For instance, a hallmark feature of a photocatalytic rate law is the dependence of rate on the illumination
intensity (I) and the quantum eﬃciency (ϕ). Quantum eﬃciency
is the ratio of radiative decay rate to the sum of radiative and
nonradiative decay rates and is usually calculated as ratio of the
rate of moles of product formed (γproducts) to the rate of moles of
suﬃciently energetic incident photons, which is proportional to
the rate of charge carrier generation (γe/h+formation), as in eq 2.
γproducts
ð2Þ
ϕµ
γe =hþ formation
Under steady state illumination, the accumulation of charge
carriers should be negligible (eq 3). Therefore, the rate of
recombination of charge carriers (γrecomb) should equal the rate
of generation of charge carriers, i.e.,
dðe =hþ Þ
¼ 0 ¼ γe =hþ formation  γrecomb
dt

ð3Þ

Three charge carrier recombination pathways are relevant at the
temperatures investigated here: radiative recombination (γrad),
nonradiative recombination (γnonrad), and charge transfer to
intermediate species with the ﬁnal result of product formation
(eq 4), i.e.,
γrecomb ¼ γrad þ γnonrad þ γproducts

ð4Þ

Given eqs 24, the quantum eﬃciency can be rewritten as in
eq 5.
γproducts
γproducts
¼
ð5Þ
ϕµ
γe =hþ formation
γrad þ γnonrad þ γproducts
Due to the high occupancy of the high energy phonons emitted
in the multiphonon emission at elevated temperatures
(γnonrad . γrad + γchem),34 the quantum eﬃciency can be
simpliﬁed and combined with eq 1 to reﬂect temperature eﬀects
on quantum eﬃciency (eqs 6 and 7) and we have
γproducts
γproducts
¼
ð1  epωp =kB T ÞNp
ð6Þ
ϕµ
γnonrad
γradðT ¼ 0KÞ
ϕ ¼ kϕ ð1  epωp =kB T ÞNp
16540
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Table 2. Regressed Parameters from the Four-Parameter Ethylene Photocatalytic Oxidation Rate Equation (eq 9)a

a

calcination temperature (°C)

kapp,ϕ (μmol g1 s1)

Eapp (kJ mol1)

200

136.8 (130.1, 143.5)

12.13

94.9 (93.8, 96.0)

17

0.94

400

141.0 (133.6, 148.3)

12.13

100.2 (99.0, 101.5)

18

0.93

600

104.0 (99.0, 108.9)

12.13

98.9 (97.9, 100.0)

18

0.94

700

41.2 (37.6, 44.7)

12.13

96.3 (94.3, 98.3)

18

0.88

800

17.6 (16.5, 18.6)

12.13

98.0 (96.6, 99.3)

17

0.91

pωp (meV)

Np

r2

Standard error estimates from the regression are presented in parentheses.

Figure 4. Results from nonlinear regression of eq 9 on experimental
photocatalytic oxidation data for the catalyst calcined at 400 °C
(Figure 3 in the Supporting Information shows similar data for all ﬁve
catalysts). Solid lines represent the regressed model, while dotted lines
represent the regressed model with standard error estimates of the ﬁtted
parameters.

where kϕ is the temperature-independent quantum eﬃciency
term. Therefore, introduction of the temperature-dependent
quantum eﬃciency term (eq 7) into a generic photocatalytic
ethylene oxidation rate equation produces eq 8,
β δ
P Iðkϕ ð1  epωp =kB T ÞNp Þ
 rC2 H4 ¼ kapp PCR2 H4 PO
2 H2 O

ð8Þ
In eq 8, kapp is the apparent rate constant and the partial pressures
of reactants and products are represented. This rate equation
simpliﬁes to a four-term model if the partial pressures of reactants
and products are held constant for each experiment at diﬀerent
temperatures. The total ethylene conversion was limited below
5% at 520 °C oxidation temperature, therefore, the simpliﬁed
photocatalytic oxidation model is shown in eq 9 using an
apparent activation energy Eapp and a combined pre-exponential
term, i.e.,
 rC2 H4 ¼ kapp, ϕ eEapp =RT ð1  epωp =kB T ÞNp

ð9Þ

We note that the phonon participation is only represented
through the occupancy of energy pωp and the kinetics of
interphonon interactions that include the density of states (or
the Debye temperature under assumption of no dispersion) are
not considered. A complete treatment should apply the Fermi
golden rule as for example in ref 40. We also note that instead of
the bulk phonons on the TiO2 substrate, we should consider
surface phonons that couple with the frustrated motion of the
adsorbates. So, we expect eq 9 to be a rough ﬁrst approximation
of the process.
Nonlinear regression was performed in MATLAB using the
“nlinﬁt” tool. A poor ﬁt was obtained for the regression of the
four-parameter model to the experimental data. Therefore, it was
necessary to reduce the number of model parameters. The apparent

activation energy for ethylene photocatalytic oxidation is generally
agreed to be approximately 3.0 kcal/mol (12.13 kJ/mol).22,25,26
Therefore, this parameter was ﬁxed. The three-parameter nonlinear regression produced acceptable results; the regressed parameters and their standard error estimates are shown in Table 2
along with the r2 values for each ﬁt. Results from the regression are
plotted with experimental data in Figure 4 and in Figure 3 of the
Supporting Information.
The modeled rate equation (eq 9) eﬀectively separates rate
eﬀects due to chemical kinetic limitations and charge carrier
limitations. Analysis of the regressed model parameters reveal
information about the temperature-dependent and -independent
terms for a range of TiO2 phase compositions. For instance, the
pre-exponential factor, kapp,ϕ, represents the lumped temperature-independent terms of the kinetic apparent pre-exponential
factor, reactant and product partial pressures, temperatureindependent quantum eﬃciency, and illumination intensity.
Pressure terms and illumination intensity terms were assumed
to be independent of catalyst phase. Therefore, the regressed preexponential factor for each catalyst reﬂects changes in the kinetic
apparent pre-exponential factor and/or the temperature independent quantum eﬃciency term. Figure 5A shows the regressed
pre-exponential factor as a function of the measured catalyst
rutile phase. The product of the kinetic apparent pre-exponential
term with the temperature-independent quantum eﬃciency term
results in an observed linear trend with respect to catalyst phase.
In addition, the use of the measured surface hydroxyl species
concentration as a normalization parameter produced regressed
parameters that were also phase dependent (Figure 5B). These
observations agree with previous observations of phase-dependent
photocatalytic activity of TiO2.811
Information regarding charge carrier recombination dynamics
can also be gleaned from analysis of the regressed phonon energy
(pωp) and phonon number (Np) parameters. The density
of phonon density of states for both anatase and rutile TiO2
were calculated and reported in ref 41; depending on the calculation method used, the maximum phonon energies
are 810875 cm1 (100109 meV) and 780825 cm1
(97102 meV), respectively.41 The regressed phonon energy
values, shown in Table 2, are approximately 1020 meV below
the predicted maximum phonon energies for TiO2. The standard error on the regression parameters reveals insigniﬁcant
correlation of phonon energy to phase composition, which was
expected, given the close relation of phonon density of states
between rutile and anatase phases of TiO2. Additionally, the
regressed parameter for the number of phonons participating in
charge carrier decay, Np, range between 17 and 18, at or below,
i.e., the accepted maximum of 18 phonons.42
A common correlation between the phonon energy and
number of participating phonons in nonradiative, multiphonon
16541
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Figure 5. Fitted pre-exponential factors (A) for each catalyst, plotted as a function of the rutile phase content in each catalyst. The pre-exponential
factors have been reported as a function of the catalyst mass. Turnover frequency (B), calculated from the normalization of the regressed pre-exponential
factor (A) with the measured surface hydroxyl concentration (mol g1) determined from NH3-desorption experiments.

Figure 6. Diagram of photon absorption and charge formation and the
charge carrier relaxation (recombination) processes, showing the traditional band gap energy, trap and defect energy levels, and the multiphonon relaxation process which takes place with increased probability
at higher temperatures.

recombination processes is the energy gap law (EGL). The EGL
states that the product of the phonon energy with the number of
phonons is equal to the dissipated charge carrier energy.43 The
total energy dissipated due to nonradiative decay will be referred
to as the EGL dissipation energy; the EGL dissipation energy
for each of the photocatalysts tested varies between 1.60 and
1.80 eV. The diﬀerence in energy between the TiO2 band gap,
measured by DRUV/Vis, and the EGL dissipation energy can be
attributed to energy loss of the charge carrier due to defects and
trap states present in the photocatalyst. Electronic trap states are
common, especially in mixed phase solids, such as P25.3 While
many of these trap states occupy energy levels hundreds of
millielectronvolts below the conduction band, some have been
reported as low as 1.5 eV below the conduction band of anatase
TiO2.44 A schematic of the combined decay processes is presented in Figure 6. This schematic illustrates photogenerated
electron transfer from the conduction band to lower energy trap
states. At elevated temperatures, the electron can undergo
nonradiative, multiphonon decay into hole trap states, which
lie slightly above the valence band. Although the nonradiative
decay occurs instantaneously and emits Np phonons, the process
is shown piecewise in Figure 6 for simplicity.

Figure 7. Energy lost to trap states, calculated from the subtraction of
the energy lost via multiphonon recombination (via the energy gap law)
from the measured band gap energy and the measured amorphous TiO2
phase content, measured via DSC. Each promoted electron contains an
energy equivalent to the band gap energy; however, the energy gap law
can only account for a fraction of the nonradiative recombination
energy. The diﬀerence in recombination energy can be attributed to
the energy of recombination lost to charge carrier decay to trap and
impurity states.

The trap energy (Etrap = Eband gap  EEGL dissipation) for the ﬁve
catalyst calcination temperatures is shown in Figure 7. The
catalyst calcined at 200 °C exhibits the largest band gap energy
and the lowest EGL dissipation energy, and therefore the largest
trap energy. The 200 °C calcination sample also exhibited the
maximum content of amorphous TiO2, as determined by DSC
measurements. This suggested that the 200 °C calcined catalyst
contained signiﬁcantly deeper-lying trap states than the other
catalysts. Further, calcination to 400 °C removes these trap sites
or impurities without dramatically changing the observed band
gap energy (Table 1). Therefore, the presence of heavy trap
states in the 200 °C calcined sample is most likely due to the
presence of amorphous TiO2, which may be removed by heat
treatment above the amorphous-to-anatase phase transition, at
approximately 400 °C.
Extension of this analysis can be used to guide the development of photocatalysts designed to operate more eﬃciently at
elevated temperatures. For example, current VOC oxidation
photocatalysts have been shown to operate with a maximum
photocatalytic rate between 60 and 200 °C [this work and refs 25
16542
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and 2831]. Equation 9 predicts that Degussa P25 operating
between 60 and 200 °C has an eﬀective quantum eﬃciency of
approximately 2560% of its maximum quantum eﬃciency, due
to nonradiative, multiphonon recombination dynamics. Given a
wide range of tunable variables, such as band gap energies, trap,
vacancy or impurity states, and phonon dispersion characteristics, high-temperature photocatalysts could be designed to be less
aﬀected by nonradiative recombination limitations, thus improving elevated temperature photocatalytic operating eﬃciencies.

’ CONCLUSIONS
The aim of this work was to understand fundamental limitations of high-temperature photocatalytic reactions using the
photocatalytic oxidation of ethylene as a probe reaction. A novel
high-temperature photocatalytic reactor was designed and constructed to achieve high catalyst bed temperatures while maximizing the illuminated photocatalyst bed area. The photocatalyst
tested was a heat-treated Degussa P25 TiO2, which contained
diﬀerent anatase and rutile phase compositions than the commercially available powder. Photocatalytic oxidation experiments
showed that the photocatalyst achieved signiﬁcant oxidation
rates at catalyst bed temperatures of up to 350 °C. The maximum
photocatalytic oxidation rate was observed between 100 and
200 °C; higher photocatalyst temperatures resulted in a decreased oxidation rate. The decline in photocatalytic activity can
be attributed to the nonradiative, multiphonon recombination of
charge carriers, which was modeled by an exponential function of
temperature and two bulk TiO2 properties: phonon energy and
phonon participation number. Further, the ﬁtted model parameters from the nonlinear regression analysis are physically
reasonable and can be used to simultaneously extract information
regarding temperature independent photocatalytic activity and
electronic trap states of the photocatalyst. Using this information,
photocatalysts designed with speciﬁc phonon energy, phonon
number, band gap energy, and trap states could be engineered
with decreased high-temperature charge-carrier recombination
rates. This could lead to catalysts with increased photocatalytic
VOC oxidation eﬃciencies at elevated temperatures.
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Supporting Information. Additional ﬁgures that describe the photocatalytic reactor used in these experiments, as
well as experimental photocatalytic oxidation data and regression
results. This material is available free of charge via the Internet at
http://pubs.acs.org.
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