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a b s t r a c t

The decomposition of chemical warfare agent simulant, dimethyl methylphophonate (DMMP) vapor, was
investigated on an ultrathin film titania (TiO2) photocatalytic light absorber. The light absorber contains
an aluminum (Al) reflector and the TiO2 thin film with different thicknesses, sequentially deposited on a
supportive glass substrate. The designed structure constructs a nanocavity that exhibits strong light
absorption within the photocatalytic TiO2 ultrathin film. Thus, the intrinsic trade-off between optical
absorption and charge carrier extraction efficiency, i.e., a light absorber should be thick enough to absorb
the light allowable by its band gap but thin enough to allow charge carrier extraction for catalytic re-
actions, is conquered. The TiO2/Al light absorber significantly boosted TiO2 photocatalytic activity
compared to the benchmark Aeroxide®P25 catalyst (i.e., up to 2013 times increase in reaction rate). The
effects of reactant (i.e. DMMP, water and oxygen, respectively) partial pressure and reaction temperature
on photocatalytic decomposition of DMMP by the ultrathin-film TiO2 photocatalytic light absorber were
studied. Kinetic data of the DMMP decomposition can be described by the Langmuir-Hinshelwood
model.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Security threat by possible use of chemical war agents (CWAs)
by terrorists or in battlefield, and environmental pollution by in-
dustrial toxic chemicals have been growing global concerns
(Knudson, 2001; Alexander and Klein, 2006; Matou�SEk, 2006;
Tetyana et al., 2006; Talmage et al., 2007). Photocatalytic detoxifi-
cation using solar energy represents an environmentally friendly
and cost-efficient strategy to degrade these toxic chemicals (Kabra
et al., 2004; Robertson et al., 2005; Blanco-Galvez et al., 2006;
d@umd.edu (D. Liu).
Dalrymple et al., 2010; Thakur et al., 2010; Ahmed and Haider,
2018). Titania (TiO2) has been the most frequently employed pho-
tocatalyst in detoxification processes due to its inherent environ-
mental friendliness and low-cost, together with the potential of
complete mineralization of organic toxic chemicals. The current
photocatalytic processes, however, are highly inefficient, particu-
larly in the case of solar activation. This inefficiency arises because
the charge carrier (electrons/holes, e�/hþ) extraction efficiency in
photocatalysts is far too low (Kitano et al., 2007; Habisreutinger
et al., 2013; Liu and Chen, 2014; Ma et al., 2014). The charge car-
riers are generated by light irradiation to initiate the catalytic re-
actions, but their recombination rates are much faster than
utilization, which highly limits the activity of photocatalysts.
Catalyst materials and design strategies that have potential to
enhance e�/hþ extraction efficiency, light absorption, and the
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resultant catalytic activity and efficiency in photocatalytic detoxi-
fication are highly desired.

Nanostructured TiO2-based catalysts such as nanowires, nano-
tubes or nanosheets (Mor et al., 2006; Kamat, 2007; Jun et al., 2012;
Liang et al., 2012; Liu et al., 2015) have been studied to promote
efficiency in photocatalysis. The nano-sized TiO2 catalysts shorten
the diffusion length, disfavor the electron and hole recombination
and enhance multi-electron transfer for photocatalytic reactions
(Linsebigler et al., 1995; Aprile et al., 2008; Fujishima et al., 2008).
Although an enhancement in catalytic performance of nano-
structured TiO2-based materials has been observed, the photo-
catalytic efficiency is still too low to meet practical applications,
mainly due to lack of sufficient light adsorption in nanostructured
photocatalyst materials. The decrease in catalyst particle size leads
to a significant reduction in light absorption and generation of
charger carriers. The intrinsic trade-off between optical absorption
and charge carrier extraction efficiency, i.e., a light absorber should
be thick enough to absorb the light allowable by its band gap but
thin enough to allow charge carrier extraction for catalytic re-
actions, therefore, will be conquered.

One promising scheme to enhance the optical absorption
without sacrificing the catalytic activity/selectivity in nano-
structured catalysts would be to employ ultra-thin film super light
absorbers on the catalysts. For instance, planar thin film interfer-
ence can enhance the optical absorption within ultra-thin films
(Dotan et al., 2013; Kats et al., 2013). This mechanism could
significantly reduce the required thickness of the light absorbers.
For instance, over 60% resonance absorption was successfully
demonstrated with a 1.5-nm-thick Ge film (Song et al., 2014) and
even a monolayer of MoS2(Janisch et al., 2016) on predesigned
nanocavities, paving the way for high-efficiency ultrathin-film en-
ergy conversion materials, structures and devices (Xia et al., 2017),
including photocatalytic systems. In particular, the boosted optical
absorption in planar ultra-thin photocatalytic Ti-doped a-Fe2O3
films (e.g. ~26 nm) was successfully used for efficient water split-
ting (Dotan et al., 2013). Our previous work has designed the
ultrathin-film photocatalytic light absorber (UFPLA), made by
sequential deposition of an aluminum (Al) reflector and a TiO2 thin
film (<30 nm) on a glass substrate, which is effective to resolve the
intrinsic trade-off between optical absorption and charge carrier
extraction efficiency. The TiO2/Al films introduced the active sites,
and manipulated the phase of the reflective partial waves to realize
the destructive interference. Therefore, the light absorption capa-
bility of the TiO2 thin film was maximized, significantly increasing
catalytic efficiency by generating much more surface charge car-
riers. For example, the UFPLA structures significantly improve ac-
tivity and selectivity in photocatalytic carbon dioxide (CO2)
reduction with water to oxygenated hydrocarbons (Song et al.,
2018). In comparison to the benchmark photocatalyst (Aero-
xide®P25), the CO2 reduction rate was enhanced up to a factor of
1145 times (Song et al., 2018).

In this work, we employed the UFPLA structures with TiO2 thin-
films for the photocatalytic detoxification of CWAs. Due to toxicity
of CWAs, the dimethyl methylphophonate (DMMP) was used as the
simulant in this study. The performance of UFPLA with different
TiO2 film thicknesses in photocatalytic decomposition of DMMP
vapor was studied and compared to that of Aeroxide®P25 catalyst.
The effects of reactant (i.e. DMMP, water and oxygen, respectively)
partial pressure and reaction temperature on DMMP decomposi-
tion were measured. The kinetic data were described by both
Langmuir-Hinshelwood and Elay-Redial models, and the former
gave a better fitting.
2

2. Experimental

2.1. Materials

Dimethyl methylphosphonate (DMMP, 97% purity) and Aero-
xide® P25 were purchased from Alfa Aesar. Air (ultrapure), nitro-
gen (N2, ultrapure) Argon (Ar, ultrapure) and helium (He, ultrapure)
were purchased from Airgas. Deionized (DI) water (H2O) was used
throughout the experiments.

2.2. UFPLA preparation

The UFPLA, comprised of an Al reflector and a TiO2 thin film, was
synthesized using the method reported in our previous work (Song
et al., 2018). Typically, the Al reflector layer (150-nm thick) was
deposited on a glass substrate using the Al pellets (99.999%,
EVMAL50QXQ-D, Kurt J. Lesker) in the Kurt J. Lesker AXXIS electron
beam evaporator. The pressure in the evaporator chamber during Al
depositionwas controlled at 5 � 10�7 Torr. A flow benchtop reactor
(FlexAL, Oxford Instruments) was used to prepare the TiO2 thin-
film layers in the UFPLA via the atomic layer deposition (ALD)
process. The ALD of TiO2 was conducted by alternative exposure to
titanium isopropoxide (i.e., TTIP, Japan Advanced Chemicals) for
1.5 s and DI water at 473 K for 3.5 s, followed by Ar purge for 1.5 s
after each exposure. Each ALD cycle would result in 0.05-nm-thick
TiO2 deposition. Figure S3 in the Supporting Information shows the
schematic of the ultrathin-film TiO2 photocatalytic light absorber
preparation process.

2.3. Photocatalytic tests

The photocatalytic DMMP decomposition was tested in the
experimental set-up shown in Fig. 1. A homemade cylindrical
reactor, as illustrated in our previous publication (Song et al., 2018),
was used to hold the UFPLA structure and the catalytic reaction. The
reactor consists of a stainless steel body and two quartz windows of
50 mm in diameter and 5 mm in thickness. The internal volume of
the batch reactor is 14.1 cm3. Two gas connection lines (inlet and
outlet of the reactor) stay opposite to each other on the perimeter
wall of the cylindrical photocatalytic reactor body. The reactor was
wrapped with heating tape to control the reaction temperature.

In a typical experiment, after the UFPLA was placed inside the
reactor, the DMMP vapor was introduced by a He flow
(0.17 cm3 s�1) through a DMMP bubbler. Similarly, the water vapor
was introduced by an air flow (0.67 cm3 s�1) through a water
bubbler. Nitrogen (N2) was used as a balance gas in all the experi-
ments. The gas mixture was kept flowing through the reactor for
1.5 h to flush the system and reach stable DMMP, H2O and air (i.e.
oxygen, O2) compositions. Then, both the inlet and outlet of the
reactor in Fig. 1 were closed, and the xenon (Xe) light irradiation
(OSRAM XBO 450 W PFR) was applied onto the top window of the
reactor. After 5-h irradiation, the Xe lamp was turned off and the
gas mixture in the reactor was carried out by a N2 flow at
0.37 cm3 s�1 for 0.5 h. The isopropanol trap in the experimental set-
up was used to collect DMMP residue and all products in the re-
action. An aliquot of isopropanol solution in the trapwas traced by a
gas chromatography (Agilent Technologies, 7890 A) equipped with
a methylsiloxane capillary column (HP-1,
50.0 m � 320 mm � 0.52 mm) connected to a flame ionization de-
tector (FID) for composition analysis. For comparison purpose, the
photocatalytic DMMP decomposition was run in the reactor
charged with 50 mg commercial Aeroxide®P25 catalyst, which was



Fig. 1. Schematic diagram of the reaction system [A: helium cylinder, B: air cylinder, C: nitrogen cylinder, D: cylinder regulator, E: shut-off valve, F: Valco 4-way valve, G: mass flow
controller, H: union tee connector, I: 3-way valve, J: DMMP in bubbler, K: water in bubbler, L: union cross, M: flowmeter, N: 450 W xenon lamp, O: photocatalytic reactor, P:
isopropanol trap].
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compressed into a thin film with the same geometric surface area
as that of the TiO2 film in the UFPLA.

3. Results and discussion

3.1. Structure and optical absorption of UFPLA structures

The physicochemical property of TiO2 thin film in TiO2/Al UFPLA
structures as well as the Aeroxide®P25 control sample have been
examined and the results was described in detail in our previous
publication (Song et al., 2018). For completeness, we provide a brief
discussion here and the characterization data are presented in
Section S1 in the Supporting Information. The surface of TiO2 thin
film is uniform, following the pattern of Al layer, independent on
the TiO2 film thickness (Figure S1a-b). X-ray diffraction (XRD)
measurement shows that both TiO2 and Al are in amorphous form
since only the diffraction peak of the glass substrate (i.e.,
2q ¼ 22.9�) was observed (Figure S1c).

Fig. 2a shows the general principle of the TiO2/Al UFPLA used in
the photocatalytic decomposition of DMMP. The UFPLA is designed
based on the thin-film interferometer constructed by a TiO2 film on
a highly reflective Al film. Since the Al layer is highly reflective, no
light is transmitted through the UFPLA. Instead, the light is
Fig. 2. Schematic of the two-layered TiO2/Al UFPLA structure (a). Modeled (b) and measure
UFPLA.

3

reflected back and forth at the air/TiO2 and TiO2/Al interfaces.
Specifically, when light reaches the top air/TiO2 interface, part of
this incident light will be reflected back to air, which is denoted as
r1 in Fig. 2a. The other part of the incident light is transmitted into
the TiO2 film, propagates until it is reflected by the bottom TiO2/Al
interface, and continue to propagate to the air/TiO2 interface. At this
interface, the light is divided into two parts again. One part exits
back to air, which is denoted as r01 in Fig. 2a. The rest of the light
repeats the previous process and bounces back and forth between
the air/TiO2 and TiO2/Al interfaces. The following partial waves
transmitted back to air are denoted as r

00
1, r

000
1 , r

0000
1 , etc. Except for the

first partial wave, all other partial waves propagate in the TiO2 layer
at least one round-trip. Light propagation results in phase change of
light, which can be determined by the thickness of the TiO2 film.
Thus, in order to enhance the light harvesting capability of UFPLAs,
we can intentionally tune the thickness of the TiO2 film to create
destructive interference among these partial waves, leading to a
complete suppression of total reflection, i.e., perfect absorption.
Fig. 2b indicates the modeled optical absorption of the UFPLA at
each wavelength from 210 nm to 450 nm as the function of the
thickness of TiO2 films. The results were simulated by Fresnel
equation (see more details of the modeling in Section S1 in the
d (c) optical light absorption as a function of the thickness of TiO2 films in the TiO2/Al
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Supporting Information). It can be seen that strong resonant ab-
sorption peaks over 90% from 270 nm to 325 nm can be obtained in
the optimized TiO2 film thickness region of 12e19 nm. Beyond this
range, the overall absorption will decrease with thinner or thicker
TiO2 layers. In order to validate this theoretical prediction, we
measured the optical absorption spectra of the UFPLA structures
with TiO2 thickness varied from 2, 7, 12, 17e22 nm in sequence, as
shown in Fig. 2c. The increase in thickness of TiO2 layer enhances
and then suppresses the optical absorption of the entire UFPLA
structures. The obvious peak resonant absorption over 90% from
270 nm to 325 nm can be obtained in the optimized TiO2 film
thickness region of 12e17 nm. At the optimized TiO2 film thickness,
the super strong optical absorptionwas realized, agreeingwell with
the theoretical prediction shown in Fig. 2b.

3.2. DMMP decomposition over UFPLA structures

To verify effectiveness of the UFPLA structure in photocatalytic
decomposition of DMMP, two control experiments were carried out
first. In one case, the DMMP was exposed to the UFPLA that is
comprised of 12-nm-TiO2 thin-film in the absence of light irradia-
tion (i.e. darkness condition). After 5 h reaction time, without light
irradiation, the DMMP decomposition was 0.6%. In the other case,
the UFPLA structure was absent in the reactor (i.e., only glass slide
was used) and the light irradiation was applied for 5 h onto DMMP.
The DMMP decomposition was 0.7%, close to the conversion tested
in the first case. The products from DMMP decomposition include
intermediates such as methylphosphonic acid and formic acid as
well as the end products of carbon dioxide, water and phosphate.
Both control experiments indicate that the photocatalytic decom-
position DMMP requires for presence of both the UFPLA structure
and light irradiation, which means that the decomposition is the
result of photo-excited TiO2 catalysis and not direct photolysis or
ground state TiO2 catalyzed reactions. In the following sections, we
studied the effectiveness of UFPLA in DMMP decomposition, in
comparison to Aeroxide®P25, and effects of TiO2 thin-film thick-
ness in the UFPLA on the reaction.

3.2.1. Effectiveness of UFPLA for photocatalytic DMMP
decomposition

Fig. 3a shows the photocatalytic DMMP decomposition over
both UFPLA that has 12-nm-TiO2 thin-film (i.e. thickness of TiO2
thin-film is 12 nm) and Aeroxide®P25 catalysts as a function of
Fig. 3. DMMP decomposition over 12-nm-TiO2 UFPLA and Aeroxide®P25 as a function of
structures after 5 h irradiation (b) and DMMP decomposition rate as a function of TiO2 film
1.19 kPa H2O pressure, 17.02 kPa O2 pressure, 5 h reaction time.)

4

reaction time. With increasing reaction time (or light irradiation
time), DMMP decomposition increases. Overall, the UFPLA struc-
ture has higher DMMP decomposition than the Aeroxide®P25
catalyst. It should be noted that the employed UFPLA has a circular
shape with a dimension of 30 mm in diameter. By considering the
12 nm thickness of TiO2 thin-film in the UFPLA and density of TiO2
of 4.23 g cm�3 (Mergel, 2001; Kusior et al., 2013; Song et al., 2018),
themass of TiO2 catalyst in the UFPLA is 3.59� 10�5 g, calculated by
the product of TiO2 thin-film geometric surface area, thickness and
density. As noted in the experimental section, 0.05 g Aeroxide®P25
was used in the test. If we use the DMMP conversion data collected
at 5 h of reaction to evaluate the rate of DMMP decomposition per
Ti site in bothmaterials, 6.08 and 3.02� 10�3 mol [mol Ti]�1 s�1 are
obtained, respectively. This indicates that the TiO2 catalyst in the
UFPLA structure has a 2013-fold enhancement in activity in pho-
tocatalytic decomposition of DMMP. The increase in TiO2 activity in
the UFPLA should be attributed to the boosted optical absorption as
discussed above.

3.2.2. Effects of TiO2 thin-film thickness in UFPLA
The thickness of TiO2 thin films in the UFPLA influences the light

absorption, as indicated in Fig. 2b. To understand how the change in
light absorption affects the photocatalytic DMMP decomposition,
we employed the UFPLAs with TiO2 thin-film thicknesses of 2, 7, 12,
17 and 22 nm, respectively, in the tests. After 5 h reaction, the
DMMP decomposition increased from 1.1%, 3.2%e9.2%, and then
decreased to 5.1% and 3.3%, as shown in Fig. 3b. The trend of in-
crease and then decrease in DMMP decomposition with respect to
increasing TiO2 film thickness in the UFPLA structures is consistent
with that of the optical absorption of the nanocavity in Fig. 2b. The
mismatch between the maximum light absorption (i.e. occurring
on 17-nm-TiO2) and the highest DMMP decomposition (i.e. on 12-
nm-TiO2) in the UFPLAs indicated that the light absorption is not
the sole factor dominating the photocatalytic decomposition when
the TiO2 film is thick. This discrepancy has also been observed in
our previous work (Song et al., 2018).

The DMMP decomposition rate over each UFPLA was further
analyzed and compared to that of Aeroxide®P25 to understand the
effects of TiO2 thin-film thickness. The results were summarized in
Fig. 3c and Table S1. In all cases, the UFPLA catalysts exhibited more
than 2 orders of magnitude enhancement in DMMP decomposition
rate compared to the Aeroxide®P25 catalyst. This indicates the
remarkable contribution of optical absorption by the nanocavity
reaction time (a), DMMP decomposition as a function of TiO2 film thickness in UFPLA
thickness in UFPLA structures (c). (Reaction conditions: 333 K, 7.09 Pa DMMP pressure,
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structure in UFPLA to the photocatalytic reaction. With an increase
in the thickness of the TiO2 thin film in the UFPLA structure, the
decomposition rate decreases except for the UFPLA with 12-nm-
TiO2 thin-film. This pattern demonstrates that the activity of indi-
vidual Ti-sites is influenced by the thickness of TiO2 film and the
related site environment.

The DMMP decomposition rate is closely correlated to syner-
getic effect between the optical absorption intensity and charge
carrier lifetime in UFPLAs (Song et al., 2018). As explored in our
previous work (Song et al., 2018), when the TiO2 film is thin, in the
cases of the 2 and 7-nm-TiO2 UFPLAs, the photogenerated carriers
within TiO2 film have a longer lifetime and consequently have a
higher probability to participate the photocatalytic DMMP
decomposition. However, the relative weak light harvesting capa-
bilities, as shown in Fig. 2b, on these two samples hindered the
charge carrier generation. As a result, both UFPLA structures re-
flected a high DMMP decomposition rate, but did not reach the
summit. When the thickness of the TiO2 film in the UFPLA is
increased to 12 nm, the slightly suppressed charge carrier lifetime
and moderately enhanced light absorption capability (Song et al.,
2018) promote the synergetic effect. Consequently, the 12-nm-
TiO2 UFPLA exhibited a highest DMMP decomposition rate at
6.08 mol [mol Ti]�1 s�1. As the TiO2 film thickness increases to 17
and 22 nm, although the light absorption reaches maximum
capability, the steeply reduction in lifetime of charge carriers (Song
et al., 2018) retards the catalytic performance in DMMP decom-
position. Thus, lower DMMP decomposition rates were observed on
both 17 and 22-nm-TiO2 UFPLA catalysts. The apparent quantum
efficiency, defined as the ratio of the global rate of DMMP decom-
position to the total energy emitted from the light source, was
calculated for all the UFPLAs. As shown in Table S1, the apparent
quantum efficiency increases and then decreases with increasing
TiO2 layer thickness in the UFPLAs. The synergy of light absorption
and charge carrier lifetime was maximized in the UFPLA with
12 nm TiO2 thickness which enabled the highest quantum
efficiency.
3.3. Kinetic modelling of DMMP photocatalytic decomposition over
UFPLA catalyst

Photocatalytic decomposition of organophosphonic acid com-
pounds over TiO2 catalysts have been previously reported (Gr€atzel
et al., 1990; Mengyue et al., 1995; Konstantinou et al., 2001;
Fig. 4. Measured DMMP decomposition rate as a function of DMMP pressure (a), H2O partia
in Fig. 4a: 1.19 kPa H2O pressure, 17.02 kPa O2 pressure, 5 h reaction time; Reaction conditio
conditions in Fig. 4c: 7.09 Pa DMMP pressure, 1.19 kPa H2O pressure, 5 h reaction time.).
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Hirakawa and Nosaka, 2002; Echavia et al., 2009). The complete
reaction mechanism is too complex to conclude until now. How-
ever, the general understanding on the reaction initiation is the
photoexcitation of TiO2 by light irradiation (hv) generates an
electron-hole (ec�-hv

þ) pair (TiO2 þ hv /ec
� þ hv

þ) in the conduction
and valence bands, respectively (Kumar and Devi, 2011; Lan et al.,
2013; Schneider et al., 2014; Fagan et al., 2016; Liu et al., 2017).
The conduction band electron is believed to react with adsorbed
oxygen (O2) to form a superoxide ion (ec� þ O2 / O2

�). The valence
band hole might react with adsorbed water (H2O) to form hydroxyl
radicals (hvþ þ H2O /Hþ þ OH$). The subsequent reactions of
adsorbed hydroxyl radicals are regarded as the predominant
degradation pathways of organophosphonic acid compounds.
Apparently, three reactant compounds, DMMP, H2O and O2 are all
involved, at some degrees, in the DMMP decomposition process.
The DMMP decomposition on the UFPLA structure has not been
researched before. Therefore, in this section, we aimed to under-
stand the kinetics of DMMP decomposition and its dependence on
the reactant pressures over the UFPLA structure, as well as verify
the models that can fit the measured kinetics in this new catalytic
optical absorber structures.

3.3.1. Dependence of DMMP decomposition on DMMP, H2O or O2

reactant
To investigate the dependence of DMMP decomposition on the

concentration of DMMP, H2O or O2 occurring in UFPLA structure,
the decomposition rate of DMMP as a function of partial pressure of
each reactant was examined at 333 K (Fig. 4). It should be noted
that we focused on the kinetics of DMMP decomposition on the
UFPLA containing 12-nm-TiO2 thin-film since it showed the best
performance as discussed in Section 3.2. The initial decomposition
rates were determined from the first 10% disappearance of the
starting reactant to minimize the effects of products on the initial
kinetics.

Fig. 4a shows the DMMP decomposition rate increases rapidly
with increasing DMMP partial pressure (pDMMP) in the beginning.
When pDMMP is high, the decomposition rate reaches a plateau.
Overall, the dependence follows the Langmuir behavior. The
dependence of DMMPdecomposition rate on the partial pressure of
water (pH2O) is similar to that of dependence on pDMMP (Fig. 4b).
Fig. 4c shows the correlation between the DMMP decomposition
rate and partial pressure of O2 (pO2

) in the reactor. Different from
the first two cases, the rate does not show any obvious dependence
l pressure (b) and O2 pressure (c) over 12-nm-TiO2 UFPLA at 333 K (Reaction conditions
ns in Fig. 4b: 7.09 Pa DMMP pressure, 4.28 kPa O2 pressure, 5 h reaction time; Reaction



Scheme 1. Elementary steps in Langmuir-Hinshelwood model in photocatalytic
DMMP decomposition.

Scheme 2. Elementary steps in Eley-Rideal reaction model in photocatalytic DMMP
decomposition.
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on pO2
, even when pO2

is very low. This phenomenon is consistent
with the previous report (De Laat et al., 2010) that shows the ox-
ygen does not attend the initial steps in main reaction pathway.
However, the trace amount of O2 residue or O2 impurity in the
reactor might be enough to contribute to the decomposition
reactions.

3.3.2. Kinetics modelling for DMMP decomposition
Despite the complex mechanisms of photocatalytic organo-

phosphonate acid decomposition, simple kinetic models still have
been used to interpret observed kinetics (Krosley et al., 1993;
O’Shea et al., 1997; Obee and Satyapal, 1998; Kozlova et al., 2004;
Moss et al., 2005). Among different models, the most common ones
are Langmuir-Hinshelwood and Eley-Rideal models. Therefore, we
simply explored both models for the kinetics analysis, aiming to
interpret the collected kinetics data and to obtain initial kinetic
parameters to guide further understanding on DMMP decomposi-
tion behavior over UFPLA structures. Since DMMP decomposition
does not obviously depend on the partial pressure of O2, we did not
consider the O2 species in model analysis.

Scheme 1 shows the primary reaction steps in the Langmuir-
Hinshelwood model for DMMP decomposition in the presence of
DMMP and H2O reactants over the UFPLA catalysts. The reaction
involves quasi-equilibrated DMMP adsorption on surface site (*),
leading to formation of DMMP* species (step 1). Similarly, quasi-
equilibrated adsorption of H2O on active site (*) results in H2O*
species (step 2). The reaction between adsorbed DMMP* and H2O*
forms adsorbed methylphosphonate (MMP*) and methanol (step
3), which is the rate limiting step (RLS) of the reaction network.
Since the kinetics data were collected from the first 10% disap-
pearance of the starting reactant, the effects of reaction in-
termediates or products on the initial decomposition kinetics can
be ignored. Therefore, the contribution of reaction step 4 and the
following steps, for instance, decomposition from methyl-
phosphonate to further products, were excluded from the model in
the rate equation derivation. Under pseudo-steady state assump-
tion for adsorbed DMMP* and H2O* species, the rate equation for
DMMP decomposition (rDMMP , mol s�1) is shown in Eq. (1):

rDMMP ¼
k3K1K2pDMMPpH2Oq

2
total

ð1þ K1pDMMP þ K2pH2OÞ2
(1)

where k3 (mol [mol Ti]�2 s�1) is DMMP decomposition rate con-
stant in step 3; K1 (Pa�1) and K2 (Pa�1) are the equilibrium con-
stants for the adsorption of DMMP (step 1) and H2O (step 2),
respectively; pDMMP (Pa) and pH2O (Pa) are the partial pressures of
DMMP and H2O; qtotal (mol Ti) is the total Ti element in the UFPLA
catalyst. Details on the rate equation derivations can be referred to
section S4 in the Supporting Information.

Scheme 2 shows the proposed primary reaction steps for DMMP
decomposition over the UFPLA catalysts following the Eley-Rideal
model. The reaction involved quasi-equilibrated DMMP
6

adsorption on surface site (*) to form DMMP* species (step 1). The
reaction between H2O vapor and molecularly adsorbed DMMP*
forms MMP* (step 2, RLS). Under pseudo-steady state assumption
for DMMP* species and negligible contribution of reaction in-
termediates and final products, the rate equation for DMMP con-
sumption (rDMMP , mol s�1) is shown in Eq. (2):

rDMMP¼
k2K1pDMMPpH2Oqtotal

1þ K1pDMMP
(2)

where K1 (Pa�1) is the equilibrium constant for the adsorption of
DMMP (step 1) and k2 (mol [mol Ti]�1 s�1 Pa�1) is DMMP decom-
position rate constant in step 2. Section S5 in the Supporting In-
formation details the derivation of this rate equation.

The kinetic parameters in Eq. (1) were analyzed from the ki-
netics data in Fig. 4. When pH2O is fixed and pDMMP is the variable,
Eq. (1) can be linearized as,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDMMP

rDMMP

r
¼ K1pDMMPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k3K1K2pH2O
p

qtotal
þ 1þ K2pH2Offiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k3K1K2pH2O
p

qtotal
(3)

where the slope (defined as S1) is, S1 ¼ K1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3K1K2pH2O

p
qtotal

, and the

intercept (denoted as I1) is I1 ¼ 1þK2pH2Offiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3K1K2pH2O

p
qtotal

. Similarly, when

pDMMP is fixed in the experiment, the linear form of Eq. (1) is,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pH2O

rDMMP

r
¼ K2pH2Offiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k3K1K2pDMMP
p

qtotal
þ 1þ K1pDMMPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k3K1K2pDMMP
p

qtotal
(4)

in which the slope (defined as S2) and intercept (denoted as I2) are

S2 ¼ K2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3K1K2pDMMP

p
qtotal

and I2 ¼ 1þK1pDMMPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3K1K2pDMMP

p
qtotal

, respectively. The ratio

of S1/S2 gives Eq. (5),

S1=S2 ¼
K1

K2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDMMP

pH2O

s
(5)

The ratio of I1/I2 is,

I1=I2 ¼
1þ K2pH2O

1þ K1pDMMP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDMMP

pH2O

s
(6)

Fig. 5 shows the linearized correlations of
ffiffiffiffiffiffiffiffiffiffi
pDMMP
rDMMP

q
versus pDMMP

(Fig. 5a) and
ffiffiffiffiffiffiffiffiffiffi
pH2O

rDMMP

q
versus pH2O (Fig. 5b), respectively, by re-plotting

the kinetics data in Fig. 4aeb using Eqs. (3) and (4), respectively.
The linear fitting with coefficient of determination (R2) > 0.9,
positive intercept and slope in each set of kinetic data supports the
proposed Langmuir-Hinshelwood model for fitting the DMMP
decomposition on the UFPLA structure. From Eqs. (5) and (6), the
adsorption equilibrium constants K1 and K2 were evaluated to be
2.93� 10�2 Pa�1 and 1.45� 10�3 Pa�1, respectively. The adsorption
equilibrium constant reflects the bound nature of reaction species
on the UFPLA catalyst. Apparently, DMMP has stronger adsorption



Fig. 5. Linearized correlations of
ffiffiffiffiffiffiffiffiffiffi
pDMMP
rDMMP

q
versus pDMMP (a) and

ffiffiffiffiffiffiffiffiffiffi
pH2O

rDMMP

q
versus pH2O (b) for DMMP decomposition over the 12-nm-TiO2 UFPLA.
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on the catalyst than that of H2O. By substituting K1 and K2 into the
slope (S1), the reaction rate constant (k3) can be calculated as
24.48 mol [mol Ti]�2 s�1.

To examine the fitting of the Eley-Rideal model for the DMMP
decomposition kinetics, the rate law for DMMP consumption
(rDMMP , mol s�1) is shown in Eq. (7):

rDMMP ¼
k2K1pDMMPpH2Oqtotal

1þ K1pDMMP
(7)

where k2 (mol s�1 Pa�1 [mol Ti]�1) is the rate constant of DMMP
decomposition.

When pH2O is fixed and pDMMP is the variable, Eq. (7) can be
linearized as follows,
Fig. 6. Measured DMMP decomposition rate as a function of DMMP partial pressure (a), H2O
348 K (;) (Reaction conditions in Fig. 6a: 1.19 kPa H2O pressure, 17.02 kPa O2 pressure, 5
pressure, 5 h reaction time).
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1
rDMMP

¼ 1
k2K1pDMMPpH2Oqtotal

þ 1
k2pH2Oqtotal

(8)

where the slope (defined as S1’) is S1’ ¼ 1
k2K1pH2O

qtotal
, and the inter-

cept (denoted as I1’) is I1’¼ 1
k2pH2Oqtotal

. Similarly, when pDMMP is fixed

in the experiment, the linear form of Eq. (7) is,

rDMMP¼
k2K1pDMMPqtotal
1þ K1pDMMP

pH2O (9)

From Eq. (9), the DMMP decomposition rate (rDMMP) should
increase linearly with increasing pH2O and the intercept should be
partial pressure (b) over 12-nm-TiO2 UFPLA at 293 K (▪), 313 K (C), 333 K (:) and
h reaction time; Reaction conditions in Fig. 6b: 7.09 Pa DMMP pressure, 4.28 kPa O2



Table 1
Kinetic parameters obtained from the Langmuir-Hinshelwood model used for analysis of DMMP decomposition kinetics over the 12-nm-thick TiO2 UFPLA catalyst.

Temperature (K) 293 313 333 348

K1
a (Pa¡1) 1.28 � 10�2 2.04 � 10�2 2.38 � 10�2 6.23 � 10�2

K2
b (Pa¡1) 6.71 � 10�4 6.96 � 10�4 8.55 � 10�4 2.04 � 10�3

k3
c (mol [mol Ti]¡2 s¡1) 17.18 26.86 33.68 36.97

a Equilibrium constant of DMMP adsorption.
b equilibrium constant of water adsorption.
c rate constant of DMMP decomposition.
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zero. This trend conflicts with the experimental data shown in
Fig. 4b, which shows the Langmuir correlation between DMMP
decomposition rate and partial pressure of water. Therefore, the
Eley-Rideal model cannot describe the observed kinetics.
3.3.3. Effect of reaction temperature on DMMP decomposition
To further understand the performance of UFPLA in DMMP

decomposition, we examined the effect of reaction temperature,
ranging from 293 K to 348 K, on the decomposition kinetics. As
shown in Fig. 6a, the photocatalytic DMMP decomposition in-
creases with increasing reaction temperature for each set of partial
pressures of pDMMP . Similarly, the increase in reaction temperature
speeds up the decomposition of DMMP at each partial pressure of
pH2O (Fig. 6b). From the Langmuir-Hinshelwood model and the
linearized rate equations (Eqs. (3) and (4)), the adsorption equi-
librium constants (K1 and K2) and the reaction rate constant (k3) at
each reaction temperature are evaluated, and the results are sum-
marized in Table 1. Detailed kinetics analysis following the
Langmuir-Hinshelwood model is included in Section S7 in the
Supporting Information. It shows that the equilibrium constants of
DMMP adsorption (K1) and water adsorption (K2) proportionally
increased with increasing reaction temperature. At all tested tem-
peratures, K1 is always higher than K2, which reflects the DMMP
has a stronger adsorption on the UFPLA catalyst. The DMMP
decomposition rate constant (k3) also increases with the increase in
the reaction. This is consistent with the faster DMMP decomposi-
tion rate at a higher reaction temperature condition.
4. Conclusions

The ultrathin-film photocatalytic light absorber (UFPLA) were
studied for the first time for the photocatalytic DMMP decompo-
sition. The UFPLA structure is comprised of a TiO2 thin-film and an
Al reflector, sequentially deposited on a supportive glass substrate.
The nanocavity effect of the structure improves optical absorption
in ultra-thin TiO2 films, and thus maintains strong light absorption
and charge carrier extraction efficiency for efficient photocatalytic
DMMP decomposition. Compared to the commercial Aeroxide®P25
catalyst, an enhancement of 2013-fold in DMMP decomposition
rate was achieved on the TiO2/Al UFPLAwith 12-nm thick TiO2 film.
The dependence of DMMP decompositions on the reactant pres-
sure and reaction temperature over the 12-nm-TiO2 thin-film
UFPLA were examined. The collected decomposition kinetics can
be interpreted by the Langmuir-Hinshelwood model. The initial
kinetic parameters were analyzed based on the Langmuir-
Hinshelwood model, which can guide further understanding on
DMMP decomposition behavior over the new UFPLA structures.
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