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While photocatalytic water-splitting is a promising alternative energy source, low photocatalytic

efficiencies in the visible spectrum hinders its widespread deployment and commercialization. Although

screening combinations of new materials and characterizing their reaction kinetics offers possible

improvements to efficiency, current experiments are challenged by expensive bulky setups and slow

recovery of particles downstream. Optofluidics is a good platform for screening Z-scheme catalysts cheaply

and rapidly. By alleviating the problems of mass transport it can also potentially increase reaction rates and

efficiencies. Here, we demonstrate a novel optofluidic device based on applying catalyst sol-gels on planar

channels while measuring the reaction output by monitoring the depletion of the redox mediators. We

use our setup to study the kinetics of the TiO2–Pt water-splitting reaction mediated by I2/IO3
2 redox pairs

under different flow rates. In particular, for TiO2–Pt, we show y2-fold improvements in reaction rates and

efficiencies.

Introduction

With fossil fuels contributing about 85–90% of the global
demand for energy,1 there is dire need for alternative sources
of energy that are both sustainable and environmentally-
friendly. One possible alternative is the solar energy that falls
on the surface of the earth. More energy arrives on the surface
of the earth in one hour than the global yearly demand for
energy in 2005.2 Unfortunately, the intermittency of solar
illumination and the storage and transport of the resulting
energy remains a difficult challenge. Using fuels produced by
solar-chemical reactions, such as hydrogen from photocataly-
tic water-splitting, could replace the use of fossil fuels with
little change to the current energy infrastructure and without
the undesirable carbon dioxide emissions.

For solar-driven photocatalysis, the relevant variable for
semiconductors is the bandgap energy which determines the
wavelength above which the semiconductor will not form
electron-hole pairs and thus will not catalyze the reaction, and
the photo-conversion efficiency which is relevant for prospects
of commercializing the technology. Some of the promising
applications of photocatalysis are in water treatment,3 air
pollution,4 self cleaning, disinfection5 and water-splitting.
While photocatalytic water-splitting is not new,6 current
technology has not been able to meet the stated goals of

30% quantum yield at 600 nm which corresponds to 5% solar
energy conversion.7

There are many strategies to enhance the photocatalytic
water-splitting efficiency and cut-off wavelength such as noble-
gas doping, co-catalyst impregnation, noble-metal loading,
plasmonic sensitization, and employing wire or belt-shaped
geometries as described by Tong et al.8 Another popular
strategy is to employ a Z-scheme system. In this scheme,
oxygen and hydrogen are evolved at different catalysts, while
redox mediators, such as iodide/iodate pairs, serve as the
oxidizing or reducing agents as in Fig. 1(a). Because the water-
splitting reaction is ultimately performed using two photons
as opposed to one, the demand on each side of the reaction is
lessened allowing for higher efficiencies at larger wavelengths.
The highest values for quantum efficiency under visible light
without using a sacrificial reagent are reported using a ZrO2/
TaON and Pt–WO3 Z-scheme system.9

Because optofluidics combines fluids and their interaction
with light, it is potentially the optimal platform for photo-
catalytic reactions10 and can increase reaction rates by
improving mass and optical transfer efficiencies.11

Additionally, by miniaturizing the reactor space, one may
minimize the requirements for time, reagents and equipment.
These requirements are often significant for current water-
splitting setups. At present, experiments are typically run in
large closed volume setups with catalysts suspended in the
solution, constantly bubbled with nitrogen gas and attached to
a gas chromatograph to monitor the output products.7

Because of the large setup, the material constraints for
preparing the catalyst are not trivial. The photo-catalysts are
generally recovered downstream using centrifuges and filters,
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washed and then reused in the setup for experiments under
different conditions.12,13 Another advantage of optofluidic
reactors is that they allow for different experiments to be
conducted rapidly because the catalysts can be washed and
reused for experiments with different input reagents. This
allows for rapid optimization of reaction conditions and study
of the kinetic properties. Additionally, while the highest
reported quantum efficiencies were achieved by optimizing
the reaction conditions,9 the kinetics of water-splitting
reactions under a broad range of conditions has not been
studied. While there have been a few comprehensive kinetics
studies that have been performed on photocatalysis for
exothermic reactions, such as degradation reactions,14 there
have been no satisfactory comprehensive kinetic studies for
truly complex endothermic reactions like water-splitting.

We can reasonably discern that all photocatalytic reactions
happen in two steps14 as in Fig. 1(b). In the first step, the
photon is absorbed by the semiconductor particle creating an
electron-hole pair which either recombines or travels to the
surface of the particle to catalyze the reaction of interest. This
first-step which can be improved through chemistry and
material science determines the ultimate limit of the photo-
catalytic efficiency. The second step involves the removal of
the products and the introduction of new reactants to the
catalyst site. This mass transport step is important to ensure
the adequate presence of reactants on the catalyst surface and

for endothermic reactions, like water-splitting, the speedy
removal of products to avoid reverse reactions. The opto-
electrical transport and mass transport steps determine
regimes of interest in photocatalysis which are illustrated in
Fig. 1(c). At low levels of illumination to reactant concentra-
tions, the reaction is photon-limited at which point it has the
highest photocatalytic efficiency for a given catalyst chemistry.
At high levels of illumination of reactant concentration, the
reaction is mass-transport limited. Indeed, there have been
many studies showing improvement of catalytic output (for
reactions other than water-splitting) inside optofluidics as
opposed to conventional plate and slurry reactors11,15–17 due to
superior mass transport. Although the improved mass trans-
port may help in removing product gas molecules, it is hard to
imagine single-photon water-splitting being mass-transport
limited in aqueous solutions when the reactant is water itself;
however, it is much easier to see how a Z-scheme system could
potentially be mass-transport limited. Indeed, because it is not
possible to improve the ultimate photon-limited efficiency by
changing reaction conditions as has been accomplished in
previous studies,9 we suggest that in Z-scheme systems
improving mass transport could potentially yield significant
improvements in photo-catalytic efficiency.

While others have studied photocatalysis of degradation
reactions on similar optofluidic platforms,11,18 we demon-
strate the first optofluidic system to study the kinetics of

Fig. 1 Illustration of chemical reaction, reaction steps, and important kinetic regimes. (a) An illustration of a Z-scheme system where a redox mediator pair couples to
the two different reactions. (b) A closer look at the reaction steps. For the opto-electrical step, the photon gets absorbed creating an electron-hole pair, which either
recombines or separates and proceeds to catalyze the reaction. In the mass-transport step, the reactants and the products have to not only diffuse to the surface but
also adsorb and desorb during the reaction. (c) A rough sketch of the interesting kinetic regimes where the reaction is photon-limited (has the highest quantum
efficiency) and mass-transport limited (where the reaction output is capped). Please refer to cited literature.14
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photocatalytic water-splitting for TiO2–Pt catalyst mediated by
I2/IO3

2 redox pairs. Like others,11,15–17 we demonstrate that
optofluidics, by alleviating the problems of mass transport,
can increase reaction rates and efficiencies. Additionally, we
believe that such a platform could also allow for cheap and
rapid system optimization and catalyst pre-screening. We
suggest that optofluidics may not only enable higher reaction
rates and efficiencies but would also be the ideal environment
to study water-splitting photocatalysis.

Materials and methods

To maximize the light-collection area, a planar reactor space
was chosen. A schematic of our device is shown in Fig. 2(a).
Our channels were fabricated using thin parafilm that could
be used to create devices rapidly and bind glass to glass. We
avoided PDMS as it absorbs UV light and has an insufficient
elastic modulus required for stability in such a planar design.
To apply the sol–gel on the glass slide, we covered the glass
slide with tape and then cut out a rectangular area of 3.75 cm
by 1.25 cm. 50 mL of the sol–gel were then taken and applied to
the glass slides and distributed to create a microfilm. The
glass slides were then dried for 2 h at 80 uC after which they
were calcinated at 550 uC for 6 h in a controlled atmosphere
furnace in air to create a thin film on the surface as shown in
Fig. 2(b).

To create the Pt–TiO2 sol–gel, a dispersed colloidal
suspension of platinum particles was first made by reducing
hexachloroplatinic acid in borohydride in a solution with 1%
PVP. The suspension was slowly dried to concentrate the
platinum particles to 70 mL of solution. Then 0.23 mL of
acetylacetone was added and thoroughly mixed. Then 7 g
anatase TiO2 nanopowder (50 nm size from Sigma Aldrich) was

slowly added and mixed to disperse the powder over the
solution. Then 0.2 mL of a Triton X-100 was added to facilitate
the spreading of the colloid after which 1.4 g of polyethylene
glycol was added into the solution. The solution was then left
to mix overnight and was ready to use afterwards.

We used a 100 W Hg lamp in our experiments. The input
solution was kept at pH 12 by adding NaOH to ensure that we
would not produce tri-iodide species and to ensure that the
depletion in iodine species corresponded to oxygen and
hydrogen production as previously reported.19 To calibrate
the output of our reaction, we collected the output of the
reaction solution in the microreactor both before and after we
illuminated our microreactor with the UV light to take into
account possible contamination by displaced catalyst parti-
cles. The output samples were then taken to a UV-Vis
absorption spectrophotometer where we looked at the absorp-
tion spectrum from 200–260 nm. The absorption spectro-
photometry fit the Beer–Lambert law in the control
measurements for different proportions of iodide to iodate
as in Fig. 3(a). Additionally, iodide and iodate have different
peaks in the UV region making it possible to confirm the
reaction using spectrophotometric evidence as well, as is
shown in Fig. 3(b). All iodine concentrations higher that 200
mM were diluted to 200 mM before being analyzed by
absorption spectrophotometry.

Results and discussion

As described by others,7,9,19 the equations of the water-
splitting reactions redox mediated by I2/IO3

2 pairs are:

IO3
2 + 6e2 +3H2O A I2 + 6OH2 (1)

4OH2 + 4h+ A O2 + 2H2O (2)

I2 + 6h+ + 6OH2 A IO3
2 + 3H2O (3)

2H+ + 2e2 A H2 (4)

Because we monitor the reaction rates via the depletion of
the redox mediators, one possible limitation for our device to
study photocatalysis is the requirement that the catalyst being
studied is reaction specific. If the catalyst can carry out both
the oxygen-producing reaction and the hydrogen-producing
reaction, then the photo-production of oxygen and hydrogen
may not be correlated with the depletion of the respective
redox pairs and our method cannot be used adequately.
However, most catalysts that are developed for Z-scheme
systems are specific for each side of the reaction and the
depletion of the redox pairs is correlated with the production
of oxygen and hydrogen. In addition, even if the catalyst can
carry out both sides of the reaction, depletion of redox
mediators may still be used if the photocatalyst is reaction
specific in the kinetic regimes that are studied.

In fact, in our experiments we used a catalyst that catalyzes
both sides of the reaction. However, we used information from

Fig. 2 Fabricated device, and SEM of thin film. (a) Schematic of parafilm device.
(b) Thin TiO2 films. The two slides on the left are impregnated with Pt (0.3%).
(c) SEM of thin film shows porous structure with high surface to volume ratio.

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 409–414 | 411

Lab on a Chip Paper

D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

02
 J

an
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
9 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2L

C
41

12
9F

View Article Online

http://dx.doi.org/10.1039/c2lc41129f


previous studies to make sure the regimes we studied were
reaction-specific. According to previous literature,19 the Pt–
TiO2 catalyst is reaction specific for the oxygen-producing
reaction (1) + (2) when the concentration of iodate is high, and
specific for the hydrogen-producing reaction (3) + (4) (albeit
with its corresponding reverse reactions) at very high iodide
concentrations. As a result, the depletion of the iodine species
corresponds to the production of hydrogen/oxygen in the
regimes that we studied.

To assess the functionality of our microreactor, we
confirmed that the reaction remained constant over a long
period of time which we show in Fig. 4. To do this, we
introduced 200 mM pure iodate solution at 100 mL min21 over
the course of 90 min under the presence of UV light. Our
results showed that the reaction output remained constant
over this period which was longer than in previous studies that
found the iodine species disabled the catalyst after 30 min.20

Additionally, we found that in our microfluidic chip we were
able to self-clean the catalyst allowing us to change the input
reagents after the cleaning and to try different concentrations
or species. This showcases the advantage of carrying out these
reactions in an optofluidic chip as opposed to in a bulk reactor
because we could forgo the time-consuming steps of recovery,
cleaning and reintroduction.

We also measured the reaction rates for the oxygen
producing reaction under different flow rates to check for
the effect of improved mass transfer efficiency. To do this, we
introduced different concentrations of NaIO3 solution at pH 12
to the input. Our results, shown in Fig. 5(a), indicate that there
is clearly an improvement in reaction efficiency at higher flow
rates. We believe like in previous studies,11 that this is due to
the improvement in the reaction rate due to improved mass
transport. Additionally, we also studied the reaction kinetics of
the hydrogen producing reaction under different flow rates. To

Fig. 3 Absorbance spectra of iodide/iodate and fit. (a) Absorbance spectra for different proportions of iodide in 20 mM (iodide + iodate) solution normalized against
buffer. (b) Using the Beer–Lambert law, A = ecl, we were able to discriminate 20 mM of iodine species of different proportions with an error of 1.4%.

Fig. 4 Plots of catalytic activity over time. (a) Absorbance spectrum of the output of the reactor at a flow rate of 100 mL min21 for input of 200 mM iodate. UV light
was toggled on and off every 6 min for a span of 90 min. (b) Photocatalytic activity measured by iodate depletion in reactor. The output remains constant over the
entire 90 min period.
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do this, we introduced different concentrations of NaI solution
at pH 12. We found that the output concentration was always
capped such that the amount of iodide catalyzed to iodate
would never increase above a certain proportion of the
concentration as is shown in Fig. 5(b). For low concentrations
of iodide, the proportion of iodide catalyzed to iodate was
capped at 5 ¡ 1%. This agrees with results presented in
previous literature19 that found a high iodide concentration
equilibrium presumably due to the better adsorption of the
iodate species on the titanium oxide surface. Syncing the two
systems together shows that at comparable reaction rates,
simply increasing flow rates would amount to at least y2-fold
improvement in the reaction rate and efficiency.

While mass transport can also be improved by increasing
the concentration of the reactants (in our case the redox
mediators) as shown here and noted in previous studies,14

there is also a visible proportional improvement across the
concentrations that we studied, clearly seen for the oxygen-
producing reaction, which we believe comes not from the
introduction of new reactants to the catalyst site but from the
removal of the products to decrease the possibility of the
reverse reaction. Additionally, it is not always suitable to
increase the concentration of reactants for prospects of
commercialization, especially for the iodide/iodate redox
pairs, due to their corrosive and toxic nature at higher
concentrations.

Part of the improvement in reaction rates at higher flow
rates come from improved mass transport. These improve-
ments are consistent with previous experiments and have
often been explained with the use of the following equation:11

1

k
~

1

KL
z

1

kmLu
(5)

where k is the reaction rate, K is the intrinsic maximum
reaction rate, L is the Langmuir adsorption coefficient, km is
the mass diffusivity, and av is the surface to volume ratio. The
equation suggests that part of the improvement in the reaction

rates are due to improved diffusivity. This can be seen if we
divide the mass transport process into two steps. The first step
is the chemical adsorption/desorption of the reactant/product
on the semiconductor photocatalyst while the second is the
diffusive process that removes the product from the surface
into the bulk media and brings the reactants to the surface of
the catalyst from the bulk media as shown in Fig. 1(b). While
the process of chemical adsorption and desorption, most
typically modeled by the Langmuir adsorption coefficient L, is
determined by the chemical and material properties of the
catalyst, the diffusive properties, modeled by km, can be greatly
enhanced in a micro-optofluidic platform due to the presence
of larger concentration gradients at even modest flow rates.
Another feature that emerges is the high surface to volume
ratio of these microreactors modeled by av. Indeed, previous
studies have shown significant improvement in surface to
volume ratios, whereas the surface to volume ratio would be
10 000–30 000 m2 m23 in conventional reactors, they are ,600
m2 m23 in optofluidic reactors.18 Fig. 2(c) shows an SEM of our
thin film that shows the porous nature of the thin film.

From eqn (5) and the sorption times, one may construct a
strategy to prescreen for potential catalysts which may benefit
from an optofluidic platform. In particular, as long as the
Langmuir adsorption rates are larger than the limiting rates
given above and have demonstrated high bulk photocatalytic
efficiencies, then the improvements in mass transfer efficiency
and surface to volume ratios should have impact on the
reaction rate. For iodide,21 radiotracer measurements have
shown the adsorption and desorption constants to be 6.90 6
1023 min21 to 3.68 6 1023 min21 and 2.56 6 1023 min21 to
3.69 6 1023 min21 respectively. For iodate,22 relaxation
techniques have found two different steps in the adsorption
of this species onto TiO2. Because one step is significantly
slower than the latter, it is what is relevant for our purposes
giving adsorption and desorption rates of 4.3 6 103 mol21dm3

s21 and 2.0 6 10 s21, respectively. We suggest that a database

Fig. 5 Plots of catalytic activity at different flow rates. (a) Photocatalytic activity for hydrogen-producing reaction in reactor. The maximum percentage conversion of iodide
to iodate is capped at 5 ¡ 1%. Increasing the flow rates improves the output. The reaction is severely mass-transport limited at 25 mL min21 from 20 mM NaI to 2 mM NaI
where activity increases proportionally to concentration. (b) Catalytic output for oxygen-producing reaction. Increasing the flow rates clearly increases the output.
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of efficient photocatalysts for this reaction along with their
sorption rates could be used to screen for potential candidates.

Although, there might be significant improvement from
better mass transport on the nanoscale, much of the
improvements from increasing flow rates may have also been
achieved by changing the device geometry. In particular, for
the hydrogen-producing reaction, we found that for lower
concentrations of iodide (20 mM NaI), the output yielded the
equilibrium proportion concentration with 5% of iodide
species catalyzed to iodate regardless of the flow rates. This
means that some of the improvement was due to simply
reducing the residence time of the reagents in the reactor and
not necessarily due to better diffusion in microfluidic
environments. Reducing the lifetime of the reactants in these
reactors could have been achieved through other methods, for
example, by simply decreasing the volume or area size of the
reactor under the same flow rate and, therefore, the average
time of the reagents in each reactor bed.

Conclusion

In this study, we have used for the first time, to our knowledge,
a microfluidic platform to study photocatalytic water-splitting.
We demonstrate how carrying out the reaction in an
optofluidic environment significantly reduces the material
costs and time associated with carrying out these reactions.
We have used this platform to study the reaction kinetics of
Pt–TiO2 which we found agreed with previous literature.
Additionally, we demonstrated that such platforms have the
potential to enhance the reaction rates and efficiencies by
improving mass transport. To this effect, we showed that
simply increasing the flow rates yielded at least y2-fold
improvements in reaction rates. We suggest that such an
optofluidic platform could be used to rapidly and cheaply
perform kinetic studies on different photocatalysts to screen
for potential catalysts and optimize their reaction conditions.
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