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Gas-phase photocatalysis experiments may benefit from the high sensitivity and good time response in
product detection offered by �-reactors. We demonstrate this by carrying out CO oxidation and methanol
oxidation over commercial TiO2 photocatalysts in our recently developed high-sensitivity reactors. We
demonstrate that the system exhibits great versatility in terms of photocatalyst, illumination source and
target reaction.
anoreactor
hotocatalysis
hotooxidation
ethanol oxidation
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iO2
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. Introduction

Photocatalysis is the conversion of chemicals to other chemi-
als over a semiconducting catalyst which is activated by band-gap
xcitation as opposed to conventional catalysis where reactions are
hermally activated. Photocatalysis may be used for elimination of
nwanted chemicals such as pollutants in air or waste water by
ineralizing, e.g. organics down to CO2 and H2O [1–3]. The sec-

nd main use of photocatalysis is (solar) energy harvesting since a
hotocatalyst, unlike a thermal catalyst, may convert reactants to
roducts of higher energy thereby storing some of the energy from
he absorbed photons in chemical bonds [4].

The merits of �-reactors in the study of catalysis have been
roadly demonstrated [5–7], but only comparatively little work
as been done to use the benefits of �-reactors in the study of
hotocatalytic reactions [8–11]. We have recently reported the
evelopment of a new �-reactor fabricated in silicon and sealed
ith a Pyrex lid [12]. Compared to previously published photo-

hemical “micro”-reactors which typically are based on one or more

hannels of 10–1000 �m in depth and width [10] our reactors are
uite different with their large frontal area combined with their
ery shallow chambers (3 �m depth) and resulting small volumes.
his new design features a large frontal area of 0.78 cm2 – useful for
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photocatalyst illumination – while keeping the total reactor volume
down to ∼240 nl giving very short time constants and high sensi-
tivity due to the integrated direct quadropole mass spectrometer
(QMS) interface. In this paper we demonstrate that these �-reactors
can be very useful in characterizing photocatalysts.

Focusing on the technique two commercial photocatalysts, P25
and W 2730X TiO2-catalysts (both from Evonik—formerly Degussa)
are used to photooxidize CO and methanol. CO oxidation has pre-
viously been established as a useful probe reaction for gas-phase
photocatalysis [13,14] and methanol is a commonly used sacrificial
reductant in photoelectrochemical studies [2].

2. Experimental

The �-reactor system (fabrication, gas handling system, QMS
detection, etc.) has been described in a previous publication [12].
Briefly, the reactors are planar (16 by 20 mm2 by 0.35 mm silicon
(+0.5 mm Pyrex lid)) with a circular active area of 10 mm diameter
and a reactor volume of roughly 240 nl. Up to four simultaneous gas
streams can be led to the reactor via two inlets (I1 and I2, Fig. 1C)
and the reactor effluent is led to a quadropole mass spectrometer
(QMS) for detection through a capillary (which limits the reactor
flow to ∼1015 molecules/s) via O2. The bypass flow which never

enters the circular reactor area exits via O1. This bypass flow is
normally chosen to be on the order of 10 sccm to get good regulation
using off-the-shelf mass flow controllers.

Fig. 1A and B are cross-sections of the �-reactor showing the two
basic ways photocatalyst may be loaded into the reactor and that
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Fig. 1. Partial cross-sections of two different �-reactors loaded in two different ways and a photograph of a �-reactor. Sketch A shows that when photocatalyst is deposited
o e side
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cedure is conducted for all wavelengths and intensities of interest.
Generally, illumination causes only negligible (<4 K) increase in
reactor temperature, since the metallic gas manifold to which the
reactor is clamped acts as a massive heat sink.
n the silicon reactor the illumination is frontal – i.e. light is incident from the sam
id (as in the examples in this paper) is effectively illuminated from behind. Sketch
2 and out via O1 and O2. O1 goes to a pressure controller and O2 leads from the re
s also indicated in C.

hey allow for both front-side and back-side illumination. The light
ources available range from small, cheap LEDs directly over the
eactor to a large Xe-arc broadband source (Newport model 66942
kW OF) which may or may not be filtered or passed through a
onochromator before light is guided to the reactor with a fiber

undle terminated with a collimating optic. In the present paper
e excite the photocatalysts using a small 4 W Hg lamp (UVP
odel UVGL-15). Regardless of the light source used the incident

pectrum and intensity is recorded by replacing the reactor with
he measurement head of a calibrated spectroradiometer (Interna-
ional Light model RPS-900R). The measured spectrum incident on
he reactors in the present paper is shown in Fig. 2. Since some of
he light is lost passing through the Pyrex lid due to reflection and
bsorption for the deeper UV we include the transmittance spec-
rum of the 0.5 mm Pyrex lids used to seal our reactors in Fig. 3. Even
hough Pyrex starts absorbing light at ∼330 nm the lids are suffi-
iently transparent that experiments down to well below 300 nm
re possible.

For the experimental examples presented in this paper the P25
nd W 2730X photocatalysts are loaded onto the Pyrex lids which
re subsequently bonded to the silicon reactors. This corresponds
o sketch B of Fig. 1 and the photocatalyst is effectively illuminated
rom “behind”. One advantage of depositing the photocatalyst on

he glass lid is that it may be characterized by transmission UV–vis
pectroscopy before measurements begin. The catalyst is deposited
y spin coating. The suspension is made by sonication and the Pyrex
rea for deposition (circular, 8 mm diameter) is masked by “Blue

ig. 2. Measured irradiation on the �-rectors from the 4 W Hg lamp used in this
aper. The lamp can be used in “short” wave mode (solid, red curve) and in “long”
ave mode (dashed, blue curve). In the “short” wave mode the spectrum is dom-

nated by the narrow Hg-line at 253.6 nm. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)
as the reactants – while sketch B shows that photocatalyst deposited on the Pyrex
ws a top view of the reactor where main parts are indicated. Gas is let in via I1 and
to the mass spectrometer. The location of the cross-sectional cut shown in A and B

Tape” (SWT20, Nitto Scandinavia AB). The thickness of the cata-
lyst layer is controlled by the concentration of the suspension and
the number of depositions in the spin coater. Once the catalyst
is deposited (and possibly characterized by UV–vis or other tech-
niques) the lid is anodically bonded to the reactor [15,12]. During
anodic bonding the temperature of the catalyst is kept well below
100 ◦C using a special “locally-cooled anodic bonding” method [16].

Once the reactor is bonded it is mounted in the gas manifold
fixture and the target gas mixture flow is started. It takes a while
for the reactor and catalyst to dry (as evidenced by the m/Z = 18
signal in the QMS) and since trace water in our experience inhibits
CO oxidation over TiO2 care is taken that the chip is dry before
experiments are started. Sometimes cycles of illumination and/or
heating to ∼100 ◦C are used to speed up the drying process. For
methanol oxidation careful drying is not relevant since the reaction
itself evolves water.

In general, the experiment consists of supplying the relevant
reactant gas mixture to the �-reactor and pulsing the light on and
off while monitoring the relevant masses with the QMS. This pro-
Fig. 3. (A) Measured absorbance and resulting transmission of a Pyrex lid. Above
∼330 nm transmission is essentially flat at 0.92. (B) Absorbance and transmission of
the TiO2 samples studied measured against a blank Pyrex lid in the reference beam
(A). The P25-based sample (red curves) has more absorption and scattering than
the W 2730X-based sample (blue curves). The increased scattering of P25 is most
pronounced at the higher wavelengths.
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ing pattern at m/z = 31.
Figs. 6 and 7 both show methanol oxidation data, but with

P25 and W 2730X and long and short wave illumination, respec-
tively. The data clearly demonstrates that the photooxidation of
methanol under these conditions takes much more time to reach
ig. 4. Representative photooxidation experiment using “long” wave illumination
Fig. 2). QMS-current as a function of time. He, CO, O2 and CO2 (m/z: 4, 28, 32, 44)
ach sampled at 0.5 Hz are plotted. The CO2 signal increases when the light is on
nd vice versa. The other channels are almost unaffected due to low turnover (<1%).

This method is also suited for long-term stability testing by leav-
ng the light source on for prolonged periods before pulsing the
ight to measure photo activity. The setup is automated with Lab-
IEW (National Instruments) so that light sources, gas pressure and

eed gas composition may be automatically scanned during longer
xperiments.

. Photooxidation experiments

The photooxidation experiments presented in this letter serve
o exemplify the method. For these experiments two reactors
ere prepared. Each was spin coated three times (6000 RPM,

0 s) with a 5%mass suspension in water (18 M� cm, “Millipore”)
f P25 and W 2730X, respectively. The resulting thickness was
stimated by cross-sectional scanning electron microscopy to be
pproximately 400 nm on average in the case of the P25 cata-
yst and since the tapped density of P25 according to the data
heet is 130 g/l this corresponds to an upper limit of about
00 × 10−7 × 0.42 × � cm3 × 0.13 g/cm3 = 2.6 �g of P25 in total in
he �-reactor.

.1. CO photooxidation over P25

Oxidation of CO is, in principle, a very simple reaction:
O(g) + 1/2(O2)(g) → CO2(g). Fig. 4 shows time traces of the main
omponents of the CO oxidation reaction gas: m/z = 4 (He used as
nternal reference), m/z = 28 (CO), m/z = 32 (O2), m/z = 44 (CO2). The
ominal feed gas composition is 6:6:2 (He, O2, CO) by volume and
he total pressure is fixed at 1 bar. It is obvious from the time trace
n Fig. 4 when the light is switched on and off. The reason that

/z = 44 does not drop to zero when the light is off is background
eaction on the filament of the mass spectrometer—not dark reac-
ion in the reactor. Fig. 5 shows the another experiment where the
MS is sampling mass 44 at 10 Hz and the light is toggled every
0 s. It is seen that the system reaches 90% of steady-state level in

ess than 2 s after the light is toggled. This high time-resolution is
key feature inherent in our �-reactor design and allows for e.g.

ery fast experiments where illumination wavelength is scanned.
In order to confirm that photooxidation is indeed responsible for
he signals, an experiment of heating the loaded reactors to about
00 ◦C in the dark was also tried, but no measurable dark activity
as seen for these catalysts. As a further check, an empty reactor

without photocatalyst) was also tested and as expected this had
o activity whatsoever under illumination or under heating.
Fig. 5. Time trace of CO2 signal sampled at 10 Hz and 10 s light on-off cycles using
“short” wave illumination (Fig. 2). The very fast time response of the reactor is
evident.

3.2. Methanol photooxidation

Methanol oxidation is slightly more complicated (and interest-
ing) than CO oxidation. For instance it may be oxidized completely
(mineralized): CH3OH(g) + (3/2)O2(g) → CO2(g) + 2H2O(g). Or it
may oxidize partially to methanal (“formaldehyde” – CH2O) or to
methanoic acid (“formic acid” – HCOOH). In order to carry out the
methanol photooxidation experiments a bubbler made of stainless
steel filled with 2 ml of HPLC-grade methanol (Sigma–Aldrich) was
inserted after one of the four MFCs supplying gas to our �-reactor.
The concentration of methanol is then conveniently adjusted by the
ratio of clean helium to methanol-saturated helium (at the bubbler
temperature which is monitored) controlled by the two corre-
sponding MFCs. For the measurements presented in Figs. 6 and 7
the nominal ratio of partial pressures in the feed are 6:6:0.085
(He, O2, MeOH) corresponding to about 0.7%volume of methanol.
An experiment with about five times higher methanol concentra-
tions was also tested, but resulted in a similar turnover as estimated
by the m/z = 44 signal and is omitted here. For all experiments the
methanol signal is monitored by the strongest feature in the crack-
Fig. 6. Photooxidation of methanol over P25 photocatalyst using “long” wave illu-
mination (Fig. 2). m/z = 31 is the main signal from methanol and m/z = 18 is the main
peak from water. It is clear, that while the CO2 signal responds quickly to illumi-
nation the metanol signal (and the water signal in particular) takes much longer to
respond. Notable photo-desorption (and re-adsorption upon switching off the light)
of methanol is observed.
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ig. 7. Photooxidation of methanol over W 2730X photocatalyst using “short” wave
llumination (Fig. 2). The overall picture is very similar to the P25 data (Fig. 4).
owever, the phenomenon of photo-desorption and re-adsorption is much less
ronounced.

teady state when the light is toggled than it does with CO oxida-
ion. The methanol signal and particularly the water signal both
ake many minutes to fully respond when the light is toggled.
nother clear feature of the data is the apparent photo-desorption

and re-adsorption) of methanol when the light is toggled although
t is less pronounced with the W 2730X reactor (Fig. 7). This phe-
omenon can only be resolved thanks to the fast time-resolution
f the �-reactor so even for this (somewhat slow to reach steady
tate) reaction the time-resolution is a useful feature.

A mass scan from m/z of 1–50 was also carried out to look for
ther (by)products and intermediates of methanol oxidation (such
s formic acid), but nothing (that could not be assigned to cracking
f water, methanol or CO2) was detected in noteworthy concentra-
ions so methanol seems to mineralize fully under these conditions.

. Discussion

As illustrated by the examples of the previous section, the �-
eactor presented here is a versatile tool for characterization of
hotocatalytic performance. We show data for CO oxidation and
ethanol oxidation, but other reactions such as methane oxida-

ion and ethanol oxidation have also been performed successfully.
t present, experiments must be carried out in the gas-phase, but
e are working on a liquid-capable version of the �-reactor which
ould be suited for e.g. water-splitting experiments.

Compared to conventional, macroscopic batch reactors (gen-
rally hundreds of milliliters in volume and employing gas-
hromatographic product detection) the �-reactors are fundamen-
ally different. The internal volume is smaller by about 106 times
nd this enables flow measurements instead of batch experiments.
his gives a tremendous advantage in terms of time-resolution
ompared to batch reactors. Time-resolution is useful for study-
ng transient phenomena (such as photoadsorption/desorption (see
ig. 6)) or recording temperature programmed desorption (TPD)
pectra, but it also means that a series of measurements (e.g. the
erformance of a sample over a range of wavelengths—“action
pectrum”) can be recorded very fast (future publication).

The freedom to deposit the photocatalyst on either the Pyrex lid
r the silicon reactor itself enables easy comparison between per-
ormance under frontal or back-illumination (Fig. 1). It is expected
hat for thin films of photocatalyst the performance should be the

ame regardless of illumination orientation, but for thick films,
rontal illumination should give higher turnover (future publica-
ion).

Finally, the lower limit on illumination wavelength imposed by
he transmission of the Pyrex lid is not really a hard limit. The optical

[

[
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absorbtion shown in Fig. 3 is for our standard lids which are 0.5 mm
thick, but we have successfully “thinned” them to less than 100 �m
in thickness by etching one side in dilute HF. This procedure results
in significantly increased transmission in the 200–250 nm range
making measurements on photocatalysts with a band-gap up to
6 eV practical.

5. Conclusion

We have shown that gas-phase photochemistry may be con-
veniently investigated using our silicon �-reactors due to the
transparency of the Pyrex lids in the relevant wavelength range.
We carried out mineralization of methanol as a general repre-
sentative of such reactions, but in principle anything of interest
that has a practical vapor pressure could be substituted for
methanol in the bubbler. The photocatalytic oxidation of CO has
become the “standard” test reaction in our group since it is
convenient to do and has near-instant response to illumination
which allows for mass-transport studies in thick, mesoporous
systems.

To our knowledge, the combination of excellent time-resolution
(which gives mechanistic information on absorption/desorption
and mass transport) and versatile high-sensitivity detection offered
by on-line QMS is far better than anything achievable with more
conventional “macro” reactors with ∼106 larger reactor volumes
and gas chromatograph product detection.
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